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STRUCTURES AND PROPERTIES FORMATION BY PLASTIC DEFO RMATIONS 

KVACKAJ Tibor 

Department of Metal Forming, Faculty of Metallurgy, Technical University in Kosice, Kosice, Slovakia, EU, 
tibor.kvackaj@tuke.sk 

Abstract 

Theoretical approaches of hot plastic deformations by rolling with the aim of structure formation are discussed. 
The influence of reheating conditions as are reheating temperature and holding time on reheating temperature 
on diameter of grain size is presented. From observation is resulting  the strong effect on grain growth of 
course grain structures during steel reheating has temperature, while holding time on reheating temperature 
has a minor effect. The hot plastic deformations at spontaneous static recrystallization of austenite and retard 
region of static recrystallization of austenite and their influence on diameter grain size are discussed. The 
effective way for increasing of strength and plastic properties is grain refinement of final structure which can 
be achieved by plastic deformations at spontaneous recrystallization region of austenite, plastic deformations 
at nonrecrystallized region of austenite, plastic deformation at dual phase region (γ+α) with followed by phase 
transformation to ferrite. The conditions of phase transformations and their influence to structure development 
and mechanical properties are presented. The controlling of austenite grain size and ferrite grain size by 
process parameters as are temperature, deformation, cooling rate is very important tool from point of view 
making of final mechanical properties directly by metal forming processes. The observed materials are steels. 

Keywords: Diameter of grain size, mechanical properties, plastic deformation 

1. INTRODUCTION 

Classification of metal materials from point of view grains or crystals dimensionality can be characterized as 
follows: 
• CG (coarse-grained) structure - traditional engineering materials (d ∈ <1; 100) [µm]) 

• FG (fine-grain) structure (d ∈ <10; 1000) [nm]) 

• UFG (ultra fine grain) (d ∈ <100; 1000) [nm]), 
• NC (NG) (nano crystalline) structure (d ∈ <10; 100) [nm]). 

The thermal stability of CG and FG structures is important parameter not only from technological but also from 
scientific aspects. The classical theoretical basis of grain growth were given by authors [1, 2]. The 
comprehensive review of grain growth theory can be Atkinson's work [3] and work [4]. Grain growth theory for 
NG materials was reviewed by authors [5 - 7]. The process of grain growth which is controlled by the external 
parameters (temperature, strain, strain rate, time) can be divided into two types: normal grain growth and 
abnormal grain growth (sometimes called as secondary recrystallization). 

1.1. Grain growth in CG metal materials 

The two different approaches are used for describing average austenite grain size (average AGS) growth on 
reheating conditions: 

a) a general model based on the physically - metallurgical approach authors [8] described by formula: 

( )( )[ ] tTRQAdd gg
nn ⋅⋅−⋅=− /exp0,γγ            (1) 
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b) a statistical model based on the numerical data processing of measured values using non-linear regression 
analysis authors [9] in form: 

32 a
hold

a
reheat1γ

tTad ⋅⋅=              (2) 

In real metal materials is very often observed normal and abnormal grain growth are described in details in 
literatures [10 - 13]. 

1.2. Grain refinement 

The grain refinement CG structures of polycrystalline material in/after plastic deformation processes can be 
obtained by following roads: 

• hot plastic deformations at spontaneous recrystallization region (SRR) of austenite (named as 
normalized controlled rolling - NCR) 

• hot plastic deformations at nonrecrystallized region (NRR) of austenite (named as controlled rolling - 
CR)  

• hot plastic deformations at dual phase region (γ + α) of austenite 

• severe plastic deformation - SPD methods realized at hot or cold conditions 

The classic methods of grain refinement are effective in the range of CG structure and additional possibilities 
towards to structure refinement below limiting level 1 µm by those methods are not capable. The influence of 

plastic deformations in mono phase region of austenite and dual phase region austenite + ferrite (γ + α) with 
followed by phase transformation are very important from point of view final structure formation. From the 
experimental results of authors [14, 15] can be done following conclusions for structure development:  

• phase transformation from reheating temperature is producing very course-grained ferrite size (FGS) 
depend on reheating condition 

• plastic deformation conditions realized in: 
� mono phase austenite region at temperatures:  

o spontaneous recrystallization region (SRR) of austenite is producing polyhedral austenite 
grain size (AGS) with diameter dγ ≈ 20 - 30 µm which transformed to polyhedral FGS with 

diameter dα ≈ 10 - 20 µm 
o non recrystallization austenite region (NRR) (narrowly up Ar3) is producing deformed 

elongated austenite grains with effective ferritic nucleation surface calculated from grain 
boundaries and deformation bands Sv(gb+db) ≈ 50 - 500 [1/mm] which is responsible of 

correcting austenite diameter dγ,co r≈ 4 - 40 µm which transformed to polyhedral FGS with 
diameter dα ≈ 4 - 10 µm 

� dual phase (γ+α) region  
o (non recrystallized austenite + deformed ferrite) bellow Ar3 temperatures with Sv(gb+db) ≈ 

700 [1/mm] which is responsible of dγ,cor ≈ 4µm which transformed to ferrite  
o (non recrystallized austenite → polyhedral FGS + deformed ferrite → ferrite subgrains) with 

diameter dα ≈ 1 - 4 µm 

2. MATERIALS AND EXPERIMENTAL METHODS  

As experimental material was used the steels with chemical composition given at Table 1 . The samples for 
study of the influence of reheating conditions on austenite grain growth were reheated in temperature intervals 

TReheat ∈ <950; 1250> [°C] with holding time tHold ∈ <600; 3600> [s]. 

Plastic deformations were realized as hot rolled in temperature region of spontaneous static recrystallization 

of austenite (TDeform > 950°C), nonrecrystallized austenitic region (TDeform ∈ <850; 950> [°C]) and dual phase 
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region (TDeform∈ <700; 850> [°C]). The optical microscopy for structure identification was used. Static tensile 
test realized according to standard STN EN 10002-1. Measurement data were treated by software Excel.  

Table 1 Local chemical analysis of study metals (wt. %)  

Chemical 

conception 
C Mn Si P S Nb V Ti Al Cu 

C-Mn 0.1 1.5 0.12 0.009 0.008 - - - 0.02  

C-Mn-Nb 0.1 1.5 0.12 0.005 0.004 0.03   0.014 - 

C-Mn-Nb-V 0.12 1.54 0.12 0.004 0.001 0.048 0.18 0.01 0.015 - 

3. RESULTS AND DISCUSSION 

3.1. Grain growth 

The dependence of average austenite grain 
size diameter (AGS) on reheating conditions 
is shown at Fig. 1 . 

From graphical dependence is resulting that 
normal grain growth was observed up to 
temperature 1150 °C. From this temperature 
can be observed start abnormal grain growth 
because of the pinning effect of precipitates is 
vanished. The reheating temperature and 
holding time has a minor effect on AGS 
diameter changes up to 1050 °C. This is 
caused by strong pinning effect of V(C,N) and 
Nb(CX,NY) precipitates to grain boundary 
motion. The dissolution of VN precipitates 
was determined by authors [9] on temperature 
1000 °C. The stronger influence of reheating 
temperature on a additional grain growth was 

observed at interval TReheat ∈ <1050; 1150> [°C]. This temperature interval is characterized by dissolution of 
complex Nb(CX,NY) [9] which is follow by abnormal grain growth. The influence of holding time on grain growth 
is weaker as reheating temperature. From experimental data were derived two equations: 

• equation based on the physically - metallurgical approach: 

Holdheat tTRdd ⋅⋅−⋅⋅=− )))/(460exp(1028725.3( Re
223

0,
3

γγ          (3) 

• equation based on a statistical model: 
2437.051.9

Re
2810589.6 Holdheat tTd ⋅⋅⋅= −

γ              (4) 

3.2. Refinement of structures on CG level 

The structural refinement of AGS diameter with NCR technique is running by repeating of cycle plastic 
deformation - static recrystallization. This cycle has limitation on formation of final refinement of recrystallized 

AGS which diameter was experimentally specified for low carbon steels (C-Mn) as dγ,rec,min ∈ <50; 80> [µm] 

and for microalloyed steels C-Mn-Nb or C-Mn-Nb-V as dγ,rec,min ∈ <20; 30> [µm] according to dependences 
given in Fig. 2 .  

 

Fig. 1  Dependence of the average AGS growth on the 
reheating temperature and holding time 
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If experimentally data were treated by numerical statistical methods, so following regression equations were 
derived for describing diameter of AGS: 

• for C-Mn steel: 

ϕ+=γ /8,1256d0               (5) 

• for C-Mn-Nb-V steel: 

)0245,0/(179,16d0 +ϕ+=γ              (6) 

The phase transformation from recrystallized austenite processed by NCR to ferrite with consideration of 
cooling rate can be described by regression equation: 

3596.001925.0 )(347.7 γα dvd cooling ⋅⋅= −              (7) 

and graphical dependence is given in Fig. 3 . From graphical dependences is resulting that dimensionality final 
FGS diameter after phase transformation from recrystallized austenite deformed with NCR technique is for low 

carbon steels (C-Mn) dα ∈ <17; 31> [µm] and for microalloyed steels C-Mn-Nb or C-Mn-Nb-V is dα ∈ <12; 22> 

[µm] in depend on cooling rate and diameter of AGS nearly before phase transformation to ferrite. The 
additional refinement of FGS diameter by NCR technique is noneffective and practically impossible. The next 
way for additional refinement of FGS diameter is possible by plastic deformations at nonrecrystallized austenite 
region which formed elongated austenitic grains described by the effective nucleation surface of austenite 
before phase transformation to ferrite. The effective nucleation surface consists of increments from grain 
boundaries (gb) and deformation bands (db) was described by formula [14]: 

)47,592,157(
)1(

571,1)1(429,0
1000)(

00
−⋅+













⋅−
+−⋅⋅=+ ε

ε
ε

γγ dd
dbgbSv

        (8) 

With increasing of Sv(gb+db) is increase number of nuclei for transformation from austenite to ferrite and 
diameter of FGS will be decrease. The application of CR technique for microalloyed steels is the way for 
additional refinement FGS diameter which can be described by formula: 

3675.04364.001618,0
cooling

1618.0 .)d.(v.10.2919.1d −
γ

−−
α ϕ=             (9) 

  

Fig. 2  Non deformed AGS                                        
on strain processing by NCR 

Fig. 3  FGS transformed from austenite 
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The graphical interpretations of eq. (9) are shown in Fig. 4  from which is resulting that the dimensionality of 
FGS diameter of microalloyed steels C-Mn-Nb or C-Mn-Nb-V processed by CR technique is dα ∈ <3; 12> [µm]. 
If diameter of AGS is decreasing, strain and cooling rate are increasing, so reducing of diameter of FGS can 
be achieved. From graphical dependences is also resulting, that minimal level of FGS diameter which is 

possible obtain from recrystallized austenite is dα,NCR,min ≈ 20 µm and from deformed with elongated grains of 

austenite is dα,CR,min ≈ 3 µm.  

If from eq. (8) is separated diameter of AGS, so the formula will be in form: 

[ ]47,592,157)()1(
1571)1(429 2

0

+⋅−+⋅−
+−⋅=

εε
ε

γ dbgbS
d

v

         (10) 

When eq. (10) is substituted to eq. (9) then final formula for calculation of FGS diameter on processing 
condition of CR will be in form: 

[ ]
3675.01618,0

4364,02

2919,1
47,592,157)()1(

1571)1(429 −− ⋅⋅⋅








+⋅−+⋅−
+−⋅= ϕ

εε
ε

α cool
v

v
dbgbS

d      (11) 

The eq. (11) describing diameter of FGS more precisely than eq. (9) because of calculated not only with 
effective nucleation surface of austenite grain boundary (gb), but also with effective nucleation surface of 
deformation bands (gb + db). The effective nucleation surface of austenite before phase transformation Sv(gb 
+ db) is depending on deformation in NRR and diameter recrystallized AGS before deformation in NRR as is 
showing in Fig. 4 . 

Graphical interpretation of eq. (11) is given in Fig. 5 , from which is resulting that refinement FGS diameter is 
depending on following parameters: Sv(gb + db) and cooling rate. The stronger refinement effect on FGS 
diameter up to Sv(gb + db) ≤ 140 [1/mm] is observed from deformation realized at NRR of austenite, when the 

increment is: Δ = ΔFGS/ΔSv(gb + db) = 10 µm/100mm-1. The weaker refinement effect on FGS diameter from 
Sv(gb + db) > 140 [1/mm] is observed from deformation realized at NRR of austenite, when the increment is: 

Δ = ΔFGS/ΔSv(gb + db) = 0,8 µm/100mm-1. The influence of cooling rate on FGS refinement is weaker then 
deformations realized at NRR of austenite. Moreover the plastic deformations realized in NRR of austenite are 
non effective and next refinement of final grain size below 2 µm by this technique is today limited.  

  

Fig. 4 Sv(gb+db) in dependence on deformation Fig. 5  FGS in dependence on CR conditions 
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3.3. Influence of CG structures on mechanical prope rties 

The strengthening contributions on yield strength of steel materials can be described by formula [16]: 

[ ]MPaRRRRRRR FGS,eecipPr,ePearlite,eSE,eIN,ePN,ee ∆+∆+∆+∆+∆+∆=     (12) 

Increment from interstitial element can be suppose is ∆Re,IN=0 MPa. Increment from Peierls-Nabarovo stress 
is ∆Re,PN = 45 MPa. Increment from substituted element can be calculated according to following formula: 

MPaPwtCuwtNiwtMnwtSiwtSEe 9948,99).%(680).%(38).%(32).%(37).%(84ΔR , ==⋅+⋅+⋅+⋅+⋅= &  (13) 

Increment from pearlite content is ∆Re,PN = 30 MPa. Increment from precipitates can be calculated according 
to following formula: 

MPaNbwtVwtecipe 120).%(1200).%(620ΔR Pr, =⋅+⋅=         (14) 

The sum of previous strengthening contributions on yield strength has a value: 
∆Re,par = ∆Re,IN + ∆Re,PN + ∆Re,SE + ∆Re,PN + ∆Re,Precip = 294 MPa        (15) 

Increment from FGS diameter can be calculated according to following formula: 
∆Re,FGS = 15,1.d-0,5 = 15,1.(3,1-3)-0,5 = 271 MPa         (16) 

 
Fig.  6 Dependence of yield strength on strengthening contributions 

Graphical dependence of yield strength on FGS diameter and cooling rate is given in Fig. 6 . From graphical 
dependence is resulting that yield strength is changing in depend on grain size refinement and cooling rate as 
is given in Table 2 . 

Table 2  Increment to YS in depend on FGS diameter 

Interval for 
FGS diameter [μm] 

Increment 
to YS [MPa/1μm]: ∆Re,FGS+CR 

Increment to YS [MPa/1μm]: 
∆Re,par = ∆Re,IN + ∆Re,PN + ∆Re,SE + ∆Re,PN + ∆Re,Precip 

dα ∈ <2; 4> 56 

294 
dα ∈ <4; 15> 10 

dα ∈ <2; 15> 20 

dα ∈ <2; 15> 246 

Moreover from Table 2  is resulting that all strengthening contributions summarized into ∆Re,par are constant 
and depend on chemical composition of steel, strengthening contribution from FGS diameter and controlled 
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cooling ∆Re,FGS+CR is possible control by process parameters as are temperature, deformation, cooling rate in 
wide interval. Because of strengthening contribution ∆Re,FGS+CR can be defined as very effective tool for 
controlling of mechanical properties of steels. The calculated values according to theoretical model have good 
conformity with measured properties.  

CONCLUSION 

In present study were described the ways for structure grain growth and refinement of metals materials. On 
the base of experimentally studies can be made following conclusions: 

• the strong effect on grain growth of CG structures during steel reheating has temperature, while holding 
time has a minor effect, 

• abnormal grain growth was observed when pinning effect of precipitates of microalloying elements were 
eliminated by their dissolution, 

• effective way for common increasing of strength and plastic properties is grain refinement of final 
structure which can be achieved by plastic deformations at spontaneous recrystallization region of 
austenite (NCR), plastic deformations at nonrecrystallized region of austenite (CR), plastic deformation 

at dual phase region (γ+α) with followed by phase transformation to ferrite. These techniques of plastic 
deformations have been used as the compensation for high level of metal alloying and heat treatment,  

• controlling of AGS diameter and FGS diameter by process parameters as are temperature, deformation, 
cooling rate is very important tool from point of view making of final mechanical properties directly by 
metal forming processes. 
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SOLID PARTICLE PENETRATION INTO LIQUID ALLOY - AN I MPORTANT ISSUE 
IN METALLURGICAL PROCESSES 

JEZIERSKI Jan, JANERKA Krzysztof 

Silesian University of Technology, Faculty of Mechanical Engineering, Department of Foundry Engineering, 
Gliwice, Poland, EU, jan.jezierski@polsl.pl, krzysztof.janerka@polsl.pl  

Abstract  

Many metallurgical processes in some moment needs that the specific material in form of chunks, grains, 
powder, dust etc. must be added. The results and benefits from it depends on the fast and uniform distribution 
of the introduced material inside the whole volume of the alloy being processed. That is why the method of 
pneumatic powder injection is widely used to introduce the powdered material of various kinds into the molten 
alloys. But the problem of particles penetration into the liquid metal is quite complicated and many variables 
and parameters influence the final result. In the paper the results of the model laboratory research on this 
problem were presented. The model particles of spherical shape of different dimensions, made of various 
materials were introduced into water. The geometrical features of the area of particle, entrapped air and water 
interaction was analyzed. The results were compared to those achieved by other researchers. The results can 
be then an initial stage to the next research to combine the obtained data with the results of real pneumatic 
powder injection experiments. 

Keywords: Cast iron, pneumatic powder injection, particle immersion, particle penetration, penetration 
  dynamics 

1. INTRODUCTION  

The desired properties of the castings made of various alloys can be obtained by use of different methods and 
technological approaches [1-6]. The process of the pneumatic powder injection into liquid is based on the huge 
amount of grains inside the carrier gas jet and authors have been making the research in that field since many 
years [7-10]. It was years ago when researchers found out that with the solid particles a huge volume of the 
carrier gas as well as entrapped air was finally introduced into liquid [11-15]. Moreover, all the other processes 
when solid materials are introduced into liquid alloy generate the same problem and the final alloy obtained 
may be contaminated with huge volume of gases [16]. The authors presented several research article during 
the previous Metal series conferences [8-10] where they described both the method of powder injection with 
and without the injection lance immersion into liquid alloy. The experiments based among the others on the 
experiments with the jet recording with the high speed camera were presented in [17-19]. The results shown 
that the excessive gas volume introduced into liquid alloy can lower the overall temperature and the mechanical 
properties of the produced alloy [16]. That is why the authors launched another experimental plan to try to 
better understand the problem of solid particles introduction into liquid from the entrapped gas point of view. 

2. EXPERIMENTAL METHODOLOGY AND RESULTS 

The research stand was designed and assembled to capture the motion of the selected solid spheroidal 
particles of different properties into model (water) environment. The scheme of the setup is shown in Fig. 1 

and its main part was the high speed camera connected to the computer equipped with the image analysis 
software TEMA. The experiments were performed with the use of two materials: rubber and polypropylene of 
various diameters which were freely thrown from various heights to simulate the conditions of the powder 
injection with various parameters resulting in various diphase solid-gas jet dynamics. The Table 1 presents 
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the parameters of the selected small balls simulating the round particles and the conditions of the experiments. 
There were 135 experiments done together and all of them were captured with high speed camera. 

 

 

Fig. 1 The research stand for solid particles penetration measure inside liquid medium: 1- rack to desired 
height set, 2- small ball (model particle), 3- background with measuring grid, 4- model liquid (water), 5- high 

speed camera [16] 

Table 1  The experimental data 

Material Ball diameter, [mm] Throw height O, [mm] 

Rubber 

4 
120 
220 
320 

15 
120 
220 
320 

20 
120 
220 
320 

Polypropylene 

4 
120 
220 
320 

15 
120 
220 
320 

20 
120 
220 
320 

After the capturing experiments were finished the image analysis work was done based on the idea described 
in [12-14] which is shown in Fig. 2 . The scheme presents the process of the particle of low wettability with the 
characteristic feature of the gas bubble and some amount of it entrapped on the particle surface which is 
introduced deeply inside the water. In the real conditions of liquid alloy more dense than water it can be 
entrapped for long time resulting the temperature decrease and gas porosity. The experiments described here 
are the first stage model research to try to check the assumptions made earlier in [12-14] and to combine the 
properties of solid particles with the potential of air and carrier gas entrapment during the powder injection into 
liquid.  
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Fig. 2 The scheme of the gas entrapment process with the spheroidal particle of low wettability [16] 

 

The characteristic parameters of the process are: 

• Hj - the maximum depth of the gas cavity, 
• Tj - the time necessary to reach by the particle the maximum depth, 
• Dj - the top cavity diameter, 
• Sj - the surface of the air cavity 
• Vj - the volume of the gas cavity 

The parameters are described by formulas presented in [16] and during the experiments were calculated using 
the captured motion pictures. The Fig. 3  presents the typical feature of the rubber ball introduced into water 
with high dynamics while the Fig. 4  presents the same process for the polypropylene ball. 

 

 
Fig. 3 Rubber ball of 20mm diameter penetration into liquid; throw height 320mm a) t=0, b) t=0.005s, 

c) t=0.01s, d) t=0.02s, e) t=0.03s, f) t=0.04s, g) t=0.05s, h) t=0.06s, i) t=0.07s, j) t=0.08s 
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Fig. 4 Polypropylene ball of 15mm diameter penetration into liquid; throw height 320mm a) t=0, b) t=0.005s, 

c) t=0.01s, d) t=0.015s, e) t=0.02s, f) t=0.03s, g) t=0.04s, h) t=0.05s, i) t=0.06s, j) t=0.09s 

 

The process of penetration shown in Fig. 3  and 4 represents the situation with the low-wettability particles 
introduced into liquid with the high motion velocity (high jet dynamics). In that case a huge amount of air can 
be entrapped on the particle surface and introduce deeply into liquid medium. The situation corresponds with 
the graphic description in Fig. 2  and mathematical formulas presented in [12-14] so the parameters mentioned 
earlier were calculated and shown in Table 2 together with the other case for the polypropylene ball. 

Table 2 The geometrical features of the air cavity for both materials 

Material 
Dj 

[m] 

O 

[m] 

Hj 

[m] 

Tj 

[s] 

Dj 

[m] 

Sj 

[m2] 

Vj 

[m3] 10-5 

 cal. meas. cal. meas. cal. meas. cal. meas. cal. meas. 

Rubber 0.02 0.32 0.092 0.075 0.061 0.051 0.052 0.042 0.007 0.004 4.62 2.41 

Polypropylene 0.015 0.32 0.102 0.085 0.054 0.049 0.071 0.050 0.010 0.006 9.27 3.87 

It is visible that the values calculated with the formulas taken from [16] (marked ‘cal.’) differ quite significantly 
from those measured with use of real captured images (marked ‘meas.’). It corresponds with the observations 
described by authors in [12-15] that the formulas are not so precise for all the materials and depend significantly 
on their wettability. It is obvious that the powder injection process into liquid alloy is much more complicated 
from the gas entrapment point of view because there are thousands of particles of various shapes (not always 
uniform) which introduce the liquid as a ‘bulky’ jet but the behaviour of single particle in such conditions is still 
important. 

Another situation happens when the velocity of the introduced ball is low. Thus the air is not entrapped on the 
solid surface and does not penetrate the liquid. It is visible for the rubber ball in the Fig. 5 . Such the conditions 
are better from the gas penetration point of view but the particles velocity can be too low to make the particles 
jet (in real pneumatic injection) strong enough to penetrate the whole volume being processed. 
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Fig. 5 Rubber ball of 15mm diameter penetration into liquid; throw height 120mm a) t=0, b) t=0.005s, 

c) t=0.02s, d) t=0.03s, e) t=0.04s, f) t=0.05s, g) t=0.06s, h) t=0.07s, i) t=0.11s, j) t=0.125s 

From the gas entrapped point of view the situation shown in Fig. 5  is better than that visible in Figs. 3 and 4  
but in such conditions the dynamics of the jet is too low to make the jet enough strong to penetrate the liquid. 
So the compromise must be obtained between the powder injection process parameters high enough to 
distribute the particles inside the liquid and low enough to entrapped as low volume of air as possible. 

3. CONCLUSIONS 

The paper presents the preliminary stage of the research plan to check the possibility of gas (air) entrapment 
proces by the solid round particles during the pneumatic powder injection process. After the experiments the 
following conclusions have been drawn: 

• The gas entrapment phenomenon is significant for the high velocity of the particles while for the low 
velocity is often invisible at all, 

• The wettability being the result of the material and its surface finish is one of the decisive parameters 
on the possibility to entrap the air and to transport it under the liquid surface, 

• The variables and formulas proposed in [12-14] after the former experiments with use of less quality 
research equipment seems to be not accurate for solid particles properties other than these used in 
mentioned research, 

• The next step of the research should be an attempt to computer modeling of the process of several 
particles (as many as possible) to check how the gas entrapment phenomenon will be in the case of 
combine interaction between them.  
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Abstract  

The high silicon cast iron is a very attractive material because of its corrosion and abrasion resistance and 
also the ability to work at high temperature. The additional advantage of this material is the low production 
cost. Unfortunately, the material, despite the attractive properties, makes considerable inconveniences during 
the manufacturing process [1, 2]. The applications, these days, are limited to corrosion resistance. It has for 
example a high resistance for sulphuric acid. But also as electrode for cathodic corrosion resistance, it is still 
very popular [3]. This material is back slowly for industrial applications but still missing detailed knowledge, for 
example about the influence of technological parameters on the quality of the alloy, etc. In this paper the 
research results of crystallization process of alloyed cast iron with high silicon content were presented. Two 
alloys with a silicon content at 17 and 19% were chosen to research. The results of crystallization process 
were based on thermal derivative analysis TDA [4, 5]. Using the recorded data a derivative of the temperature 
variation was calculated, what allowed to determine the characteristic points of the crystallization process. The 
results made possible to identify the phase transitions in the studied alloys and to describe phases that were 
shown during the metallographic examination. 

Keywords:  Silicon cast iron, crystallization, thermal derivative analysis, intermetallic phases  

1. INTRODUCTION 

The main subject of the work is to use the thermal derivative analysis method to study the crystallization 
process of high silicon cast iron with the variable silicon content in alloy. In the article the hard Fe5Si3 phase 
precipitates were also included. The evaluation of the effectiveness of used method and the quality 
assessment of resulting alloys were the aim of the research. Huge competitiveness on foundry market forces 
producers to shorten the manufacturing process while ensuring high quality castings and their affordable price. 
During the casting process the casting microstructure directly affects the mechanical and technological 
properties of the final products. An important factor, which leads to the improvement of the quality of the 
castings, is the right application of knowledge about mechanisms of crystallization. That enables easy control 
of the crystallization kinetics during the manufacture of casting for the optimization of the resulting 
microstructure and properties. This knowledge can be very useful in the production of high silicon cast iron 
which makes a lot of difficulties in manufacturing process. High silicon cast iron is a brittle and low thermal 
shock resistant material. It requires special precautions during the manufacturing process [1, 2] and the proper 
preparation of charge materials [6].  

2. EXPERIMENTAL PART 

During the experimental studies the test stand described in paper [5] was used. Charge materials were 
prepared, melting process was performed and additions were added to the melt [6-14]. The experiment was 
performed for two alloys with high silicon content 17% and 19% respectively. Samples were cast into sand 
moulds with the addition of bentonite (TDA tester), which were shown in paper [4]. 
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2.1. TDA analysis  

Temperature changes over time registered during the experiment and calculated values of first derivative were 

shown on Fig. 1  and 2. To identify the characteristic temperatures of crystallization process the analysis made 
in ThermoCalc and Fe - Si phase diagram were used. The L point projected onto a cooling curve determines the 
start temperature of primary crystallization TL (liquidus), which is also associated with the maximum thermal effect 
of eutectic crystallization. The S point projected onto the temperature curve determines the end of the primary 
crystallization temperature TS (solidus).  

 

Fig. 1 TDA curves with the characteristic points,silicon content 17 %  

Based on the recorded data the significant thermal effects in the solid state which may be comparable with the 
Fe - Si phase diagram were not detected. The maximum temperature recorded on the graph is 1233 ˚C.  
During the analysis made for cast iron with 19% silicon content it was possible to obtain more informations 
about solid state transitions wich can be observed on Fig. 2 . 
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Fig. 2 TDA curves with the characteristic points, silicon content 19 % [15] 

The TA temperature at point A defines the start of Fe2Si phase transition to Fe5Si3 phase. The temperature of 
the maximum thermal effect of this transition TA1 was determined by projecting the A1 point on the cooling 
curve. Based on the A2 point the finish temperature of Fe2Si to Fe5Si3 phase transition was estimated. 
Characteristic temperatures obtained from the graphs analysis (Fig. 1 and 2) were summarized in Table 1 . 

Table 1  Characteristic temperatures of TDA analysis 

 TL, ˚C TS, ˚C TA, ˚C TA1, ˚C TA2, ˚C 

17%Si 1190 1150 ----- ----- ----- 

19%Si 1205 1150 1040 1025 985 

2.2. Metallographic analysis  

Samples for metallographic examination were taken from castings made in moulds to TDA analysis. They were 
cut from the place where thermocouple was located. Pictures of microstructure were presented on  
Figs. 3 - 5 . 

On the microstructure presented on Fig. 3 the precipitates of nodular graphite can be seen. Despite the high 
silicon content in the alloy, the amount of silicide phase is small, which is in accordance with the results 
obtained from the TDA analysis and the numerical calculations by ThermoCalc.  

On pictures of microstructure (Fig. 4 ) the precipitates of Fe5Si3 in silicon-ferrite matrix can be seen. It can be 
also noticed the needle longitudinal elements of the structure which were classified as primary Fe2Si phase 
(Fig. 5 ).  
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Fig. 3 Microstructures of silicon cast iron, silicon content 17 % 

  
Fig. 4 Microstructures of silicon cast iron, silicon content 19 % 

 
Fig. 5 Primary precipitates of Fe2Si phase, silicon content 19 % [15] 
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3. CONCLUSIONS 

Based on the conducted studies the thermal effect in solid state (Fe2Si phase transition to Fe5Si3 phase) was 
not observed on the TDA graph (Fig. 1 ) for the casting with silicon content at 17 %. On pictures of 
microstructure (Fig. 3 ) the silicide phase is clearly seen but the amount of it is quite small, which is in 
accordance with the results obtained from the TDA analysis and the numerical calculations by ThermoCalc. 
Accordingly, it is presumed that the thermal effect generated from the silicide phase crystallization was to small 
and the testing equipment could not register it.  

In matrix of alloy with 19 % silicon content two kinds of intermetallics appeared - Fe2Si phase in the form of 
needle longitudinal precipitates (Fig. 5 ), wich was classifided based on the calculation in ThermoCalc and the 
analysis of the Fe-Si phase diagram as a primary precipitate crystallizing directly from the liquid and the Fe5Si3 
phase. The thermal effect from the crystallization of Fe2Si phase was not identified on the registered curves 
(Fig. 2 ). The thermal effect from the transition of Fe2Si to Fe5Si3 phase is clearly visible on the TDA diagram. 
Some of the conducted analyzes should be confirmed by the other research. However, significant results were 
achieved and they can be used in the realization of further considerations on the analysis of high silicon cast 
iron quality. Despite the increasing silicon content in the alloy, which has a significant effect on the corrosion 
resistance of this alloy, there was not observed any large decrease of durability of castings poduced from this 
material while the hardness was incrased (relatively to the cast iron with 15% Si content [4]).  
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Abstract 

Hydrogen may cause severe degradation on some high strength alloys, and although research efforts have 
intensified in recent years, our understanding of such phenomena still has room for improvement.  

For the metallurgical industry it would be useful to have applicable criteria able to predict the risk of hydrogen 
embrittlement and therefore be able to prevent embritlement damage to industrial products. 

Several complex and competing mechanisms are ultimately responsible for hydrogen embrittlement (HAC, 
HIE, AIDE, HELP, HEDE, etc.), although it should be obvious that many embrittlement episodes originate from 
a localised excess in hydrogen concentration. A physical model of hydrogen diffusion that has been hitherto 
applied to study the manufacturing of metallic alloys is used in this work to develop and illustrate some useful 
criteria of embrittlement risk associated to industrial practices.  

By estimating the degree of supersaturation at specific regions in the component, and considering 
microstructure features or mechanical properties, it is possible to anticipate defect formation and embrittlement 
risk, opening the possibility to prevent it. 

Keywords: Hydrogen, steel, damage prediction, microstructure, physical model 

1. INTRODUCTION 

The fact that some high strength alloys suffer from hydrogen embrittlement has been known for almost a 
century and a half [1]. Because of its economic, technological, and safety implications it is a phenomenon that 
has attracted intense research for decades [1-8]. Unfortunately, hydrogen embrittlement is a complex 
phenomenon involving multiple and often competing mechanisms, ranging from [9-10]  

• HIE : Hydride-induced embrittlement, due to the formation of a brittle second phase. This mechanism is 
not of much relevance in steels.  

• AIDE: Adsorption-induced dislocation-emission,  
• HELP: Hydrogen enhanced localised plasticity, where hydrogen atmospheres surrounding dislocations 

influencing the effectiveness of that deformation mechanism, and  

• HEDE: Hydrogen enhanced decohesion mechanism, leading to brittle fracture, either intra or 
intergranular. And of course, all those and any others combining into various typologies of hydrogen-
assisted cracking (HAC), like 

• macroscopic structural and surface damage, like microcracking, flaking, surface defects, porosity, et c.  

Nevertheless, developing criteria able to predict the onset of permanent damage in real structural components 
and during industrial practices would perform an invaluable service in component and process design and 
supervision. 

2. MODELLING HYDROGEN REDISTRIBUTION 

2.1. Brief description of the model  

The physical model used to study redistribution of hydrogen in steel has already been extensively described 
elsewhere and therefore, only a brief overview is presented here [11-12]. 
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The model is based in the fact that diffusion, in its more general description, does not occur in order to reduce 
the composition gradient but to reduce the chemical potential gradient, and therefore implies a reduction of the 
Gibb’s energy of the system. Diffusion of hydrogen is described in the model as a random walk of interstitial 
elements, produced by the thermal activation and atom mobility of such elements and governed by the 
differences in partial saturation distribution around the diffusing element [11]. 

As the model also incorporates thermodynamic description of microstructure evolution it can be used to 
describe real heat treatments [11].  

Trap sites are modelled as a potential well, with negligible trapping energy barrier and a characteristic release 
energy barrier, Et, for each type of trap. Diffusion in and out of a trap is also driven by the difference in partial 
saturation between lattice sites and trap sites. In many respects, this description makes the analogy with 
diffusion between two lattice sites and between a lattice site and a trap site [12].  

Table 1 Examples of the characteristic release energy for each trap site type considered in this work, as well  
             as lattice diffusion activation energy for comparison [4,13] 

 Trap type Et  [kJ·mol-1] 

 Dislocation distortion 20.6 

 Grain boundary 58.6 

 Precipitate surface 84.0 

 Diffusion in ferrite 13.4 

Hydrogen desorption is estimated assuming local equilibrium at the surface, and that the relationship between 
hydrogen dissolved in the metal at the surface and the partial pressure of hydrogen gas in the atmosphere 
follows Sievert’s law [4, 11]. Additionally, the flux of hydrogen atoms across the surface is restricted by the 
atom mobility conditions as described earlier and limited by site saturation (i.e. partial saturation).  

When supersaturation occurs, atomic hydrogen unable to remain in solution neither in the lattice nor within the 
trap distribution, would eventually either distort the lattice structure or find its way into micro-cavities in the 
lattice and form molecular hydrogen (i.e. hydrogen gas). As in the case of desorption, the hydrogen transfer 
between a saturated lattice and micro-voids occur under local equilibrium following Sievert’s Rule. Using this 
method it is possible to estimate a potential (or equivalent) gas pressure from the degree of supersaturation. 
Even though the accumulation of molecular hydrogen at high pressure is not the only mechanism by which the 
metal degradation may occur, this equivalent hydrogen gas pressure has been considered in the past to 
provide a good estimate of the severity of the potential damage occurring to the alloy [13]. In this work 
additional criteria, related to physical properties of the alloy, are used as more accurate predictors of damage 
nucleation.  

2.2. Simulations used  

The simulations performed to obtain the results presented in this work consist on the calculation of hydrogen 
redistribution in a 1.5m thick component during solidification and constant cooling to room temperature (with h 
= 2000Wm-2K-1). Two different alloys have been considered: Steel A with FCC to BCC transformation at 725 
ºC producing ferrite characterised by larger grain size (100 μm) and moderate dislocation density (1012 m-2), 
and Steel B with FCC to BCC transformation at 450 ºC producing ferrite characterised by smaller grain size 
(10 μm) and higher dislocation density (1014 m-2). Only two starting hydrogen content levels have been 
considered: 1.0 and 3.5 ppm. 
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3. RESULTS AND DISCUSSION 

Industrial alloys are usually polycrystalline and often multiphase. As metallographic orientation varies from 
grain to grain, and with it the availability of deformation mechanisms that could become active to reduce an 
applied stress, any internal stress distribution will also vary to a certain extent within the metal component. Any 
criteria on the onset of permanent damage in the metal necessarily can only be approximate, and a margin of 
safety needs to be considered. Nevertheless, developing criteria able to predict the onset of permanent 
damage in structural components serves an invaluable role in component production and process design and 
supervision. 

3.1. Lattice hydrogen supersaturation and microplas ticity damage  

Permanent damage in a ductile material occurs when the capacity of elastic (i.e. reversible) deformation is 
exceeded and plastic (i.e. irreversible) deformation takes place. Brittle fracture, on the other hand, occurs when 
the energy required to create fresh fracture surfaces is lower that the energy to activate any of the available 
deformation mechanisms that could reduce the stress distribution by yielding under the stress [9-10]. In the 
first case, and for commercial ferrous alloys, the onset of plastic deformation occurs around the point where 
shear stress τ reach 10-3 ·G, where G is the Shear Modulus of the metal for that alloy composition, phase and 
temperature [14]. In engineering terms it is usually expressed as 0.1% of shear deformation (γ = τ/ G = 
0.001) [10].  

As described in a previous work, hydrogen supersaturation could produce a stress distribution akin to an 
equivalent internal pressure on the lattice structure, as well as a real pressure within existing micro-defects in 
the metal, like micro-cracks, voids and incoherent interfaces [13]. It is the proposition of this work that by 
determining the equivalent pressure in the lattice and by applying he criterion described above, it is possible 
to estimate the risk of irreversible deformation and therefore, the onset of permanent damage in the metal 
component. 

   

Fig. 1  Plots presenting the evolution of a) temperature, b) phase, c) hydrogen concentration, d) hydrogen 
partial saturation in the metal lattice and e) shear deformation (as criteria for microdamage risk) 
during solidification and cooling of a 1.5 m thick steel component with a homogeneous starting 

hydrogen concentration of 3.5 ppm. FCC to BCC phase transformation occurring at 450ºC 

Fig. 1  shows an example on the application of this criterion. A component made with alloy Steel B and 
containing 3.5 ppm of hydrogen solidifies and is actively cooled to room temperature. The evolution of 
temperature as well as the phase evolution during cooling and at any position within the thickness of the 
component are shown in Fig. 1a)  and b). During the cooling process hydrogen redistributes, and different 
regions in the steel (ferritic) lattice attain diverse levels of hydrogen partial saturation or even supersaturation. 
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By determining the equivalent hydrogen gas pressure related to those regions where supersaturation occurs, 
and then applying the criterion of 0.1%G, (with G the Shear Modulus of the metal) it is possible to estimate the 
risk of permanent damage to the component due to microplasticity. τ=10-3G is equivalent to shear deformation 
γ=0.1% [10]. 

In this example we observe the apparition, just before 30 ks, of two regions at 20% and 80% of the thickness 
of the component where the shear strain starts to build up towards the yield shear strain limit defined above. 
As the process progresses, at around 45 ks, these two regions converge into a larger region comprising the 
whole core of the component. Within this region levels of strain considered to be unsustainable are reached. 

3.2. Hydrogen saturation in dislocation distributio n 

 
Fig. 2  Plots presenting a) the evolution of hydrogen concentration in metal lattice, b) hydrogen partial 

saturation in lattice and c) hydrogen partial saturation in dislocation distribution, during solidification 
and cooling of a 1.5 m thick steel component with a homogeneous starting hydrogen concentration 

of 1.0 ppm. Temperature and phase evolution identical to those shown in Fig. 1a) and b).  
FCC to BCC phase transformation occurring at 450ºC 

Another criterion proposed here to estimate the risk of embrittlement of an alloy under the influence of hydrogen 
consists in observing the degree of partial saturation of the dislocation distribution. Dislocations presenting a 
large partial saturations in hydrogen are expected behave differently than dislocations free of hydrogen 
presence [6, 10]. 

Fig. 2  shows the calculations for a component of the same alloy and geometry as in the example above 
(section 3.1.) but containing only 1.0 ppm of hydrogen. The evolution of temperature as well as the phase 
evolution during cooling are identical as shown in Fig. 1a)  and b).  

In the present case, lattice partial saturation stays close to saturation but never reaching severe 
supersaturation, and therefore (by applying the microplasticity criterion above) without expected risk of 
embrittlement due to that mechanism. On the other hand, at the same time it is possible to observe that the 
dislocation distribution in the ferrite phase also becomes close to saturation. It is at this moment that needs to 
be pondered what could be the effect of a hydrogen saturated dislocation distribution. If dislocations become 
blocked due to hydrogen then the metal would be expected to develop hardening and decreased ductility, 
eventually producing embrittlement of the material. The severity of this effect is nevertheless also related to 
the ability of the alloy to create new dislocations [7]. 

3.3. Hydrogen saturation at grain boundaries  

The last criterion proposed here to estimate the risk of embrittlement of an alloy under the influence of hydrogen 
consists in observing the degree of partial saturation at grain boundaries (and the same could be applied to 
precipitate interfaces). Grain boundaries presenting hydrogen supersaturation could become embrittled due to 
various mechanisms, ranging from the obstruction of deformation mechanisms characteristic of grain 
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boundaries, to the apparition of microplasticity damage similar to what is described in section 3.1. for the metal 
lattice [9].  

  
Fig. 3  Plots presenting a) the evolution of hydrogen concentration in metal lattice, b) hydrogen partial 

saturation in dislocation distribution, and c) hydrogen partial saturation at grain boundaries during 
solidification and cooling of a 1.5 m thick steel component with a homogeneous starting hydrogen 
concentration of 1.0 ppm. Temperature evolution identical to that shown in Fig. 1a) . FCC to BCC 

transformation occurring instead at 725ºC 

Fig. 3  shows the calculations for a component of the same geometry as in the examples above (section 3.1.), 
but in a different alloy, Steel A. In Steel A austenite transforms to ferrite at higher temperature than in Steel B 
and with different characteristics (larger grain, lower dislocation density). For this calculation, containing only 
1.0 ppm of hydrogen. The evolution of temperature is identical as for other examples in this work, and shown 
in Fig. 1a ). 

The microstructure of the alloy in this example is less able to dissolve hydrogen in its trap site distribution than 
Steel B of sections 3.1. and 3.2. In this case, the hydrogen dissolved in the lattice tends to concentrate at the 
core of the component, while the dislocation distribution become immediately saturated on transformation from 
austenite to ferrite. The interesting aspect though is the distribution of hydrogen in the grain boundary trapping 
sites. Effectively, grain boundaries become severely supersaturated on transformation to ferrite. As the 
process proceeds, hydrogen in grain boundaries at the core of the component redistribute reducing their 
hydrogen supersaturation to levels close to full saturation. Grain boundaries close to the surface, where the 
temperature does not allow redistribution of the hydrogen, remain supersaturated till the end of the process 
(Fig. 3c) ). In both cases, the degree of supersaturation would suggest a risk of embrittlement. In particular, in 
the surface grain boundaries, could be a mechanism to explain intergranular brittle fracture and crack formation 
in the surface and immediate subsurface regions.  

4. CONCLUSION 

A model on hydrogen diffusion has been applied to predict the risk of hydrogen damage. This approach is 
based on the idea that severe supersaturation of either lattice or any defect structures in the metal is involved 
in damage formation and embrittlement. Three criteria have been suggested in order to try and predict different 
embrittlement mechanisms: 

• A microplasticity threshold related to Shear Modulus as predictor to lattice microcracking.  

• Dislocation supersaturation as a possible origin for ductility loss.  
• Grain boundary supersaturation as a possible origin for intergranular decohesion, as well as of 

subsurface defects like flaking.  

The next step is to start applying these criteria, for real, and in actual industrial processes, and to prevent 
hydrogen embrittlement. 
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Abstract 

The main problem in production of forgings from tool steels, especially in the form of thick plates, blocks, and 
rods which are used for special machine components for demanding applications, is the inhomogeneous 
structure with segregations, cracks in segregations or complex type of non-metallic inclusions of MnS and 
TiCN type. These forgings are actually produced from conventional forging ingots. Due to the size of forgings, 
it would be interesting to produce these forgings from slab ingots. It is possible that production of forgings from 
slab ingots (which are distinguished by a characteristic aspect ratio A / B) would reduce the occurrence of 
segregations. The paper presents the verification of the production process of slab steel ingots in particular by 
means of numerical modelling using finite element method. The paper describes the pre-processing, 
processing and post-processing phases of numerical modelling. The attention was focused on the prediction 
of behaviour of hot metal during the mould filling, on verification of the final porosity, of the final segregation 
and on prediction of risk of cracks depending on the actual geometry of the mould. 

Keywords: Steel, slab ingot, macrosegregation, numerical modelling 

1. INTRODUCTION 

Forged thick steel plates, blocks, pulleys and rods are widely used for special machine components for 
demanding applications. These forgings must be of very high quality [e.g. 1], they must be free of shrinkage, 
porosity, segregation, cracks, etc. Actually, these forgings are obviously produced from conventional forging 
heavy ingots where we can expect a typical non-uniform cast macrostructure of an ingot, as well as the 
macrostructure, which is the result of plastic deformation during the subsequent forming process [e.g. 2]. 

Due to the size of forgings (thick steel plates, blocks, etc.), it would be interesting to produce these forgings 
from slab ingots. It is possible that production of forgings from slab ingots (which are distinguished by a 
characteristic aspect ratio A / B) would reduce the occurrence of segregations. One of the ways, how to monitor 
and optimize the production steps from the casting to the forming process, is use of methods of numerical 
modelling [e.g. 3].  

In this study, casting and solidification of heavy slab ingot weighing 40 t from tool steels were numerically 
simulated with use of a finite element method. The attention of numerical modelling was focused on prediction 
of behaviour of hot metal during the mould filling, on verification of the final porosity, of the final segregation 
and on prediction of the risk of cracks on the actual geometry of the iron mould. The obtained results were 
compared with the final internal structure of classical conventional ingot of the similar weight. 

2. MODEL DESCRIPTION 

Generally, numerical solution of each task is divided into three stages: 1. Pre-processing: it includes geometry 
modelling and the process of generation of the computational mesh, and definition of calculation. 2. 
Processing: it involves computation in the solver. 3. Post-processing: it focuses on evaluation of the results. 
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2.1. Geometry and FEM mesh 

The whole 3D ingot geometry was created in the CAD system SolidWorks. The CAD geometry of the casting 
system is shown in Fig. 1. In our case, only one type of computational mesh for calculation of filling and 
solidification was used and we calculated the whole process in one step. The final surface and volume 
computational mesh of finite tetra elements used in this study are shown in Fig. 2 . The average size of the 
tetra elements was approx. 30 mm. Total numbers of tetra elements was 1 620, 658. 

  
Fig.  1 CAD geometry of the casting system  

of a 40-ton steel slab ingot 
Fig.  2 View of the final computational 

mesh of the casting system 

2.2. Thermo-physical parameters 

Composition of the cast tool steel into slab ingot is given in Table 1 . The mould and others parts of the casting 
system were made from cast iron. Due to the fact that steel and material of the mould were not included in the 
basic material database of the simulation programme, the integrated thermodynamic database was used to 
calculate the thermo-physical properties. The liquidus temperature of steel was 1,487 ºC, and the solidus 
temperature was 1,436 ºC. For achievement of relevant numerical results, it is necessary to have correctly 
defined thermo-physical properties of steel. Therefore, the phase transformation temperatures should be 
verified using several different methods. For determination of liquidus and solidus temperature and heat 
capacity it is possible to use the thermal analysis [e.g. 4, 5, 6]. 

Table 1 Composition of steel in wt. % 

C Mn Si P S Cu Ni Cr Mo Al 

0.385 1.45 0.25 0.01 0.005 0.15 1.1 1.975 0.225 0.0125 

2.3. Interface 

Definition of the heat transfer coefficients among the individual components of the casting system is not simple. 
The heat transfer coefficients are defined individually for each of the contact interfaces of components in the 
INTERFACE menu, such as heat transfer coefficient between the ingot and ingot mould, between the ingot 
and insulation, etc., as it is shown in Fig. 3 .The constant values in the range from 100 to 1,000 W.m-2.K-1 are 
usually given in literature. However, the previous research [7, 8], has found that the heat transfer coefficients 
should be set depending on the time or temperature. 
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a) b) c) 

Fig. 3  Examples of definition of interfaces between individual components of the casting system (a) 
between the ingot and ingot mould (b) between the ingot mould and stool of the mould (c) between the ingot 

body and stool of the mould 

2.4.  Boundary conditions 

The boundary conditions are presented in Table 2 . The total filling time was 1,860 seconds. The casting 
temperature was 1,828 K. In our case, the heat loss through the surface of the mould was defined as 
a convective cooling. The ambient temperature was 293 K, the emissivity was 0.85. On the surface of the steel 
an adiabatic condition was defined in a hot top.  

Table 2 Boundary conditions 

Parameter Unit Value 

Casting temperature K (Kelvin) 1,828 

Total filling time s (second) 1,860 

Ambient temperature K (kelvin) 293 

Emissivity - 0.85 

Temperature of mould preheating  K 323 

Gravity acceleration m.s-1 (meter per second) 9.81 

2.5.  Simulation parameters - Run parameters 

For calculation of the porosity, shrinkage cavity, macro-segregation or cracks, the equations have to be 
activated using the so called simulation or run parameters. These parameters activate the individual module 
of the software. For example, the thermal module allows us to perform a heat flow calculation by solving the 
Fourier heat conduction equation, including the latent heat release during solidification. The fluid flow module 
allows us to perform a mould filling calculation (free surface), as well as fluid flow computation by solution of 
the Navier-Stokes equation. The macro-segregation module of the software can calculate automatically the 
macro-segregations for steels, based on the composition of the alloy. This can be achieved with the link of the 
module with thermodynamic databases. It has been developed for multi-component alloys and back diffusion 
is taken into account [9]. 

Based on the simulation parameters, it is possible to specify also the maximum time step size, which will be 
used during the filling stage only. Also, the stop criteria and conditions of convergence can be defined. The 
example of stop criteria and other parameters used in this study are presented in Table 3 . 
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Table 3 The example of setting of the simulation parameters  

Parameter Abbreviation Value 

Stop criterion: Maximum number of time steps NSTEP 5000 

Stop criterion: Final temperature TSTOP 1,690 K 

Frequency of temperature results storage TFREQ 50 

Porosity - Critical macro-porosity MACROFS* 0.7 

Porosity - Feeding Length FEEDLEN** 0.02 m 
* MACROFS is the critical solid fraction for macro-porosity and it is equal to 0.7 by default.  
** FEEDLEN is defined as the feeding length of liquid steel, which is suggested to be 20 mm 

3. RESULTS AND DISCUSSION 

In order to analyze the character of the predicted final internal structure of the slab ingot, or the range of the 
volume defects, such as porosity and macro-segregation, a comparison with the internal structure of the 
simulated classical conventional polygonal ingot with the similar weight/steel grade/conditions of the casting 
will be used.  

3.1. Temperature field at the end of filling 

Since the casting temperature and the filling time was practically the same for both types of ingots, also the 
temperature field at the end of the filling was in both cases very similar (see the Fig. 4 ). 

 
 

(a) 
 

(b) 

Fig. 4  Comparison of the temperature field (in °C) at the end of filling  
in the cross section of the classical conventional polygonal ingot (a) and slab ingot (b) 

 

3.2.  Solidification time 

Although the temperature field at the end of filling was very similar for both types of ingots, different times of 
solidification were obtained. The classical conventional polygonal ingot solidified in approx. 13 hours, while the 
total solidification time of the slab ingot was approx. 7.5 hours, as it is evident from the Fig. 5 . 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

58 

 
 

  

Fig. 5  Comparison of the total solidification times between 
 the classical conventional polygonal ingot (a) and slab ingot (b) 

3.3. Character of final macro-segregation vs. poros ity 

Due to the shorter total solidification time, the final macro-segregation of the components in the slab ingot was 
smaller than in the classical ingot. Comparison of macro-segregation of phosphorus is shown in Fig. 6 . On the 
other hand, final porosity in the slab ingot was detected in higher volume range, as it is evident from Fig. 7 . 
Therefore, in the next step of the research the attention will be focused on the new design of the mould shape. 
The taper, the internal walls and the ratio of the A/B will be changed.  

  
 

 

Fig. 6 Comparison of the distribution map of macro-segregation of phosphorus of the 40-ton steel slab ingot 
(in wt. %) with the macro-segregation of phosphorus in the conventional ingot. The defined content of 
phosphorus in the simulation was for the conventional ingot 0.004 wt.%, for the slab ingot 0.01 wt. % 
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4. CONCLUSIONS 

The paper was devoted to verification of 
production of the slab ingot from tool steel 
using the numerical modelling with a finite 
element method. The main reason of 
verification of casting and solidification of the 
40-ton steel slab ingot was the possibility of 
replacement of the conventional heavy steel 
ingot actually used for production of the 
special forgings. Using the numerical 
modelling, it was found that: 
- the range of macro-segregation is lower 
than in the case of conventional polygonal 
heavy forging ingots with the same weight 
and produced from the same steel grade; 
- on the other hand, in the central axis of the 
ingot body of the slab ingot a large volume of 
micro-porosity was predicted. This micro-
porosity can be, nevertheless, eliminated by 
the following forging. 
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Abstract 

A three-dimensional mathematical model has been developed in order to describe the electromagnetic 
phenomena in an Electric submerged Arc Furnace (EAF). From the electromagnetics differential equations 
solution, the current density, Lorentz force and Joule heating was investigated in connection with the slag’s 
electrical conductivity values. A first approach towards the determination of the slag’s electrical conductivity 
was attempted using the 3D computational model in time dependent conditions associated with electrical 
potential and current measurements taken from industrial installations. It was determined that the electrical 
conductivity of slag was 30 S/m.  

Keywords: Submerged-arc electric furnace, Söderberg electrodes, magneto-hydrodynamics, Joule heating,  
                   CFD 

1. INTRODUCTION 

Ferronickel is produced in submerged-arc electric furnaces (EAF), by chemical reduction of nickel laterite ores 
[1-3]. In Greece laterites are treated by LARCO S.A. following roasting reduction in four rotary kilns and 
smelting reduction in five EAFs. In Fig. 1(a) , the air, slag and ferronickel layer are displayed as well as the 
firebricks layers, which contribute to the system’s thermal insulation. The ferronickel production inside the 
EAFs is achieved through two stages; the first stage consists of the nickel laterite ores melting and the second 
stage is the chemical reduction of the melted iron and nickel oxides with the carbon constituents. The 
necessary energy required for the aforementioned two stages inside the EAF, is introduced through three self-
baked carbon electrodes (Söderberg electrodes) which are partially submerged into the slag (0.4-0.7 m). The 
electric current which passes through the slag and ferronickel transforms into heat according to the Joule heat 
phenomenon. Consequently the higher velocity inside the slag layer (corresponding to higher temperature 
fluctuations and lower viscosity values) results in lower ferronickel losses in slag. The main stirring 
phenomenon which has been reported in the literature owing to thermal buoyancy effects, contributions of 
electromagnetic Lorentz-type forces and momentum exchange between carbon monoxide bubbles, which are 
continuously released from the reduction with the oxygen of the Söderberg electrodes, and the metal bath [4-
12]. However, Karalis et. all (2015) have reported that the stirring effect through the Lorentz forces and carbon 
monoxide bubbles released from the Söderberg electrodes can be neglected [13]. 

The main parameter, which is considered crucial for the EAF operation and efficiency, is the electrical 
conductivity of the slag. Unfortunately, the experimental determination of its value is very difficult; consequently 
assumptions have to be made. The overall electric resistance per pair of electrodes, can be expressed as a 
function of slag electrical conductivity, σ, and furnace geometric factor, fg 

R = ��� .      (1) 

Due to the fact that the electrical resistance of the graphite electrodes and ferronickel is much smaller than 
that of slag (25.000 S/m and approx. 750.000 S/m respectively instead of 1-100 S/m) their contribution in the 
total resistance can be neglected [14]. The total resistance in the case of the LARCO’s EAF is 0.0074 Ω and 
the geometric factor ranges between 0.2-0.7 m-1 mainly according to the electrodes immersion depth and slags 
thickness. 
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The three electrodes are connected to operate under delta resistance configuration. The three electrodes are 
loaded with electric potential equal in magnitude with a phase sift of 120º. In the current study, transient 
conditions have been applied. The alternating current (AC) in the three electrodes is described as V = V�sin (ωt)       (2) 

V = V�sin (ωt + 120π/180)       (3) 

V = V�sin (ωt + 240π/180),       (4) 

where �� is the direct current (DC) component of the applied field equal to 380V, ω is the angular frequency 
(ω=2πf), f is the frequency applied (equal to 5Hz) and t is the time (s). 

The most important assumption made during the above modeling, was the decrease of the actual current 
frequency from 50Hz to 5Hz. This is done in order to be able to use higher time-steps in the computational 
procedure. 

2. MODEL FORMULATION 

Fig. 1 (a)  and (b) illustrates the geometry of the electrodes and EAF studied. The electrodes immersion depth 
defined 0.6 m. Three electrodes used equally spaced from the central furnace axis with an angle between 
each other of 120°. 

 
 

(a) (b) 

Fig. 1  (a) EAF cut plane geometry (b) Electrode geometry 

Governing equations 

Three electromagnetic phenomenon have been solved in the current model. The electric current balance is 
defined by the equation (5). Due to the materials resistance in the electric current heat is produced according 
to the equation (6) (Joule heating).  

The electronic current balance is defined by the equation ∇ ∙ (−�� !"#∇�) = 0       (5) 

$ = �� !"#|&�|',       (6) 

where �� !"# denotes the electric conductivity of the respective phase (S/m) and V the electric potential (V) 
[15].  

Slag 

Air 
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Boundary conditions 

In the furnace freeboard the normal gradient of the electric potential was assumed to be zero [4, 5, 11, 16]. In 
the bottom and sidewall firebricks of the furnace, ground potential (0 V) has been applied. In the upper 
electrodes surfaces an electric potential according to equations (2-4) was applied.  

Materials properties 

All the phases calculated (air, slag and ferronickel) have been considered as homogeneous fluid continuums. 
The density and viscosity of the slag layer as well as the electrical conductivity of the ferronickel layer were 
specified as piecewise linear functions of temperature in order to incorporate temperature variability into the 
models. Table 1 shows analytically the electrical conductivity of the materials used in the simulations. 

Table 1 Electrical conductivity values of the materials used in the simulations [17-25]. 

Properties  Slag Ferronickel  Electrodes  Firebricks  

Electrical conductivity (S/m) 10-60 106-330.83T 25000 0.01 

Computational details 

The numerical simulations were performed with the commercial CFD software COMSOL Multiphysics. 
Convergence has been assumed when the scaled residuals were below 10-6 in all runs. The thermal and 
electromagnetic variables were grouped and sequentially solved using COMSOL’s segregated solver feature. 
The linear solver PARDISO has been used since it performed better in a multi-threading shared memory node 
[26]. The final grid consisted of 396332 free tetrahedron mesh elements with the worst element having a 
minimum and average element quality of 0.081 and 0.708 respectively. The element quality for the tetrahedron 
mesh is described from the equation,  

q = )'√+,
-./01.001.201.301.401.5062/0,       (7) 

where V is the volume and h1 - h6 are the side lengths of the tetrahedron. If q>0.1 the mesh quality should not 
affect the quality of the solution [27].  

3. RESULTS AND DISCUSSION 

A set of time-dependent numerical investigations was carried out, using COMSOL Multiphysics software in 
order to determine the characteristics of the electromagnetic phenomena that are present in the arc furnace, 
to validate the model in accordance to available experimental results and finally estimate slag electrical 
conductivity value. After the numerical investigations were carried out, results concerning various 
electromagnetic quantities, such as electric potential, current density and Joule heat are obtained and 
discussion about them is made. 

3.1. Electric potential and current density distrib ution 

A typical electric potential profile for electric arc furnaces is shown at Fig. 2 (a) . It can be seen that, at the 
specific time (600 s), two of the three electrodes have negative voltage and the other electrode positive. The 
largest portion of the metal bath has voltage values near zero voltage and only a small area around each 
electrode is affected by the electrode voltages. This profile is similar to profiles obtained using a 2D 
multiphysics model [13]. 

Current density is a physical quantity associated directly with the electric current. Thus, the current density 
results allow for useful conclusions concerning the flow of electric current to be drawn. In Fig. 2 (b) isosurfaces 
of current density magnitude in the range from 0.05 to 1.95·104A/m within the EAF are portrayed. It is evident 
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that higher values of current density appear in the vicinity of the three electrodes, within the slag layer. 
However, there exists also a region within the ferronickel layer, where high values of current density are 
observed. Consequently, large portions of electric current flow through these regions and induce higher 
Lorentz forces which contribute to a more intense bath stirring effect. As for the Lorentz forces developed in 
the bath, it can be seen from Table 2 that they increase with an increase of electrical conductivity. Additionally, 
a vector diagram on a horizontal section of the EAF (upper slag surface) is presented in Fig. 3(a) , with a view 
to determine the electric current pathways. The electric current is shown to flow from the electrode with positive 
voltage towards the two electrodes with negative voltage, thus following the conventional current direction. 
Moreover, due to the electric potential difference between the electrodes and the sidewalls, there is a smaller 
portion of current flowing towards this direction. Regarding the electric density dependence of the slag electric 
conductivity, it can be seen in Table 2 , that an increase of the electric conductivity values leads to a direct 
increase of the electric density values and subsequently, larger quantities of current flow through the metal 
bath. 

  
(a) (b) 

Fig. 2  (a) Electrical potential distribution in the EAF (b) current density isosurfaces 

 

3.2.  Joule heat distribution 

It can be observed, from Figs. 2(b) and 3(b), that the Joule heat distribution is similar to the current density 
distribution because the two quantities are directly related. The study of the Joule heat distribution is important 
as high values of Joule heat give rise to higher temperatures and subsequently favor the melting phenomenon 
in certain regions of the bath. At the same time, higher temperatures lead to greater density differences within 
the metal bath and cause a more intense thermal buoyancy phenomenon. As it can be seen in Fig. 3 (b) , 
higher values of Joule heat appear in the vicinity of each electrode and fade quickly towards the sidewalls and 
the bottom of the furnace. From Fig. 3 (b) , it is evident that the region of high Joule heat values depends on 
the voltage of each electrode. Subsequently, it can be assumed that the melting phenomenon is facilitated in 
these regions and as the process progresses, melting advances slowly towards the entire volume of the 
furnace. Moreover, it can be seen that Joule heat values are significantly greater in the slag layer; it is justified 
due to the considerable difference between the electric conductivity values of slag and ferronickel, which are 
presented in Table 1 . Furthermore, in Table 2 , it can be observed that higher values of electric conductivity 
lead to higher values of Joule heat and their relationship is proportional. 
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(a) (b) 

Fig. 3  (a) Current density vector plot at a horizontal section of the EAF (b) Joule heat isosurfaces in the EAF 

3.3.  Estimation of slag electric conductivity 

After the main electromagnetic phenomena within the EAF are identified, the parametric study with varying 
slag electrical conductivity values was carried out as a self-consistent method to determine the exact value of 
slag electrical conductivity. In order to determine this value, the amount of current introduced to the slag and 
ferronickel layer is being calculated by integrating the electric current density values on the outer immersed 
electrodes surfaces. The more appropriate electric conductivity value is found when the computed current 
value matches industrial data; namely 68-72kA for a maximum voltage of 380V. The results of this process 
are displayed in Table 2  where it can be seen that the appropriate slag’s electrical conductivity values is  
30 S/m. A more detailed study, involving a more complex model and focusing within this range of values, 
should be carried out with a view to determine more accurately the correct electric conductivity value of the 
specific slag. 

Table 2  Values of electromagnetic quantities for cases with various slag electrical conductivity values and  
              immersion depth of 0.6m 

Slags Electrical 
Conductivity (S/m) Electrodes Current (A) 

Slag region average values 

Current 
Density 
(A/m 2) 

Lorentz 
Force 

(N/m3) 

Joule 
Heat 

(W/m3) 

10 25742.03 197.00 0.064 22012.16 

30 75328.35 580.74 0.554 63516.80 

60 154448.23 1140.53 2.093 120033.60 

4. CONCLUSIONS 

In this paper, a 3D time-dependent mutliphysics computational model of an EAF was created in order to 
investigate the electromagnetic phenomena within the EAF and the effect of slag electrical conductivity in 
them. Several important conclusions were drawn from these investigations:  

• The electric potential, electric current density and Joule heat distributions were computed and their 
characteristics during a typical ferronickel smelting process were identified. It is also observed that 
higher values of slag electric conductivity lead to higher values of current density and Joule heat. 

• The magnitude of Lorentz forces for the specific smelting process was calculated using a fully coupled 
electromagnetic model. It was found that the Lorentz forces increases considerably within the electrical 
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conductivity range 10-30 S/m. The magnitude of these forces needs to be compared with the 
contribution of other phenomena resulting in the bath stirring such as thermal buoyancy, with view to 
determine the main stirring phenomenon, a fundamental but not yet clearly resolved issue in 
multiphysics analysis of EAF. 

• Furthermore, the parametric analysis served as a self-consistent process in order to determine the exact 
value of slag conductivity that matches the experimental data. The analysis revealed that the value of 
electrical conductivity is 30 S/m. Therefore, further investigation and experimental validation is required 
in order to obtain a more precise estimation of slag electrical conductivity value.  
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Abstract  

The paper presents the use of a solidification model coupled with control algorithms for optimization of 
secondary cooling. The solidification model provides data to control algorithms, which evaluate an actual 
thermal state of a strand and control casting parameters such as cooling intensity in secondary cooling zone. 
The paper aims at our recent development of advanced control methods for secondary cooling. A fuzzy logic 
and model predictive control approaches are tested and compared to traditional PID regulation and cooling 
curve control. A study case with a dynamic change of the casting speed, which may occur in production, is 
used to assess control capabilities of developed algorithms. Simulation results show the developed control 
and regulation tools are robust and effective for control of secondary cooling in continuous casting. 

Keywords: Continuous casting, secondary cooling control, PID, fuzzy regulation, model predictive control 

1. INTRODUCTION 

Continuous steel casting is used for the production of more than 95% of steel. A great effort has been recently 
exerted to develop control and regulation algorithms for secondary cooling as the quality of steel is strongly 
dependent on the intensity of heat withdrawal. An attention is mainly aimed at dynamic cases with unsteady 
casting conditions. Examples include an alternation by means of the breakout prediction system and the 
tundish on-the-fly replacement. 

A number of control algorithms have been developed and used in the secondary cooling control [1]. These 
systems usually utilize dynamic solidification models of transient temperature field of cast slabs or billets. Many 
research papers related to the implementation of dynamic solidification models have been presented, see, e.g. 
[2]. As for the cooling control, a simple regulation of water flow rates in the secondary cooling according to the 
casting speed is often used. This approach is referred to as the cooling curves control [3]. The PID control is 
another control method, which is frequently applied in continuous casting of steel [4]. The methods by means 
of cooling curves and PID, however, frequently do not provide a proper control. Researchers therefore tend to 
use control methods with better control capabilities [5]. Neural networks [6], swarm optimization [7], fuzzy logic 
[8], or adaptive control [9] are examples of such advanced techniques.  

The paper aims at the comparison of the cooling curve method and the PID control with our two implemented 
control approaches underlying on fuzzy logic and model predictive control. A case with a transient change of 
the casting speed is utilized for the comparison of control algorithms. Results adumbrate that our implemented 
control systems are effective algorithms for secondary cooling control with a great control behavior. 

As mentioned above the presented control systems utilize the dynamic solidification model, which provides 
the prediction of the temperature distribution of the cast strand. There are many issues related to numerical 
models for continuous casting. Mass transfer and fluid flow are usually neglected, or can be taken into account 
by a simple effective thermal conductivity method. Another approach is to model in detail the fluid flow 
phenomena in the liquid core of a strand, which makes sense especially when a detailed study of the mould is 
considered. The determination of heat withdrawal from the secondary cooling is another important issue, 
usually solved by experiments [10, 11] and followed by the inverse heat transfer analysis [12]. This was also 
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the case used in the developed models. We refer the reader to [13, 14] for further particular information on the 
numerical models of continuously cast strands, on the determination of boundary conditions, and on particular 
computer implementations of the models, which are used for simulations in the paper. 

2. REGULATION METHODS FOR SECONDARY COOLING CONTROL  

The simplest approach for secondary cooling control is the use of cooling curves. The curves are functions of 
casting parameters and the casting speed is usually used for the assessment of the water flow rates in 
secondary cooling. The cooling curves shown in Fig. 1 are used for the study case presented in the paper. 
These cooling curves are used in a real caster operation in steelworks in the Czech Republic. In general, the 
use of curves is simple but the approach often fails in dynamic situations due to system delay behavior. 

             

                            Fig. 1  Cooling curves                                    Fig. 2  Casting speed for the study case 

The PID control is frequently used for regulation in steelworks [1, 4]. The underlying principle of PID control is 
the process regulation by means of the decomposition of the objective function into three parts, which 
contribute to its overall value proportionally and according to the derivative and integral. The PID controller, 
which regulates secondary cooling according to the surface temperature at the end of each cooling circuit, is 
shown in Fig. 3a) . PID is easy to implement but it is general not convenient for nonlinear system control, which 
is unfortunately the case of continuous casting. 

 

  
       a) PID regulation of secondary cooling     b) Fuzzy control system in secondary cooling 

Fig. 3 Regulation scheme for the PID and fuzzy logic control 

The fuzzy logic control is successfully used in a number of applications. The use of the fuzzy logic in the 
continuous casting control has already been presented [14, 15] and it allows, in comparison to PID control, for 
better control performance, smaller overshoots, faster system response, and overall stability. Drawbacks of 
the fuzzy logic include the time necessary for system learning, and tricky setting of parameters. The regulation 
principle of a fuzzy logic control is shown in Fig. 3b) . In contrast to PID, the fuzzy logic algorithm evaluates the 
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behavior of the system in the complete regulation region and determines the cooling setup according to strand 
temperatures at control points. We refer readers to [14] for more information.  

The model predictive control is another sophisticated control method used in a number of engineering 
applications. The model predictive control has been successfully used in continuous casting control [16, 17]. 
The main principle of the method is to utilize the model as a numerical sensor, which is used for the estimation 
of the thermal behavior of the strand in the future under a certain cooling strategy. In comparison to PID, the 
main feature of the model predictive control is the forward regulation of the controlled system as the PID 
controller regulates the system according to its behavior in the past. The model predictive control is precise 
and provides a high-performance control. A drawback is a need for a number of forward model evaluations of 
the controlled system implying high computational requirements. The massive parallelization of the model by 
means of graphics processing units can greatly overcome this problem [13], which allows the predictive control 
system to operate in real time. We refer readers to [16] for more information. 

3. STUDY CASE AND CONTROL APPROACH 

Actual casting conditions were utilized for the setup of the study case. The dynamic solidification models were 
configured for casting of square billets having dimensions of 150 × 150 mm. The used radial caster has the 
mould with the heat withdrawal power of about 1 MW. The secondary cooling of the caster has 6 independent 
zones within the secondary cooling, which incorporates about 200 cooling nozzles. A low carbon steel grade 
with 0.18 wt. % C was considered. The steady state temperature field attained when casting with the constant 
casting velocity of 2.8 m/min was used as the target temperature field for the casting control. The test case 
consists of a situation with a transient change of the casting speed, which is shown in Fig. 2 . The control 
algorithms were used in the supervision system, which utilizes data from the dynamic solidification model and 
then adjusts the water flow rates in zones of secondary cooling. The aim was to assess the time-dependent 
water flow rates in secondary cooling in order to preserve the average surface temperatures constant. 

4. RESULTS AND DISCUSSION 

The study case was solved by means of four control algorithms described in the foregoing section. A control 
with no change in water flow rates is also presented and it confirms a need for casting control. Fig. 4 shows 
the resultant water flow rates in all six zones of the secondary cooling, and Fig. 5  presents the average surface 
temperature errors for the control algorithms used. 

As can be seen from Fig. 5 , no regulation with constant water flow rates in secondary cooling leads to 
extensive subcooling of the strand surface, which peaks locally at about of 150 °C for the average surface 
temperature error. This behavior is not surprising, and it is caused by an intensive heat withdrawal from the 
strand induced by the temporary lowered casting speed. The integral value of the average surface temperature 
errors is presented in Table 1. Its value, which can be considered as the measure of the control quality, is 
required to tend to zero. In case of no cooling control, the value of the integral of the average surface 
temperature error is 3614 °C·s. The subcooling is definitely undesirable as it often causes the formation of 
defects, such as midway and centerline cracks. 

Table 1  Integral of the average surface temperature error 

Control approach No control Cooling curves 
PID  

regulation Fuzzy logic 
Model 

predictive 
control 

Integral of average 
surface temperature error 3614 °C·s 924 °C·s 755 °C·s 265 °C·s 58 °C·s 
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In Fig. 4  a typical cooling control for the case with cooling curves can be observed. It is obvious that the 
modification of water flow rates in secondary cooling occurs only in the period, in which the casting speed 
actually varies. The dependence of the water flow rates is linear since the cooling curves shown in Fig. 1  are 
also linear. The average surface temperature error is presented in Fig. 5 . In comparison to the previous case, 
the control by means of cooling curves leads to an overheating, which peaks at about 80 °C almost immediately 
as the casting speed suddenly drops down. The overheating is also considered to be undesirable as it can 
cause bulging or even breakout. 

As for the PID regulation, the PID system controls and regulates secondary cooling not only within the period 
when the actual change of the casting speed takes place, but also later in time when the casting speed is 
already back to its initial value. The average surface temperature error shown in Fig. 5  undergoes both the 
subcooling and overheating, but the peaks are smaller being of approximately 70 °C and 30 °C, respectively. 
The value of the integral of the average surface temperature error presented in Table 1  indicates a better 
control than in case of the cooling curve control. 

  
a) secondary cooling zone 1 b) secondary cooling zone 2 

  
c) secondary cooling zone 3 d) secondary cooling zone 4 

  
e) secondary cooling zone 5 f) secondary cooling zone 6 

  

Fig. 4  Water flow rates in secondary cooling zones determined by means of distinct control approaches 

Analogously as for the PID control, the fuzzy controller modifies the water flow volume rates not only within 
the period with the actual drop of the casting speed, but also later in time when the casting speed is returned 
to its initial value. The time dependent flow rates presented in Fig. 4  seem to have a smoother course than 
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they have in case of the PID control. A distinct behavior is presented for the water flow rate in the second 
cooling zone 2 since the fuzzy regulator controls it in a rather different manner than the PID controller. 
Moreover, in case of the PID control the water flow rate in the second cooling circuit is regulated to a new 
optimal solution, which differs from the initial value. The average surface temperature error for the fuzzy 
regulator presented in Fig. 5  shows a very good improvement of temperature fluctuations at the strand surface. 
This is also reflected in the value of the integral of the average surface temperature error in Table 1 , which is 
265 °C·s. Subcooling and overheating of the surface is almost eliminated. In comparison to the PID control, 
the average temperature error is distinctly smaller and it peaks approximately at 15 °C.  

 

Fig. 5 Average surface temperature errors for distinct regulation approaches 

The last presented control approach consists of the model predictive control system. The time dependent 
courses of water flow rates shown in Fig. 4  are similar to those determined in case of the PID control. The 
water flow rate in the cooling zone 2 slightly increases at the beginning although the casting speed drops, but 
then it has a decreasing trend. As in the PID and fuzzy control, the adjustment of the water flow rates in 
secondary cooling is also done in the period which follows the unsteady casting speed. The model predictive 
control possesses an excellent control capability as the average surface temperature error is virtually constant 
with no subcooling and overheating. The value of the integral of the average surface temperature error is only 
58 °C·s, cf. with values for other control approaches shown in Table 1 . In conclusion, the model predictive 
control can be considered as the most effective control method among all the presented control algorithms. 

5. CONCLUSION 

The paper presents our developed advanced control algorithms for the optimal setup of secondary cooling in 
continuous steel casting, which are based on principles of fuzzy logic and model predictive control. The control 
systems integrate the dynamic solidification model of temperature field and solidification of cast strand. The 
cooling curves control algorithm and the PID regulation system were implemented in order to perform the 
analysis of control capabilities of the algorithms. Results show that our developed fuzzy regulator and the 
model predictive control system provide a great control of secondary cooling in a considered dynamic situation. 
The model predictive control showed the best control capabilities followed by the fuzzy regulator. On the other 
hand, the control by means of the cooling curve method provided rather poor results. Though the model 
predictive control system is quite computationally demanding, we used the massive parallelization on graphics 
processing units, which allowed for real-time computations. 
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Abstract 

Traditionally, scrap has been the raw materials feed to the electric arc furnace, but increasingly direct reduced 
iron (DRI), pre reduced pellets and hot briquetted iron (HBI) are being focused as potential alternative charge 
materials for the electric arc furnace. The partial substitution of scrap by these charge materials directly 
affecting on the quality of steel and process consumptions in electric arc furnace. 

Whereas DRI/HBI products have low contents of copper, nickel, nitrogen, sulfur, etc., they can contain large 
amounts of phosphorus. Depending upon the quality of ore used to produce the DRI/HBI; these products can 
contain five to ten times as much phosphorus as scrap. Most commercially available DRI/HBI materials 
commonly contain between 0.03 to 0.09 % phosphorus as compared with 0.015 to 0.02 % for scrap.  

The goals of this research are to contribute to a more complete understanding of the behavior of Phosphorus 
with melting of direct reduced iron (DRI and HBI) having phosphorous content 0.061 wt %, and 
thermodynamics of phosphorus transfer in metal - slag (or DRI/HBI gangue) systems. The experiments have 
been conducted at EZZ Flat Steel Company in Egypt, with annual production 1.2 mln. The thermodynamic and 
statistical analysis showed that, the dephosphorization reactions sufficiently far from equilibrium, and the 
continuous feeding of metalized materials (DRI and HBI) hinders the phosphorous removal process and 
decreases the distribution of phosphorous between slag and metal. For optimum dephosphorization with using 
the metalized materials having high phosphorus content 0.061 wt %, the slag should have 25-30 % FeO, 4% 
MgO, slag basicity preferable being between 2.5-3 and temperature - 1625-1635o C. 

Keywords: Steelmaking, dephosphorization, electric arc furnace, direct reduced iron, slag basicity 

1. MAIN TEXT 

The world products of direct reduced iron are presented not only by metalized pellets (DRI) and hot 
briquetted iron (HBI) with low phosphorus content, but also by these products with high phosphorus 
concentrations, depending upon the quality of iron ore and its degree of enrichment. They may contain up to 
0.08% of phosphorus and above it [1]. This makes it necessary to analyze the process of dephosphorization 
during the melting and refining processes of these products as a charge material in the electric arc furnace 
steel making.  

A real steelmaking process involves many complex physical and chemical coupled phenomena such as 
oxidation, decarburization, dephosphorization, and slag formation.Lowering of phosphorus content in steel is 
a critical requirement for steels used in thin sheets, deep drawn applications and all applications requiring high 
uniform deformability. Phosphorus is also known to make the steel prone to embrittlement during heat 
treatment and cause degradation of electrical properties. [2, 3] 

Commercially-produced hot briquetted iron (HBI) contains considerably more phosphorus than scrap. This 
raises the question of how much dephosphorisation can be achieved when using direct reduced iron in an 
electric arc furnace (EAF), A commonly held misconception amongst EAF operators who do not currently use 
HBI, is that the relatively high level of phosphorus in HBI will make dephosphorisation difficult, if not impossible 
[4]. 
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M Meraikib has been studied the phosphorous behavior in steelmaking with melting direct reduced iron which 
having average content of phosphorous 0.01wt% in DRI, he investigated mainly the effect of increasing the 
sponge iron proportion in the metallic charge on the phosphorous content of steel. 

He has found the reverse relationship between the direct reduced iron wt% in the charge and the phosphorous 
content of the steel. [5] 

Fruehan et al investigated the Behavior of Phosphorus in DRI/HBI during electric furnace Steelmaking, they 
observed that DRI/HBI products have low contents of copper, nickel, nitrogen, sulfur, and they can contain 
large amounts of phosphorus. Depending upon the quality of ore used to produce the DRI/HBI; these products 
can contain five to ten times as much phosphorus as scrap. Most commercially available DRI/HBI materials 
commonly contain between 0.03 to 0.09% phosphorus as compared with 0.015 to 0.02 % for scrap. DRI/HBI 
produced from lower grades of ore can contain as high as 0.15%P. [6,7,8] 

Table 1 Chemical composition of the sponge iron used at EZZ Flat Steel,% 

Metallization FeTotal Fe мет C P S CaO MgO SiO2 Al2O3 TiO2 

92.61 91.24 84.5 1.67 0.061 0.0026 1.9 1.0 2.9 0.35 0.10 

Table 2 Chemical analysis of scrap used at EZZ Flat Steel,% 

C Si Mn S P As Cu Sn Cr Nb Ni Al Co Fe 

0.25 0.37 0.5 0.04 0.037 0.01 0.3 0.01 0.071 0.006 0.12 0.04 0.004 98.23 

Table 3 Assay of lime used at EZZ Flat Steel, % 

MgO SiO2 P S CaO 

6.5 3.5 0.1 0.08 90.32 

Table 4 Slag chemical composition after the melting of the two baskets (sample 1), after continuous feeding  
              of sponge iron (sample 2),% 

№ 
Heats 

Sample CaO SiO2 FeO MgO Al2O3 MnO Cr2O3 P2O5 TiO2 

1 1 32.56 15.28 35.33 6.16 6.46 1.94 0.68 0.897 0.659 

2 31.14 12.35 43.15 5.21 5.36 1.14 0.42 0.729 0.483 

2 1 26.99 11.73 47.46 5.50 5.62 1.14 0.38 0.691 0.481 

2 23.84 11.37 49.79 7.05 5.18 1.27 0.44 0.581 0.458 

3 1 27.61 12.22 46.48 4.24 5.88 1.84 0.56 0.668 0.469 

2 25.37 11.90 50.55 3.75 5.63 1.32 0.41 0.589 0.443 

This research will discuss the phosphorous behavior in the molten metal with direct reduced iron melting which 
having phosphorous content 0.061wt %, and the factors associated with the production processes in the 
electric arc furnace 220 tons at EZZ Flat Steel in Egypt. 

The EAF Metallic charge consists of DRI and HBI having a degree of metallization 92.61 % and scrap.The 
proportion of metallized materials in the charges varied from 25 to 60 % Wt.  

The furnace is charged with a two buckets and continuous feeding, the bucket no. 1 containing scrap, direct 
reduced iron (DRI+HBI), coke and fluxes it have about 100 ton (80 t scrap+20 t DRI) weight in average, then 
the power switched on and charge converted to molten pool, after 10 minutes power on time, the second 
bucket charging, this bucket weighting about 60 ton (45 t scrap+15 t DRI). Immediately after this charge is 
complete melting; DRI and burnt lime are continuously feeding, the amount of this stage depend on the 
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summation of the previous buckets ranging from 30 to 100 ton DRI. Therefore, when DRI started to melt, the 
temperature was measured and pair of samples were taken, from the slag and metal. 

Table 5 Temperature and metal composition analysis after the melting of the two baskets (sample 1), after  
              continuous feeding of sponge iron (sample 2),% 

No. Heats Sample C Mn S P Cu Ni Cr Sn Si T˚С 

1 1 0.055 0.019 0.04 0.01 0.206 0.067 0.037 0.0104 0.005 1535 

2 0.049 0.010 0.037 0.012 0.191 0.062 0.0259 0.0095 0.005 1620 

2 1 0.049 0.019 0.026 0.012 0.378 0.057 0.013 0.001 0.001 1617 

2 0.042 0.008 0.016 0.013 0.256 0.042 0.005 0.0065 0.001 1645 

3 1 0.067 0.016 0.027 0.009 0.183 0.073 0.023 0.0085 0.005 1527 

2 0.042 0.0076 0.023 0.014 0.146 0.058 0.015 0.0067 0.005 1623 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig. 1  Variation of the phosphorous content of hot metal with the direct reduced iron proportion (a); the 

scrap proportion (b) in the charge 
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Fig. 2  show the dependence of the fact and equilibrium phosphorus distribution ratio between the slag and 
metal with the iron oxide (FeO) content in the slag in EAF-220. The influence of FeO concentration on the 
Phosphorus partition ratio in a temperature range from1620 to 1665oC, basicity value from 1.4 to 3.4 and a 
wide range of FeO % in the slag has been studied, the results show that the increase of FeO concentration in 
the slag initially enhances both the fact and equilibrium Phosphorus partition ratio but the trend is reversed 
beyond a certain level of (FeO), the FeO concentration corresponding to this transition varies with basicity but 
remains within the overall range of 25-30%. [9,10] 

The values of the phosphorus equilibrium distribution ratio was calculated based on an assessment of the 
activity of phosphorus oxides in the slag in the theory of regular ionic solution model (V.A.Kozheurova) [11]. 
According to the following equations,  789 + 2.5(;<=) =  (8='.>) +  2.5 ;<, 

lg A =  lg BCD0.4 · FCD0.4BG D'.> · FG D'.> · 789 · HC =  1120I −  1.385 

 

Fig. 2  The fact (а) and equilibrium phosphorous distribution ratio(b) in dependence of the FeO 
content in the slag 
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hence  BCD0.4, BG D, FCD0.4, FG D - The ionic fraction of the cation and activity coefficient of the oxides in the 

slag; 

789 KLM HC- concentration and activity coefficient of the phosphorous in the metal. 

BCD0.4 =  (%8)
31 ∑ L , 

Ʃn- summitions of moles fractions of slag components for 100 gm. PC =  (%C)
7%C9 =  +Q R STUVWX0.4 YVWX0.4 ∑ Z

YTX0.4  

lg FG D ≈ lg FG = Q���
\ ]2.18 B^ZB_` + 5.9-Bb" + B^c6B_` + 10.5 Bb"BCd; 

lg FCD0.4 ≈ lg F(C) = lg FG − Q�>��
\ Bb" ; 

 BG , B^Z, Bb" , B^c, B_` , BC -ionic fraction of cations in the slag. 

Fig. 2.a , 2.b  show the optimum FeO content in the slag, it should be about 30%. With this (FeO) concentration 
the maximum observed distribution ratio between the slag and metal is obtained. This applies to both the 
observed and the equilibrium data. A comparison between Figs. 2a  and 2b illustrate that the fact distribution 
ratio of phosphorus is very different from the equilibrium values, it means that the reach to the equilibrium state 
is difficult. 
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Fig. 3  Variation of the fact phosphorous distribution ratio with slag basicity(a); MgO content in slag % (b); 
and temperature of molten metal before tapping (c) 

Fig. 3a , illustrates that at high concentration of iron oxides in the slag from 40 to 45% the slag basicity have 
a weak effect on the observed phosphorous partition ratio, at the same time, with moderate FeO content in the 
slag from 25 to 30%, the slag basicity have significant effect on the distribution ratio, the maximum LFact = 50 
... 75 obtained at basicty B = CaO/SiO2 ≈2.5 ... 3.0. 

Fig. 3b  shows the dependence of the observed phosphorous partition ratio LFact on the magnesium oxide 
(MgO) content in the slag. It can be seen that with increasing concentration of MgO in the slag the value of 
LFact decreased, at 4% MgO LFact = 40 ... 60, and at 10% LFact = 10 ... 20. Clearly, for a more complete 
dephosphorization with the melting of direct reduced iron with high phosphorous content, is advisable to have 
a minimum MgO content of the slag-about 4%. At the same time it is necessary to take care of the stability of 
EAF refractories, which generally decreases with decreasing content of MgO in the slag.[12] 

From Fig. 3c  it can be seen that the observed distribution ratio of phosphorus between slag and molten metal 
LFact strongly dependent on temperature. At 1625 ° C LFact = 60 ... 75, with increasing temperature up to  
1660 ° C LFact value is reduced to 10 ... 20 and then there is a little change of LFact with increasing temperature. 
That is, for maximizing the dephosphorization process it is necessary to have the lowest possible temperature 
at which achieves the high rate of metallized materials melting, and the minimum costs associated with further 
secondary treatment steel. In this case it is possible to recommend to have a temperature of metal before 
tapping in a range between 1635 ... 1625 ° C. 

CONCLUSIONS 

The effect of melting direct reduced iron (DRI and HBI) with high phosphorous content 0.061% on 
dephosphorization process in an EAF charge have been investigated. The experiments have been conducted 
at EZZ Flat Steel Company in Egypt, with annual production capacity 1.2 mln. t of hot-rolled flat steel with 
thickness 1.0-12.0 mm. This analysis showed that, the dephosphorization reactions are sufficiently far from 
equilibrium. For efficient dephosphorization with using the metalized materials, which have phosphorus content 
0.061%, the slag should have 25-30% FeO, 4% MgO, and the slag basicity preferably should be between  
2.5 and 3.0, while its temperature - 1625-1635 oC. 
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Abstract 

The paper deals with the study of thermo-physical properties of selected real steel grade. The work is focused 
mainly on phase transition temperatures and heat capacities, particularly liquidus and solidus temperatures, 
eutectoid transition, alfa-gamma and magnetic transition. Different thermal analysis methods were used for 
obtaining of experimental data: “direct” thermal analysis (TA), Differential Thermal Analysis (DTA) and 
Differential Scanning Calorimetry (DSC). Theoretical study of analysed steel grades was performed using IDS 
SW (Solidification Analysis Package) and thermodynamic SW Thermo-Calc with database TCFE7. 
Experimental and theoretical data were compared and discussed. 

Keywords: Thermal analysis, steel, solidus, liquidus, eutectoid transition, alfa-gamma and magnetic  
                    transition, heat capacity 

1. INTRODUCTION 

It is necessary, for each steel production company, to improve and optimize production processes continuously 
to compare favourably with other competitors. The better control of the entire steel production cycle - from 
selection of quality raw materials, through proper control of primary and secondary metallurgy processes, and 
finally, the optimum setting of casting and solidification conditions, is necessary for modern competitive steel 
making company (e.g. the refining processes, optimizing the slag regimes [1] thermal and chemical 
homogenization of the melt [2] or filtration of steel is very important to improve). 

To improve and optimize the technological processes of steel production is it necessary to know, among 
others, the proper material data. One of many important data for steel production process are phase transition 
temperatures (from low and also high temperature region up to 1600 °C). In low temperature region are very 

important phase transition temperatures of e.g. eutectoid transformation, α - γ transition, temperature of Curie 
point etc., which are important for subsequent heat and mechanical treatment [3, 4]. In the high temperature 
region are the most important temperatures of solidus and liquidus [5-7], which are important mainly for setting 
of casting conditions. Except of transition temperatures play the key role also heat capacity [8] and latent heats 
[9]. Heat capacity and latent heat is important mainly as an input quantity for simulation of real technological 
processes related to steel production, for SWs like PROCAST [8] etc.  

This paper presents results obtained by selected methods of thermal analysis: phase transition temperatures 
and heat capacity. Presented results were obtained using TA - “direct” thermal analysis, DTA - Differential 
Thermal Analysis and DSC - Differential Scanning Calorimetry. Experimentally obtained data were compared 
with results obtained using SW Thermo-Calc (TC SW) and database TCFE7 and also with results obtained 
kinetic SW IDS.   
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2. THERMAL ANALYSIS 

Thermal analysis methods are very often used methods (mainly) for characterization of materials from 
thermophysical and thermodynamic point of view. More about group of thermal analysis methods can be found 
e.g. in [10, 11]. The principle (frequently) of these methods is monitoring of sure quantity by linear 
heating/cooling rate, isothermal dwell or combination of both: linear heating/cooling changing with isothermal 
dwell [10, 11]. 

2.1. Differential thermal analysis (DTA) and Differ ential scanning calorimetry (DSC) 

The Differential Thermal Analysis (DTA) [10] and/or the Differential Scanning Calorimetry (DSC) [10] 
are methods based on the same principle. The principle of these methods is based on the measurement of the 
temperature difference between the measured sample and reference. Reference can be an empty reference 
crucible or reference crucible with a standard material. The sample and reference are subjected to the same 
settings of temperature program of the continuous linear heating/cooling (in special cases isothermal dwell). 
The result is the DTA (DSC) curve expressing the dependence of temperature difference (if calibration with 
respect to the heat performed the heat fluxes difference) between the measured sample and reference. If there 
is on-going any phase transformation in the sample, there is a deflection from the baseline (peak is formed). It 
is possible to obtain the temperatures of phase transformations by interpretation of such peaks for given 
experimental conditions and many other parameters. If heat calibration is performed, DTA and DSC can be 
used for latent heats of phase transitions determination [12]. 

If DSC considered than it is possible by the alternation of linear heating with isothermal dwell to obtain heat 
capacities (Cp). In the case of DSC two methods can be used: “continuous” or “stepped” method 
of Cp determination. More about these two methods can be found in e.g. [11, 12]  

2.2. Direct thermal analysis (TA) 

The “direct” thermal analysis [10] is based on the direct measurement of the temperature of the sample during 
its continuous linear heating/cooling or isothermal dwell. The result is the so called heating/cooling curve if 
heating/cooling is performed. Focused on phase transitions there is a deviation on heating/cooling curve from 
the otherwise linear curve progression during the running phase transformation in the samples. It is possible 
to obtain temperatures of phase transformations based on the curve deviations (e.g. liquidus and/or solidus 
temperatures) if the heat effect of phase transition and sensor sensitivity is large enough. 

2.3. Experimental base used at our working site 

There are used many experimental systems for determination of phase transition temperatures and heat 
capacities of many materials included steels also: Setaram, Netzsch, Mettler, TA Instruments and others.  

There are three devices at our working site [11] that can be used for obtaining of phase transition temperatures 
and heat capacities. These equipments are from two different manufacturers and are used in three 
modifications. Netzsch STA 449 F3 Jupiter is used for direct thermal analysis (TA, S - type thermocouple), 
Setaram SETSYS is used with DTA sensor (S - type tri-couple) and Setaram MHTC (Multi High Temperature 
Calorimeter) is equipped with 3D DSC sensor (B - type). More specific information about these equipments 
can be found in e.g.: [11].  

3. EXPERIMENT 

Samples of peritectic steel grade were prepared from billets continuously cast on billet caster in ArcelorMittal 
Ostrava, a.s. Production data as chemical composition of steel grade, speed of casting, steel temperature in 
tundish, etc. has been collected for next possible evaluation. Samples were machined in to the desired shape 
for each equipment and method, then polished and cleaned by ultrasound impact in acetone. Samples were 
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analysed in corundum crucibles in inert atmosphere of Ar (6N) or He (6N). Before analyses was the inner 
space of the furnaces flushed by inert gas, evacuated and again filled with inert gas. Temperature calibration 
was performed using Al (5N) and Ag (5N) in low temperature region and Ni (4N5) or Pd (5N) in high 
temperature region. Corrections respected influence of heating rate and influence of mass of sample were 
performed. Heat capacity measurements with Pt (3N5) as a standard were performed. 

For determination of phase transition temperatures (TS, TL, TEUT, TC, Tα→γ,E; solidus, liquidus, eutectoid, Curie 
and alfa-gamma-Ae3 temperatures) of studies steel grade were used two equipments for thermal analysis: 
SETARAM SETSYS 18TM (DTA, sample mass approx. 200 mg) and NETZSCH STA 449 F3 JUPITER (TA, 
sample mass approx. 22 g). With Setaram setsys 18TM were obtained temperatures from low and also high 
temperature region. Using NETZSCH STA 449 F3 JUPITER were obtained phase transition temperatures from 
high temperature region. Phase transition temperatures by use of DTA were obtained at heating process - 
heating rate was 10 °C.min-1 in high- and 5 °C.min-1 in low-temperature region. Phase transitions in high 
temperature region were determined also with TA method at controlled cycling experiments - two heating runs 
and two cooling runs were performed; heating and cooling process at 5 °C.min-1 and 3 °C.min-1 was performed.  

Multi High Temperature Calorimeter Line 96 was used for Cp determination. Continuous DSC method and 3D 
DSC senzor (B-type thermocouples, sample mass approx. 13 mg) was used for Cp measurement. Alternating 
temperature program was set up. Isothermal dwell was hold at 150 °C then followed heating of sample by 
heating rate of 5 °C.min-1 up to 1400 °C followed by isothermal dwell at 1400 °C. The steel sample was then 
cooled to 150 °C by 10 °C.min-1. The second and then the third cycle followed at the same conditions. These 
procedures of three cycles were performed as the blank, measurement with Pt standard and with sample 
alone. From these three different measurements, each including three cycles, was evaluated Cp (mean value 
of Cp from 1st, 2nd and 3rd heating run). Values of Cp were obtained at heating process. The so called apparent 
heat capacity was derived (in Cp are included also latent heats of phase transitions). 

4. CALCULATIONS 

Theoretical calculations were performed using kinetic SW IDS [13] and Thermodynamic SW Thermo-Calc [14]. 
Some simplifications of adopted models are presupposed for these SWs and also the basis of data needed 
for calculations are limited. IDS SW was used as a “black box” for calculation of obtained temperature values. 
Thermo-Calc SW was used for calculation of phase transition temperatures and also for Cp (apparent heat 
capacity). With TC SW was used TCFE7 database and only BCC, FCC, CEMENTITE and LIQUID phase were 
considered for calculation. 

5. RESULTS AND DISCUSION 

Experimental phase transition temperatures from high temperature region are presented in Table 1 , theoretical 
values in Table 2 . Table 3  presents experimental and also theoretical values of phase transition temperatures 
from low temperature region. Comparison of experimental and calculated apparent heat capacity is shown on 
Fig. 1 . 

5.1. Temperatures of phase transitions 

Temperatures of liquidus (TL) are almost the same in the case of heating process. If focused on cooling 
process, TL are slightly lower (undercooling of samples) than values obtained at heating. Theoretical (IDS, 
Computherm, Thermo-Calc) values of liquidus are about few degrees higher than experimental values except 
of values calculated by steel plant producer, Table 2 . 

In the case of solidus temperatures (TS) the differences are bigger, see values obtained by TA and DTA, also 
heating and cooling (differences up to 20 °C). The lowest theoretical value of TS was obtained by IDS. 
All theoretical values (1477-1486 °C) are in the interval of experimental values of TS (1469-1489 °C). 
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Table 1 Experimental liquidus (TL) and solidus (TS) temperatures, TA and DTA.   

 

Eutectoid transformation was detected by DTA analysis and corresponding transition temperature was 
determined (TEUT). Also Curie temperature (TC) and alfa-gamma transition termination (Tα→γ,E) temperatures 
were evaluated from DTA curves. Summary of experimental and calculated (TEUT and Ae3 - equilibrium 
temperature A3) values of these temperatures presents Table 3 . 

Table 2 Theoretical liquidus (TL) and solidus (TS) temperatures.  

 

Temperature of start of gamma formation (FCC-phase formation) TEUT is 737 °C and is about 28 °C higher 
than calculated by Thermo-Calc. Temperature of Curie point TC is 762 °C. Theoretical value of TC was not 
possible to calculate using IDS and was not calculated by Thermo-Calc SW. 

Table 3 Experimental and theoretical temperatures, TEUT, TC, Tα→γ,E, Ae3.   

 

TS TL TS TL TS TL TS TL

1 1481 1515 1467 1512 1481 1515 1471 1510
2 1481 1516 1469 1510 1484 1515 1470 1510
3 1490 1514
4 1488 1516
5 1488 1514

Mean value (DTA) 1489 1515
Standard deviation (DTA) 0.9 0.9
Variation coefficient (DTA) 0.06 0.06

**C - cooling.
2DTA - Differential Thermal Analysis.

Method

- - - - -

1.

5°C.min-1 3°C.min-1

2.

Statis tics

1TA - "Direct Thermal Analysis", *H - heating,

Steel sample

Experimental values

Regime - Regime Rate

H* C** H* C**

TA1

DTA2 -

TS TL TS TL TS TL

1477 1518 1486 1518 1484 1519 1512 1513

Steel Plant Producer
Computherm 2

1 SW IDS, el. not included in to the calculation: V, Ti, B, Nb, Sn, Al
rozp.

, N
spal.

, O
spal.

TL

Thermo-Calc 3IDS1

Equilibrium values

Theoretical values

2 Thermodynamic SW Computherm, el. not included in to the calculation: B, Sn, Al
rozp.

, N, O.
3 Thermodynamic SW Thermo-Calc, el. not included in to the calculation: B, Sn, Al

rozp.
, N, O.

TEUT TC Tα→γ, E IDS1

(°C) (°C) (°C) TEUT

6 737 762 836
7 737 762 836
8 737 762 834

Mean value 737 762 835
Standard deviation 0 0 1 V, Ti, B, Nb, Sn, Alrozp., Nspal., Ospal.

Variation coefficient 0.02 0.02 0.12

709

Theoretical valuesExperimental values

1 SW IDS, el. not included in to the calculation:

Steel sample

DTA

Statistics

Thermo-Calc 2

Ae3

835 840

Method

3 el. not incl. in to the calc.: B, Sn, Al
rozp.

, N, O.
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Very good agreement (as in the case of TL) was achieved in the case of termination of FCC-phase creation 
(end of alfa-gamma transition). Experimental value is 835 °C, calculated (Ae3) by IDS 835 °C and by Thermo-
Calc 840 °C. 

5.2. Apparent heat capacity 

Apparent heat capacity is presented on Fig. 1 . Experimental and theoretical values are compared 
in the temperature region between 200-1400 °C. Heat capacities have the same trend and are close to each 
other in the temperature region from 200-700 °C. Theoretical values demonstrate steeper grow trend in this 
temperature region. Between 700-900 °C there are taking place phase transitions, discussed above (curve 
expressing Cp is in fact “reversed” DSC curve and of course phase transition temperatures is possible to derive 
like in the case of DTA, resulting temperatures shown in Tables 1  and 3). There are visible some differences 
in the heat effects progress, but all mentioned phase transitions are visible with smaller or greater shift. Above 
the temperature 900 °C show Cp values (theoretical and experimental) same trend. Theoretical values are 
slightly shifted to higher values.  

 

Fig. 1 Comparison of experimental and calculated (TC SW) values of apparent heat capacity. 

Differences between experimental and theoretical values (in case of phase transition temperatures and heat 
capacities also) could be with high probability caused by calculation alone or/and by experiment alone. 
Calculated values correspond to the equilibrium state with only selected phases (FCC, BCC, Fe3C and liquid) 
and incomplete chemical composition. Contrary to that experimental values have not to correspond fully to the 
equilibrium state. But, it can be said, that the real sample is analyzed (whole chemical composition and all 
phases are included). More about calculations and simulations could be found e.g. [12].  

6. CONCLUSIONS 

Liquidus, solidus and other phase transition temperatures were obtained experimentally and theoretically. 
In some cases quite good agreement was achieved e.g.: in case of liquidus temperature and in case 
of termination of alfa-gamma transition (Ae3 temperature). Apparent heat capacity was also measured and 
calculated. Same trends in dependence on temperature were observed for experimental and theoretical 
values, mild shift of experimental values to the higher values was observed and also the shift of phase 
transitions is visible. It is presupposed that experimental values will be discussed for next implementation in to 
the real technological process directly (e.g.: TL) or via a simulation and subsequently optimization of real 
casting process. 
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Abstract   

The article describes an approach to decreasing the rejection rate of the steel plates due to the surface defects 
in the rolling mill achieved by optimization of air-water secondary cooling on the continuous casting machine 
(CCM) of steel. In context with the occurrence of the surface cracks on the steel plates a complex analysis of 
possible reasons causing the creation of monitored cracks was made. Control of all technological procedures, 
including setting parameters of the CCM, was introduced. On the basis of statistic evaluation of selected 
technological parameters and according to the occurrence of specific cracks on the steel plates, of which their 
character signalize the possibility to create the cracks due to effect of the secondary cooling, the calibration, 
nozzles replacement and adjustment of the casting parameters in this cooling area was performed. 
Optimization of secondary cooling adjustment was made for the steel grade S355. 

Keywords: Optimization, continuous casting, secondary cooling, steel slab, surface defects  

1. DETERMINATION OF REASONS LEADING TO DEFECTS ON C ONTINUOUSLY CAST SLABS  

The technological process of continuously cast steel slabs (CCS) production requires a deep knowledge of its 
thermomechanical and thermophysical properties, especially its strength and plasticity value in the range from 
its liquid phase to the solid phase. This also includes knowledge of temperature range since creation of the 
shell begins till the total slabs cross-section solidification and following strand shrinkage. Determination of the 
tensile strength and elasticity properties allow us to determine resistance of the steel against formation of 
defects and cracks. Strain in the CCS has a huge impact on the slabs quality as it can lead to a shape 
deformations and creation of the surface and internal defects of slabs, which are called high temperature 
cracks and low temperature cracks [1]. Slabs quality is characterized not only by its chemistry, but also by its 
shape and dimension accuracy. Another aspect of the CCS are its macrostructure and macro segregation in 
its primarily cast state. Primary dendritic structure is a picture of the crystallization process, steel chemical 
composition and the CCS casting conditions. Determination of the slab defect source might not be an easy 
task as some defects can have more sources than one; many times a deep analysis based on the CCS casting 
conditions or rolled products assessment is needed. Basic identification of the CCS defects can be divided 
into surface defects, internal defects and inaccurate slabs dimension [2]. Change in technological parameters 
leading to the CCS defects can be divided into several groups - technological parameters of casting, primary 
and secondary cooling of the strand, the CCM technical condition and the steel chemical composition. 
Adjustment of the secondary cooling must follow the adjustment of the primary cooling in order not to allow the 
strand to undergo the rapid thermal changes. Secondary cooling adjustment must be provided deliberately as 
a rapid temperature change can lead to a rupture of the slabs shell, leading to the breakout, or just to the 
worsening of the slab surface quality. Creation of the surface defects can be caused by the cooling intensity 
after the strand output from the mould, it can also occur during the strand unbending. In the area of the 
secondary cooling change and re-heating of the strand, the strain change occurs, leading to the shape 
deformation and creation of surface and internal defects. Every strand is affected by the strain since it is cast 
till it is totally cooled down [2]. If the CCM radius and thickness of the strand ratio is not optimized and thus the 
strain in the outer radius is excessive, surface cracks can occur in the unbending zone. These cracks are 
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usually visible only on the final rolled products/steel plates. Cracks, which cannot be observed on the slabs 
surface, can be hidden under a layer of scales [2]. 

2. SURFACE DEFECTS SOURCES ANALYSIS 

After an excessive amount of the slabs surface defects was observed, an analysis of casting conditions and 
technological procedures was performed. The defects can be caused by insufficient checks and maintenance 
of the secondary cooling pipelines and spray nozzles [3], [4], one source of the surface defects being also the 
secondary cooling adjustment. The secondary cooling adjustment and tuning is also done when new steel 
grades are produced. The analysis showed that for the grade S355 there were 3 defects identified: 
• scale defect caused by a casting powder affected the first heats in a sequence 
• a deep crack defects 

• star shape transversal crack 

During the observed period with high amount of the star shape crack occurrence, the analysis of 92 heats was 
conducted as out of these heats 610 664 kg of steel plates were rejected. Possible source of the cracks was 
the secondary cooling zone of the strand. Detailed analysis was focused on the technical parameters of the 
casting - the pressure and flow-rate on each secondary cooling circuit with dependency on the casting speed 
and its impact on the strand surface temperature. Temperature of the upper side of the strand before its input 
to the segment No.7 in the unbending zone is highlighted by green color for the CCS without defects and in 
blue for the CCS affected by the star shape defects. The surface temperature curve is in the picture Fig. 1 . 

 

Fig. 1  The surface temperature of the strand 

3. SECONDARY COOLING TECHNOLOGICAL PARAMETERS OPTIM IZATION 

The secondary cooling adjustment is dependent on the primary cooling in the mould so that no rapid 
temperature changes occur; in the zone of the surface cooling change and the strand re-heating, the strand 
strain changes. The strain changes can then lead to a shape deformation, surface and internal defects. 

Knowledge of the thermal field of solidifying and cooled strand allows us to analyze and predict the possible 
shell rupture, slabs internal structure, surface quality, mechanical properties of the slab and lets us also    
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optimize each parameter of the technology. If we omit the mass transfer in the mould and consider thermal 
conduction as dominant, then the problem is reduced on solving of Fourier-Kirchhoff equitation. Heat source 
during the strand cooling is - in the phase change in case of cooling - followed by releasing of latent heat. As 
in case of steel the phase change latent heat Lf is constant, a solid phase content fraction is function of 
temperature, thus (1), [1]: 

Qsource = e . Lf . f�g
f!                  (1) 

where Lf is latent heat of the phase change (J), e - steel specific weight (kg.m-3). 

In case of the calculation of thermal field of the strand processed through the primary, secondary and tertiary 
cooling, the field can be described using Fourier-Kirchhoff equation reduced to the longitudinal direction of the 
velocity vector. 

c v. (f\
f!  + wi  f\

fj ) = f
fU (λ. f\

fU ) + f
fk (λ. f\

fk ) + f
fj (λ. f\

fj ) + Qsource         (2) 

Equation (2) describes the thermal field of the strand during its three phases: 
a) over the liquid temperature in the melt 
b) in the range of liquid-solid solution (mushy zone) 
c) below the solid temperature 

3D modelling calculation is based on the finite derivatives method. The model has graphical interface allowing 
automated generation of the net for optional mould shape and the slab cross-section. 

In order to lower amount of the surface defects, it was recommended to increase the surface temperature in 
the unbending zone over 900°C and to introduce a more homogenous cooling. The recommendation was 
based on the numerical modelling outputs and simultaneous adjustment of the cooling parameters in the 
temperature model. 

Water flow rate to each spray nozzle was on the level 2.2 - 2.5 l.min-1. It was discovered that by the secondary 
cooling adjustment, meaning its lowering, we will get to the lowest limits possible for the used nozzles type 
100.638. To be able to achieve the strand surface temperature higher than 900 °C in the unbending zone, the 
characteristic of lower type line 100.528 was measured and mathematically modelled. 

Experimental determination of the nozzles characteristic and their calibration is performed in a laboratory [1], 
[2]. By comparison of heat transfer coefficient (HTC) for each nozzle type it was discovered, that current 
nozzles 100.638 have higher cooling effect with less homogeneity (Fig. 2a ) than the new type of nozzles  
(Fig. 2b ). New nozzles type 100.528 cool off less by 10 - 20% using the same amount of water than the old 
type 100.638. In the Fig. 2a  and Fig. 2b  calculations of the HTC for both nozzle types are displayed: 

 
a) Old nozzle type 100.638 b) New nozzle type 100.528 

Fig. 2  Water flow-rate comparison of old and new nozzle type 
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Current nozzle type 100.638 showed that with higher wear and tear it increases the cooling effect. Based on 
the executed calibration of each type of nozzle, a mathematical calculation was performed, which led to the 
recommendation to replace nozzles installed on the upper side of a couple of segments. Another 
recommendation was to increase the air pressure on each separated circuit and lower amount of water being 
used, which led to decreasing of the cooling effect and increasing of the strand surface temperature. 

4. TECHNOLOGICAL PARAMETERS OPTIMIZATION POSSIBILIT IES 

After replacement of the upper nozzles of the arc pulling segments, the adjustment of the water-air-pressure 
ratio was verified by displaying trends of each cooling circuit a temperatures of the strand calculated by the 
model. Comparison of the before/after trends allows us to evaluate impact of the nozzles replacement on the 
secondary cooling trends, or in the temperature model. 

One of the examples of the technological parameters optimization is displaying of the eater pressure and flow-
rate ratio of the segments No. 4 and 5 in the picture Fig. 3 , where the nozzles were replaced. The red trend 
shows positive effect of moving to the soft cooling in comparison with the current trend in blue. 

 

Fig. 3  Segments 4 and 5 trend before/after the nozzles replacement 

Based on the database file of each cast sequence it is possible to statistically evaluate and search for the 
dependency and influence of each technological change [3]. Dependency of each technological change can 
be displayed and evaluated according to the steel grades, casting speed, surface temperature, mould steel 
level and another 450 values [4]. 

5. CONCLUSION 

Prior to the secondary cooling optimization was the increasing amount of the rolled products surface defects, 
which had to be re-worked or even, rejected. To improve the situation, the secondary cooling was adjusted, 
but the current options of the adjustment were very low. To lower the amount of defects, it was recommended 
to increase the unbending zone temperature over 900 °C and homogenous cooling was also required. This 
recommendation was based on the numerical modeling and calculations based on current adjustment of the 
temperature model. To achieve the higher temperature, the nozzles types 100.638 and 100.528 cooling 
characteristic were measured. After the nozzles replacement, first analysis was performed showing stable 
trends of real-life production values without significant deviation. 
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Abstract 

In the presented work, new thermodynamic approach based on basic thermodynamics was used 
for calculation of the surface tension of steel. Surface tension was calculated for three steel grades and 
calculated values were compared with experimental values at 1550 °C. Thermodynamic properties, which are 
necessary for this thermodynamic approach of surface tension, were calculated using Thermo-Calc software 
with TCFE7 database.  

Keywords:  Surface tension, steel, Thermo-Calc, thermodynamic properties 

1. INTRODUCTION 

The surface properties of liquids and melts have attracted much more interest both physicist and metallurgists 
from the long past to the present day because of either scientific or technological importance [1-6]. During the 
soldering, brazing, sintering and dying, the knowledge of surface properties of the liquid state is required. 
Although there are a large number of methods to determine the surface properties of liquids such as surface 
tension, those suitable for liquid metals are limited by their chemical reactivity and high melting points [7].  

In the past, many models were derived for the calculation of the surface tension [8]. Butler equation [9] is the 
most commonly used model for surface tension calculations, another commonly used models are Kohler model 
[10], Toop model [11] and Chou model [12]. In contrast to the above models, input data for our proposed 
approach are thermodynamic properties of the sample and experimental value of surface tension of standard. 
Input thermodynamic properties, such as Gibbs energy [13], can be obtained experimentally [14] or these 
properties can be obtained using specific software. In this work, all required thermodynamic properties were 
calculated using Thermo-Calc 4.0 with TCFE7 database.  

2. SURFACE TENSION MODEL  

Surface tension is thermodynamically defined using the partial derivative of the Gibbs energy (1) [15]: 

� = lfm
fno\,p,Z   (1) 

where σ [N·m-1] is surface tension, G [J] is Gibbs energy, A [m2] is surface, T [K] is thermodynamic temperature, 
p [Pa] is pressure and n [mol] is amount of substances. As it is not possible to maintain a constant temperature, 
it is necessary to express Gibbs energy by the first and second laws of thermodynamics (2) - (5): 

Mq = Mr − M(Is) + M(t ∙ �)   (2) 

Mr = I ∙ Ms + Mu  (3) 

Mu = −t ∙ M� + � ∙ Mv   (4) 
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where U [J] is internal energy, S [J/K] is entropy and W [J] is work. Combining of equations (1) - (4) can be 
obtained final equation (5) for calculation of surface tension: 

�(w"#w) = lfm
fn + s f\

fn − � fp
fnoZ   (5) 

Equation (5) is derived for a constant amount of substances, so it can be used only for fully melted materials 
(above temperature of liquidus), where it is possible to assume minimal (if any) changes in phase composition 
(see end of section 4).  

3. CALCULATIONS  

All thermodynamic properties from equation (5), namely Gibbs energy, entropy, thermodynamic temperature, 
volume and pressure, were calculated using Thermo-Calc 4.0 [16] with TCFE7 (Thermo-Calc Fe-based alloys) 
database [17].  

The only one quantity that must be obtained by another way is the surface of system. Material tends 
to minimalize its surface (more precisely, the surface energy) with a given volume. Sphere has the smallest 
surface with a given volume, so this shape can be used for computing the surface from its volume (6):  

A = (36π)/2 ∙ V02   (6) 

During experiments, many factors (i.e. wettability [18], effect of inert atmosphere) act to the sample, so the 
sample has shape different from ideal sphere. These effects cannot be described by mathematical formulas, 
it is necessary to use scale factor f. This factor represents the ratio between calculated and experimental 
values of the surface tension (7) of standard:  

f = �({|}{,~��)�(���,~��)   (7) 

where σ(calc,std) [N·m-1] is surface tension of standard calculated using equation (5) and σ(exp,std) [N·m-1] is 
experimentally measured surface tension. Surface tension of sample is then recalculated using scale factor 
from equation (7) and calculated value of surface tension from equation (5) according to equation (8): 

σ(��g���,�) = �({|}{,~|��}�)�    (8) 

where σ(calc,sample) [N·m-1] is surface tension of sample calculated using equation (5) and σ(result,f) [N·m-1] is the 
resulting value of surface tension of sample. 

4. RESULTS AND DISCUSSION: 

Three industrial-grade stainless steels (samples 1-3) and two standards (pure iron and Fe-20 wt. % Ni alloy) 
were used to validate suggested approach. Chemical composition of samples is given in Table 1 .  

Table 1 Chemical composition of steel samples (wt. %) 

Sample C Cr Ni S Mn Al O Fe 

1 0.067 18.24 8.15 0.002 1.77 0.001 0.0057 bal. 

2 0.056 18.28 8.20 0.009 1.80 0.001 0.0090 bal. 

3 0.045 16.49 0.30 0.003 0.48 0.001 0.0164 bal. 

Experimental values of surface tension at 1550 °C were obtained from literature [19] for both standards and 
for three real steel grades. Experimental values of surface tension of both standards are given in Table 2 .  
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Table 2 Surface tension of standards at 1550 °C (N·m-1) 

Standard σ(exp) 

Fe 1.670 

Fe-20 wt. % Ni 1.489 

All needed thermodynamic properties of standards and samples were calculated using Thermo-Calc software 
with TCFE7 database. This software allows calculations only in the equilibrium state and also allows adding 
and excluding phases in these calculations. In this paper, only default setting with no changes in phase 
addition/exclusion was used (the “black box” mode) [20]. 

Surface tension for both standards was calculated and scale factors were obtained. These scale factors were 
used to calculation of surface tension of presented steels and obtained values of surface tension are given in 
Table 3 . Values σ(Fe) are obtained with the use of fFe (pure iron as a standard), values σ(Fe20Ni) are obtained 
with the use of fFe20Ni (Fe-20 wt. % Ni alloy as a standard). Experimental values of surface tension of samples 
σ(exp) are given in Table 3 .  

Table 3 Surface tension of samples at 1550 °C (N·m-1)  

Sample σ(exp) 
σ(result)  

σ(Fe) σ(Fe20Ni) 

1 1.354 1.265 1.296 

2 1.320 1.342 1.376 

3 1.472 1.526 1.565 

Surface tension calculated with iron as a standard are always lower than values calculated with Fe-20 wt. % 
Ni alloy as a standard. For sample 1, calculated surface tension is lower than experimentally measured surface 
tension. For samples 2 and 3, surface tension calculated with iron as a standard are closer to experimental 
values than surface tension calculated with Fe-20 wt. % Ni alloy as a standard.  

The difference between measured and calculated surface tension is always below 0.1 N·m-1. The highest 
difference (0.093 N·m-1; standard deviation is 6.32 %) is for sample 3 with the Fe-20 wt. % Ni alloy 
as a standard, the lowest difference (0.022 N·m-1; standard deviation is 1.67 %) is for sample 2 with pure iron 
as a standard. The correlation between calculated and experimental surface tension is given in Fig. 1 . 

 

Fig. 1  Correlation between calculated and experimental values of surface tension 
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Calculated values of surface tension are in very good agreement with experimental results. The relative small 
difference between measured and calculated values of surface tension may be caused by trace amounts of 
other elements which have not been determined.  

 

Fig. 2 Calculated surface tension (pure iron as standard)  

Temperature dependence of surface tension is always continuous, so this approach has to respect it. For this 
reason, surface tension was calculated from 1540 °C to 1560 °C (Figs. 2 and 3 ). Samples 2 and 3 have 
continuous temperature dependence of calculated surface tension. For sample 1, there is small gap at 1552 
°C. This gap is caused by changes in the amount of substances (disappearing of traces of MnS in this case) 
at this temperature.  

 

Fig. 3 Calculated surface tension (Fe-20 wt. Ni alloy as standard)  

5. CONCLUSIONS 

New thermodynamic approach based on classical thermodynamics for computing of the surface tension was 
derived and tested using three real steel grades. Approach gives values that are in a very good agreement 
with experimentally obtained values of surface tension. Two different materials (pure iron and Fe-20 wt. % Ni 
alloy) were used as standards and values calculated according fFe and fFe20Ni are close to experimental values.  

Because of the use of scale factor in these calculations, the standard has to be measured under the same 
conditions as samples and the standard has to behave on the similar way, should have similar properties. 
Also, it is highly recommended to use standard with similar properties to measured material.  
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Abstract  

Slag from iron and steel metallurgy can be divided into the blast furnace slag and ladle slag (ladle slag are 
divided into furnace slag and ladle slag). Slag is a by product of the metallurgical industry and it is the subject 
of several research. Slag can´t be considered as waste material. Slag is a valuable resource because it has a 
suitable raw material composition. Most of the produced slag is currently utilized material. However a 
significant proportion of slag is still land filled. Currently, there are several ways of utilization blast furnace slag 
and steel slag. Utilization of granulated blast furnace slag is satisfactory. Blast furnace slag is used in the 
production of cement or concrete. Use of steel slag is difficult and its applications bring a lower value. Slag 
from steel furnaces is usually processed in less valuable stones. For a specific application slag is besides her 
origin critical chemical and phase composition, method of processing but also other factors such as its time of 
land filling. This article focuses causes of instability slag volume. Next article will be also paid attention blast 
furnace slag, ladle slag and used periklas (MgO). 

Keywords: Volume stability, ladle slag, blast furnace slag, sand bath, use periklas (MgO) 

1. INTRODUCTION 

It is currently interested in using both blast furnace and steel slag in the building. Slag introduce alternative 
natural stoneware and feedstock for the preparation of the binder material in the building. 

Slag is a by-product of the production of iron steel. Slag from the iron and steel metallurgy divided into blast 
furnace and steelmaking slag (slag furnace to differentiate - eg. convector slag from the oxygen and electric 
arc furnace, ladle furnace slag further - produced in the ladle during steel processing in secondary metallurgy). 

Chemical and mineralogical composition of the slag is very variable because of the variety of devices in which 
originate variability of the manufactured product and the proportion of crystalline phase and glass depends on 
the cooling rate of the molten slag. Blast furnace slag is currently already found its application. Granulated 
blast furnace slag is added after milling Portland clinker for the manufacture of portland cements, or is added 
to the concrete mixture [1]. 

Slowly cooled blast furnace slag, known as artificial compact aggregates is also used for more demanding 
applications. Material use of steelmaking slag is clearly more limited. The simplest is to recycle it in the melting 
furnaces Metallurgical Plant. The furnace steel slag also expressed interest in the construction industry. Of 
slags can be prepared aggregate, wherein the limiting problem is the instability of its volume [5]. 

The problem with steel slag is the presence of free CaO and MgO, where in the hydration of these components 
are formed hydroxides portlandite Ca(OH)2 and brucite Mg(OH)2, which cause the so-called swelling. 
Portlandite (Ca(OH)2) has a lower density than calcium oxide (CaO), and therefore the reaction is manifested 
by an increase in volume. The source of free lime are insoluble (residual) residues rocks dosed into the furnace 
and lime, which precipitates during the cooling process and during conversion from C3S to C2S [4]. How to 
reliably assess the dimensional stability is the key to widespread use of steel slag [2,3]. 
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2. PRINCIPLE TEST METHOD FOR MEASURING VOLUME STABI LITY OF OXIDE SYSTEMS  

Principle of the test method is the monitoring of volume changes of inorganic heterogeneous waste materials 
based on oxidic systems caused by reaction with water. The test monitor continuous changes in volume 
depending on the time action of the water sample. The test assembly (see Fig. 1 ) is composed of the reaction 
vessel, the reaction vessel lid, a water reservoir, interconnecting tubing, the temperature sensor, and the 
distance meter data collection system. 

Test is carried out under standard laboratory conditions, ie. (20 ± 3) °C. A reaction vessel (see Fig. 2) and the 
water tank was placed in a sand bath. System is backfilled with sand. The activities of the state system of 
collecting data from the temperature sensor and odometer. Read and writes the distance from the bottom of 
the reaction vessel odometer H1. The sample is placed in a stainless steel 2/3 volume of the reaction vessel, 
the cap height H2 is placed on the test sample. The temperature sensor is placed in a sand bath, to sense the 
temperature of the sand at a height level corresponding to 1/2 the height of the sample in the reaction vessel. 
Read and writes the distance eyelids odometer H3.0. On the basis of the measured distances (bottom empty 
reaction vessel since the measurement distance from the distance meter lids and height of the cap) according 
to formula (6) calculates an initial sample height h0. 

Fig. 1   Schematic test equipment (above) 
Fig. 2   Model reaction vessel (top right) 
Fig. 3   Model test equipment (bottom right) 

Demineralized water is poured in the water tank. After pouring water creates conditions for the reactions, which 
may cause the volume chase of the sample and this moment is consireded the beginning of the test. Power 
turns immediately after pouring the water into the sand bath. The current relative volume change is calculated 
by equation 1 to 5. After 24 hours from the start of the test, the recorded value of the relative volume changes 
will continually compared with the value value recorded before before 24 pm and expressed the difference 
between these values. 

Multiple test samples (Fig. 3 ) can simultaneously measure in a sand bath in different reaction vessels. 

Observed changes in volume δV for each assai is calculated occording to the above relationships and the 
reset shall be accurate to 1 decimal point. 

(%)100
0

⋅∆=
V

V
Vδ   (1) 

)mm( 3
00 ShV ⋅=   (2)

)mm( 3ShV ⋅∆=∆   (3)
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( )mm0hhh −=∆   (4) 

( )mm321 HHHh −−=   (5) 

( )mm0,3210 HHHh −−=   (6) 

where δV is the relative change in the volume (%), 
 ΔV - change volume (mm3), 
 V0 - volume sample at start of the test (mm3), 
 Δh - height different (mm), 
 S - inner surface of the base of the reaction vessel (mm2), 
 h  - current height sample (mm), 
 h0 - height of the sample at the beginning of the test (mm), 

 H1 - distance to the bottom of the empty flask of contactless distance measuring 
equipment (mm), 

 H2 - the height of the lid of the reaction vessel (mm), 
 H3 - current distance from the lid of the reaction vessel contactless meter distance (mm), 

H3,0 - the distance from the lid of the reaction vessel contactless distance meter at the 
beginning of the test (mm). 

The test reset is the average value of the final volume chase δV, which is determined from the individual 
determinations. Final volume chase is determined according to the formulas (1) to (5), hen introduced into 
equation (5) by substituting the current distance of the lid of the reaction vessel by a distance meter, which 
was measured at the moment of fulfillment of the condition for terminative the test. Together with the final 
volume change value shall be set temperature sand bath. The test also allows to evaluace changes in the 
volume of the sample depending on time [6]. 

3. DETERMINATION OF CHANGES IN VOLUME OF WASTE SYST EMS BASED OXIDE EXPOSURE 
TO WATER  

To determine volume changes of selected two of ladle slag (designated as sample 1 - Fig. 4 , the second ladle 
slag is designated as sample 4 - Fig. 5 ), steel slag gradually cooling designated as sample 3 and the last 
sample, which exhibited a large volumetric changes was used dolomite building material designated as sample 
2 - Fig. 7  (see Table 1 ). 

 
           Fig. 4   Sample 1            Fig. 5   Sample       Fig. 6   Experimental equipment       Fig. 7   Sample 2 

Fig. 6  shows an experimental apparatus for measuring volume changes. The sand bath ST 82 is positioned 
for a demineralized water reservoir along with the associated sample beakers with lids and nylon. Reservoirs 
are separated by partitions, it is possible in each beaker to maintain water level separately according to the 
current volume of the sample. The water level in the reservoirs is gradually refills due to evaporation. The 
height is measured lids total of 4 laser sensors distance. For measuring sample temperature, water and sand 
baths are used sheathed thermocouple type K outputs from all the sensors are measured and recorded using 
data loggers into a laptop computer. 
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Fig. 6  Experimental equipment Fig. 7  Sample 4. 

In addition to the measured volume changes observed samples, was performed X-ray diffraction analysis on 
the powder X-ray diffractometer Bruker D8 Advance in the laboratory of the Centre for Nanotechnology 
Technical University of Ostrava. Dentisty was measured before and after the measurement of volume stability. 
The dentisty was measured with the Pycnomatic & Pycnomatic, workplace IET Technical University of Ostrava. 
Further, the weight changes were calculated always before and after measuring the volume stability. 

Table 1  Description of the samples used 

 

 

 

4. RESULTS AND FORUMS 

For the processed samples were 
measured X-ray diffraction. Sample 1 
contained akermanite phase, merwinite 
and periklase. After the test volume 
stability phase composition did not 
change significantly. In sample 2, the 
main phases of CaO and MgO. After 
hydration can observe the presence of 
portlandite (Ca(OH)2), brucite (Mg(OH)2). 
Given the present components is 
following the course of the experiment 
visible surge portlandite causing the 
displacement of instability. In sample 3, 
the main phases of β-C2S, periklase 
(MgO), CaO, SiO2, portlandite (Ca(OH)2) 
and brucite (Mg(OH)2). Sample 3 
contained a proportion of CaO and MgO 

Compoment/Sample 
1 2 3 4 

hm. % 

Fecelk 12.3 0.7 3.69 12.4 

S 0.22 - 0.19 0.24 

SiO2 18.9 0.8 11.67 19.6 

CaO 45.1 59 49.3 45.3 

MgO 4.1 39 9.79 4.0 

Al2O3 7.2 - 18.37 7.4 

FeO  - - 2.7 - 

Fe2O3  - - 2.27 - 

MnO 1.7 - 5.47 1.8 

K2O 0.03 - 0.02 0.03 

TiO2 0.42 - 0.33 0.46 

Cr2O3  0.45 - 0.06 0.48 

P2O5  0.44 - 0.09 0.43 

V2O5  - - 0.51 - 

Fig.  8  The diffraction pattern of sample 1 

Fig.  9  The diffraction pattern of sample 2 
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and β-C2S phases, of SiO2. After hydration the recorded phase formation portlandite and brucite. Sample 4 
contained C2S phases, phase content mixed oxides of CaO, SiO2 and FeO, Al2O3 to MgO. Hydration of the 
phase composition of the sample significantly not changed. In Figs. 8 and 9 , the diffraction pattern of Sample 
1 and 2. 

By comparing the densities of the samples before and after the measurement of volume stability are shown in 
Table 2 . The sample 1 and sample 4 has a density before and after the measurement volume stability is very 
similar. Samples 2 and 3 show a higher density change. The intensity changes in density correlates with a 
change volume Table 3 . 

 

Table 2  Comparison of density of the samples before and after the measurement of volume stability ing.cm-3 

Sample 
Dentisty (g.cm -3) 

∆ρ (%) 
before after 

1 3.31 3.29 -0.6 

2 2.87 2.38 -17.1 

3 3.22 3.04 -5.59 

4 3.42 3.38 -1.16 

Weight and volume changes are calculated in Table 3 . The mass change (samples are weighed after drying) 
is highest for Sample 2, and 29 % (29.1 grams - which is due to the effect of hydration of CaO and MgO, from 
which arose Portlandit and brucite which caused the. swelling). Volume change of the sample reached 300%. 
Another significant change in volume - 41 % was observed in the sample 3. Samples 1 and 4 show a lackluster 
volume increases - 3 respectively. 6 %. Volume changes observed samples are caused mainly by hydration 
of CaO and MgO present. The contents of these components was observed mainly in sample 2 and 3. The 
volume changes correspond to changes in density. 

 

Table 3  Weight and volume change (in %) of all samples 

Sample 

m sample before 

measurement  
m sample after 

measurement  
weight 
change 

weight 
change  

volume 
stability 

(g) (g) (g) (%) (%) 

1 149.3 149.5 0.2 0.1 3.0 

2 100.2 129.3 29.1 29.0 286.0 

3 140.0 147.8 7.8 5.6 40.8 

4 150.4 154.4 4.0 2.6 6.0 

Graph (Fig. 10 ) excluding changes volume records the temperature stability of water, sand and sample. These 
values excluding the volume stability of the samples are almost constant over time. The peaks indicating 
decrease in temperature, owing to the addition of demineralized water into the reservoir. Regarding the 
measurement time, all series of experiments lasted about three weeks. 
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a)  

b)  
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c)  
Fig. 10  The graph of volume changes of the a) sample 1 (07609), 2 (18012), b) 3 (18412) and c) 4 (19812) 

5. CONCLUSION 

The aim of this article was to determine the dimensional stability of metallurgical slags water effect. We 
compared various types of ladle slag and dolomite refractory construction materials. To monitor the stability of 
the volume used a newly designed methodology, which is in the Czech Republic for this purpose certified. 
Most of the increase in volume occurred in periklase of construction materials up to about 300 %. Furthermore, 
it was slag volume increases 41 %. In both cases, the cause volumetric changes phase hydration of CaO and 
MgO to be in these materials occurred. The slags which these phases did not include volume change is 
reflected in the amount of 3 resp. 6 %. 
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Abstracts   

Cooling by water sprays is widely used in heat treatment and other metallurgical processes to control the 
process temperature. Water spray cooling is used statically (without movement of the spray nozzles relative 
to the cooled object) or dynamically (with the movement). The static regime is typical for quenching systems 
intended for heat treatment of fixed steel plates. The dynamic regime is used in steel treatment processes 
such as rolling and finishing in mills. The movement of the steel plate relative to the fixed cooling section 
causes non-homogeneous distribution of water on the surface of the steel plate. The variability of the cooling 
section length, position of water nozzles and non-homogeneity of water distribution lead to non-uniform and 
distorted cooling conditions. Thus it is an important issue to define the impact of these parameters on cooling 
intensity and the heat transfer coefficient during the cooling process of steel plates. Heat treatment of high-
temperature steel is held without protective atmosphere and is accompanied by growth of different oxides on 
the steel plate surface as well. The layer of oxides significantly affects the cooling regime and intensity. The 
influence of the oxide scales on the cooling intensity was studied experimentally and by numerical modeling 
for different cooling regimes. Experiments were conducted for static and dynamic regimes on surfaces with 
different rate of oxides layer. Prepared numerical analysis simulates the process with different conditions of 
the cooling section and samples with different oxide scale layers. Results obtained by numerical simulation 
approved the impact of the oxide layer on the cooling intensity and shown different character in the static and 
the dynamic regime. 

Keywords: Numerical simulation, heat flux, heat transfer coefficient, oxide layer, water spray cooling 

1. INTRODUCTION     

Spray cooling is a common cooling method used in steel processing, especially for product cooling, heat 
treatment, roll cooling and in a secondary cooling zone in the continuous casting of the steel. The cooling 
intensity and its homogeneity on the cooled surface affects final quality of the steel product and mechanical 
properties of the steel such as grain size, yield strength, ultimate strength and so on. Method of spray cooling 
and its intensity can be designed according to specific applications. Spray cooling intensity is affected by many 
factors such as water impingement density [1, 2], water temperature, velocity of sample movement [3] and 
surface roughness [4]. The heat transfer during spray cooling of hot surface with a temperature significantly 
hotter than the liquid's boiling point to the surrounding water is characterized by four different cooling regimes 
(film boiling, transition boiling, nucleate boiling and single-phase liquid cooling). Starting the observation from 
the high temperature regime a stable vapor film forms between the water film and the surface. The film boiling 
regime persists to a lower temperature limit, known as the Leidenfrost point. Minimum liquid/solid interface 
temperature required to support film boiling is called the Leidenfrost temperature. This temperature occurs, 
when the heat flux reaches minimum on the boiling curve [1]. 

Oxidation is an integral part of steel production and heat treatment. Oxide layers commonly impact surface 
quality and material losses during steel processing. The oxide layer also affects the cooling process. The oxide 
layer forms porous layer on the metal surface. This oxide layer has a very low thermal conductivity compared 
to the metal and acts as a thermal barrier. This thermal barrier lowers the heat flux from the metal surface to 
the surroundings when cooling with constant intensity, as with the air cooling. The use of water can cause that 
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an oxide layer does not only serve as insulation, but can also intensify the spray cooling for a short time period 
[5]. The oxidation level is known to influence the onset of transition boiling for the immersion cooling [4]. Several 
authors [5, 6] have investigated the influence of the oxide layer on the heat transfer coefficient during water 
spray cooling with static nozzle and static test sample. They observed that the Leidenfrost temperature 
increases with the increase of the oxide layer thickness [5] and the critical heat flux decreases with the increase 
of the oxide layer thickness [6]. It is known that the velocity of the sample movement under static nozzles 
influence the heat transfer during spray cooling [3] and so it can be expected that the influence of the oxide 
layer on the cooling intensity can differ for static (static regime) and moveable sample (dynamic regime). This 
paper is focused on studying the impact of the oxide layer on the cooling intensity at static and dynamic 
regimes. 

2. EXPERIMENTAL MEASUREMENT 

The experimental measurement of impact of the oxide scale layer on the cooling intensity during dynamic 
regime was prepared. Different thicknesses of the scale layer were created on the test plate made of austenitic 
stainless steel. Two different areas (areas A and B) with different scale layer thicknesses were prepared on 
the test plate surface. The experimental procedure consisted of several steps to reach the relevant 
experimental data of cooling process with oxide scale layers. A laboratory stand to test the cooling intensity 
with different levels of oxide layer on the surface was used. The temperature was measured by eighteen 
thermocouples (T1-T18). The two thermocouples in areas A and B (T4 and T5) were used for the comparison 
of the scale layer effect. Three flat jet nozzles with typical use in the secondary cooling zone in the continuous 
casting of the steel were positioned on the moveable mechanism under the test plate. Nozzles moved at a 
velocity 1 m min-1 under static test plate. The test plate on initial temperature 980 °C was heated. Nozzles 
moved in one direction with opened deflectors and returned with closed deflectors in defined positions. This 
was repeated until the temperature in all measured points was cooled below 100 °C. More details about 
experimental measurement is described in [7]. 

The thickness of the scales was measured after the experiment. Two scales samples were taken from test 
plate after the experiment. One from area A and one from area B. The scale layer from area A was partly 
removed during cooling and was much thicker than the scale layer in area B. The scale layer which grew on 
the pickled area was approx. 50 μm thick and was very porous (30 % of the air). The scale layer in the area B 
was not so homogeneous as in the area A and the thickness differs from 0 μm to 50 μm.  

An inverse task [5], [6] was used to calculate measured temperatures (see Fig. 6 ) to surface temperatures for 
evaluation of the heat transfer coefficient. The dependence of the heat transfer coefficient on the surface 
temperature is shown in Fig. 1  for thermocouples T4 and T5. The Thermocouple T4 was located in the area 
A (area with thick porous scale layer and thermocouple T5 was located in the area B (thin inhomogeneous 
scale layer). The heat transfer coefficient is almost the same for thermocouples T4 and T5 for surface 
temperatures higher than Leidenfrost temperature (840 °C). The Leidenfrost temperature was significantly 
higher for the thermocouple T4, which was located in the area with thick porous scale layer. The Leidenfrost 
temperature was 840 °C for thermocouple T4 and 600 °C for thermocouple T5.  

The temperature in which the maximum heat transfer coefficient occurs was higher for thermocouple T4. The 
maximum heat transfer coefficient occurs at 400 °C for thermocouple T4 and at 250 °C for thermocouple T5. 
There was no significant difference between thermocouples T4 and T5 in the value of the reached maximum 
heat transfer coefficient (approx. 3600 W m-2 K-1 and 3900 W m-2 K-1). 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

105 

  

Fig. 1 Measured temperatures in the thermocouples T4 and T5 (left) and heat transfer coefficient (right) 

3. NUMERICAL SIMULATION 

The numerical simulation was prepared to study the oxide scale layer on the cooling process at two different 
regimes and two different thermal conductivities of the oxide layers. The first regime represents the static 
cooling process. The test plate is without movement. The static regime is characterized by continues cooling 
conditions. The second regime was described as dynamic. The dynamic cooling process is typical by moving 
of the test plate. The numerical simulation was based on the experimental measurements described in the 
previous chapter.   

3.1. Numerical model 

The numerical model was based on the Finite element method (FEM) and the model was created as two 
dimensional. The two basic cases of the FE model corresponding with measured specimens were created. 
The first case composed only from the base material (structural steel). In the second case, the FE model 
included the base material and defined oxide scale layer. Three thicknesses of the oxide scale layers were 
considered in the numerical model (30, 50, 100 μm). For all the thicknesses two values of thermal 
conductivities of oxide layers were applied. For the base material the physical properties of structural steel 
were applied. For the oxide scale layer the physical properties from literature were used which occur in large 
dispersion (0.1-3 W/mK). The thermal conductivity 0.2 and 1.0 W/mK was applied. The physical properties of 
steel and oxide scale applied in FE model are shown in Table 1 .  

Table 1 Material properties 

Thermal conductivity Specific heat Density 

Oxide scale 

0.2; 1.0 W/mK 970.0 J/kgK 5700.0 kg/m3 

Structural steel 

60.0 W/mK 434.0 J/kgK 7850.0 kg/m3 

The material of the steel and oxide scale was considered as continuous and homogenous. From experimental 
measurement the curve of HTC vs. surface temperature for all considered variants was applied. Measured 
heat transfer coefficient used in numerical modelling is depicted in Fig. 1 (line T5). In the FE model the ambient 
temperature 22 °C was used. This temperature corresponds with temperature of the cooling water used in 
experimental measurement. In the FE model initial temperature 900 °C was applied. This temperature was 
initial temperature during the measurement. The numerical analysis of static regime was loaded by HTC curve. 
The cooling time in numerical simulation was defined to 370 s. In the dynamic regime two load cases alternate. 
The first load case consists of cooling (HTC curve was applied) and in the second case the radiation was used. 

100

200

300

400

500

600

700

800

900

1000

100 150 200 250 300 350 400 450 500 550 600

S
u

rf
a

ce
 t

e
m

p
e

ra
tu

re
 [

°C
]

Time [s]

T5

T4

0

500

1000

1500

2000

2500

3000

3500

4000

4500

100 200 300 400 500 600 700 800 900

H
T

C
 [

W
/m

2
.K

]

Surface temperature [°C]

T5

T4



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

106 

The radiation was considered between the surface of the plate and the ambient temperature. The value of 
emissivity was defined to 1.0 and the ambient temperature was 22 °C. The first load case was defined on 10 
s and duration of the second case was 15 s. The total time was 540 s.  

3.2. Results of numerical analyses 

The results were evaluated for both regimes. The evaluation was carried out in contact between the base 
material and the oxide layer. The evaluation of results was performed on surface temperature of steel Ts. The 
same symbols were applied on the heat fluxes. Heat flux through steel surface is marked Qs. The schematic 
illustration of evaluated location from numerical simulation is presented in Fig. 2 . Based on evaluated values 
of the surface temperatures (Ts) and heat fluxes from surface (Qs) the heat transfer coefficient (HTC) was 
calculated. 

 

Fig. 2 Evaluated position in FE model 

The evaluation of the temperatures for both regimes and different thickness are presented in Fig. 3  and 4. The 
presented results of temperature history confirm the impact of the static and dynamic cooling regime and also 
the impact of the different thickness of the oxide layer. If we apply static cooling regime we can reach lower 
temperature earlier than if we use dynamic regime. In dynamic regime we need more time to cool down 
because we apply the cooling only for defined time interval and during the time without cooling the temperature 
is recovered due to thermal energy inside the sample. The clean steel surface was considered as reference. 
From the results it is possible to see that the temperature in the dynamic regime after 40% longer cooling time 
does not reach the same final temperature as in the static regime. This effect is more significant in 
temperatures obtained from oxide layer. The static regime seems to be cooling more intensively than the 
dynamic regime. In the static regime the intensity of cooling is affected by the oxide layer. It is evident, that the 
thickness of the oxide layer shifted the Leidenfrost temperature in time. The assumption from introduction was 
approved. Firstly, the Leidenfrost temperature was reached at the thickest oxide layer. On the clean surface it 
was the latest. This is caused by insulation character of the oxide layer which led to quick cooling of the oxide 
layer and blocked the flow of thermal energy from steel. For all considered cases this effect was confirmed. 
The intensity of cooling in the dynamic regime is also affected by the length of the cooling interval compared 
to time without cooling (only radiation). The combination of thickness of the oxide layer and cooling interval 
could have important influence on the cooling intensity and the cooling time. Two parameters (heat flux and 
HTC) were applied to study the impact of the oxide layer and cooling regime on the cooling intensity. The 
evaluated heat fluxes and HTC for considered cases are depicted in Fig. 3 and  4. The heat flux curves for 
dynamic regime were constructed from the maximum values of the heat fluxes of the cooling interval. For each 
oxide layer thickness and also for clean steal surface the maximum heat flux in time was evaluated and the 
heat flux curves vs. time were created. These curves can possibly be directly compared with heat flux curves 
evaluated from the static regime. The comparison of both regimes at both values of the scales conductivities 
are presented in Table 2  and  3. In these tables the differences between the static and the dynamic regime of 
evaluated parameters (heat flux and HTC) were carried out. From presented results it is evident, that we can 
find cases in which the dynamic regime reached more intensive cooling than the static regime. More intensive 
cooling of the dynamic regime was found for scales with lower thermal conductivity (0.2 W/mK). The heat flux 
for the dynamic regime was about 0.1-3 % higher for all thicknesses and HTC reached values about 3 % higher 
for thickness 30 µm and 100 µm. Lower thermal conductivity corresponds with nonhomogemous and 
discontinued structure of scale layer. For higher thermal conductivity the heat fluxes were slightly higher for 
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the dynamic regime but the HTC was lower for all thicknesses. Higher value of thermal conductivity is closer 
to case without base material and therefore the impact of the scales is less significant. The difference in the 
heat fluxes and HTC between the static and the dynamic regime cannot be neglected. 

Static regime 

Dynamic regime 

Fig. 3 Evaluation of the results for thermal conductivity 0.2 W/mK 

Static regime 

Dynamic regime 

 

Fig. 4 Evaluation of the results for thermal conductivity 1.0 W/mK 

Table 2 Maximum values of the heat flux and HTC for thermal conductivity of scales 0.2 W/mK 
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Table 3 Maximum values of the heat flux and HTC for thermal conductivity of scales 1.0 W/mK 

 

4. CONCLUSION 

The experimental and numerical investigation of the oxide scale layer thickness with different properties was 
performed. The numerical simulations of defined cases were carried out. The results showed and confirmed 
the following effects. The first effect is shifting of the Leidenfrost temperature in time depending on the 
thickness of the oxide layer. The second effect is higher cooling intensity at shorter cooling time for static 
regime in clean steel surface. The third important effect was observed for the dynamic regime with lower 
thermal conductivity. In this case higher cooling intensity was found compared to the static regime. These 
results confirm the assumption that the oxide scale layers in combination with properties of scales and during 
the dynamic regime have higher cooling intensity than the static regime with the same scale layer. These 
results can possibly be used for the design of cooling sections and to optimization of the cooling process.   
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Scale thickness [µm] Heat flux [W/m
2
] HTC [W/m

2
K] Heat flux [W/m

2
] HTC [W/m

2
K] Heat flux [%] HTC [%]

clean steel 1075500.0 3919.9 1076600.0 3382.3 100.1 86.3

30 1070900.0 2459.7 1074000.0 2529.0 100.3 102.8

50 1064400.0 1969.4 1064100.0 1915.3 100.0 97.3

100 913950.0 1313.8 943580.0 1321.1 103.2 100.6

Static regime Dynamic regime Difference

Scale thickness [µm] Heat flux [W/m2] HTC [W/m2K] Heat flux [W/m2] HTC [W/m2K] Heat flux [%] HTC [%]

clean steel 1075500.0 3919.9 1076600.0 3382.3 100.1 86.3

30 1073200.0 3500.5 1144900.0 3137.4 106.7 89.6

50 1074500.0 3272.2 1071000.0 2871.2 99.7 87.7

100 1065900.0 2787.3 1068600.0 2570.9 100.3 92.2

Static regime Dynamic regime Difference
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INFLUENCE OF PRECIPITATION ON BRANCHED CRACK FORMAT ION IN SURFACE ZONE 
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Abstract   

This work studies the influence of precipitation on branched crack formation in the surface skin of continuously-
cast slabs of Ti-Nb HSLA steel. Two slabs were analysed, cast at pulling rates of 0.43 m.min-1 and  
1.03 m.min-1. The results show that branched cracks were located on the slab with pulling rate 0.43 m.min-1, 
which was a transition slab. The branched cracks extended to a depth of 10 mm below the slab surface and 
occurred mostly below oscillation marks. In the case of the slab cast at pulling rate 1.03 m.min-1 branched 
cracks did not occur. Evaluation of precipitates obtained by the method of carbon extraction replicas on 
selected samples confirmed the presence of predominantly spherical or elliptical particles. Square particles 
were observed in small amounts. Application of selection electron diffraction showed the presence of TiC and 
NbC carbides. Formation of cracks is influenced by the size of precipitate particles, but also by morphology 
and distribution of precipitates. It is known that elliptical precipitates have significantly worse effects than 
spherical precipitates, even when significantly smaller and fewer in number. Globular particles also influence 
formation of surface cracking, but only when they occur in steel at high volumes or very large size. It is also 
known that precipitates arranged in rows on grain boundaries cause surface cracking. In this work the slab 
cast at the lower pulling rate 0.43 m.min-1 showed the presence of adverse precipitates and also rows of 
excluded precipitates on grain boundaries, which were considered responsible for the observed branched 
cracks. The formation of branched cracks is conditioned not only by segregation of impurities, but possibly 
also by the presence of undesirable brittle cementite networks. The presence of cementite was confirmed not 
only through microstructural analysis, but also diffraction of hard X-ray radiation. This diffraction revealed a 
branched crack in the sample cast at pulling rate 0.43 m.min-1 including the presence TiC and Fe3O4, the 
amounts of which were comparable to the amount of Fe3C in the analyzed area. On a sample without 
occurrence of branched cracks at pulling rate 0.43 m.min-1, there was only Fe3C in detectable amounts. It is 
known that precipitation of microalloying elements in connection with cementite can lead to higher probability 
of surface crack formation, as also confirmed in this study.  

Keywords: Slab, branched cracks, oscillation marks, segregation, precipitation 

1. INTRODUCTION 

Particle precipitation with microalloying elements in continuously-cast slabs can influence microstructure 
during further processing, e.g. reheating and after the hot rolling process. Therefore, it is necessary to study 
precipitation not only in the hot rolling process, but also in the cast state. According to the authors of works 
[1,2] microsegregation during the casting process can result in non-uniform distribution of precipitates with Ti 
and Nb in continuously-cast slabs, which can cause changes in the austenite grain size during heating. During 
continuous casting precipitates may be formed during solidification. Their formation during the continuous 
casting is very strongly influenced by solidification of the slab and cooling of the crystallizer, the secondary 
cooling zone and cooling outside of the casting machine. The presence of precipitates based on microalloying 
elements or impurities can adversely influence the quality of continuously-cast products, especially in terms of 
formation of surface cracks. Therefore it is importa20nt to understand the rules of precipitate formation during 
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continuous casting, in order to avoid degradation of products. According to work [3] the morphology of 
precipitates affects surface cracking in continuously-cast semi-finished products. This work builds on work [4], 
where the aim was to study the background of branched crack formation in a continuously-cast slab made 
from Ti-Nb microalloyed steel in terms of structural, chemical and phase analysis. The aim of this work is to 
show the influence of the distribution and morphology of precipitates on the formation of branched cracks in 
the surface area of the transition slab.  

2. MATERIAL AND EXPERIMENTAL METHODS 

A transition slab of Ti-Nb microalloyed steel cast with initial pulling rate 0.43 m.min-1 and final rate 0.9 m.min-1 

and a slab cast at the real pulling rate 1.03 m.min-1 were compared. Tables 1  and 2 show the chemical 
composition of the analysed slabs. Cut-outs were taken for analysis from the transition slab towards its slower 
cast end, i.e. 0.43 m.min-1, as shown in Fig. 1 . From the slab cast at the real pulling rate cut-outs were taken 
as shown in Fig. 2 , while marginal cut-out U was not available. Samples were taken from the individual cut-
outs for evaluation of particles. The samples were taken parallel to the slab pulling direction and perpendicular 
to the slab surface. The analyzed area consisted of about 20 mm2. In the case of the slab cast at pulling rate 
v = 0.43 m.min-1 samples A36 and A37 were taken from marginal cut-out A . The surface zone analyzed was 
about 5 mm below the slab surface in sample A36, and 9 mm deep in sample A37. The surface of sample A36 
was characterized by the presence of oscillation marks (OM) about 2 mm deep and branched cracks below 
OM about 6 mm long. From central cut-out B sample B31 was taken, the evaluated area reaching about the 
depth of 4 mm below the slab surface. In the case of the slab cast at the real pulling rate v = 1,03 m.min-1 

sample R26 was taken from marginal cut-out R, while the particles were analyzed in the slab surface zone to 
a depth of about 3 mm from the slab surface. From central cut-out S sample S33 was taken, and the particles 
were analyzed to a depth of about 4 mm below the slab surface.  

Table 1  Chemical composition of the transition slab (wt.%) 

C Mn Si P S Al Mo Ti V 

0.082 0.899 0.011 0.011 0.007 0.033 0.002 0.012 0.001 

Nb N2 Cu Ni As Sn Zr Cr B 

0.035 0.0061 0.032 0.014 0.004 0.009 0.001 0.014 0.0002 

Table 2  Chemical composition of the slab cast at the conventional pulling rate 1.03m.min-1 (wt.%) 

C Mn Si P S Al Mo Ti V 

0.079 0.532 0.012 0.009 0.005 0.033 0.002 0.017 0.002 

Nb N2 Cu Ni As Sn Zr Cr B 

0.025 0.004 0.039 0.01 0.001 0.002 0.016 0.016 - 

                              

Fig. 1 The cut-out positions and pulling direction of 
the transition slab (v = 0.43 m.min-1) 

Fig. 2 The cut-out positions and pulling direction of 
the conventional slab (v = 1.03 m.min-1) 
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Transmission electron microscopy (TEM) on a JEOL JEM 2000 FX microscope was used to evaluate 
precipitates (size, shape, distribution) in selected samples from the individual cut-outs. Patterns were identified 
using diffraction in particles obtained from carbon extraction replicas. Preparation of samples for the replicas 
consisted firstly of mechanical grinding and polishing and later also electrolytic polishing in electrolyte with the 
following components: acetic acid - CH3COOH (100 %) and perchloric acid HClO4 (70 %), in the ratio 9:1. For 
etching 2 % Nital was applied followed by vaporizing with carbon. Replicas were electrolytically separated in 
4 % Nital. Statistical evaluation of the size of the precipitates in selected samples was carried out as follows: 
the density and distribution of precipitates were visually evaluated in several images, then the linear dimension 
of the particle 2r was determined from images of the replicas, and the number of precipitates for each 
dimension was found. The measured numbers of precipitates in the samples were different, ranging in the 
interval 171 - 686 precipitates. By recalculation the relative frequency of particles N was determined, as well 
as the mean size of the particles. The final method used was diffraction of hard X-ray radiation, carried out at 
the experimental station on P02.1 localized on the PETRA III positron accelerator at HASYLAB/DESY in 
Hamburg. Sample C12 with a crack in the surface zone from marginal cut-out C (v = 0.43 m.min-1) was used 
for analysis. By grinding to a depth of 2 mm from the slab surface and the underside of the samples as well, 
the final thickness of the sample intended for diffraction analysis reached ~ 1 mm. Hence diffraction analysis 
was performed in effect at a depth of ~ 2 mm below the slab surface. Sample T10 without cracks in the surface 
area was similarly prepared from central cut-out T (1.03 m.min-1). The beam of photons was directed as in the 
case of sample C12 (0.43 m.min-1) to pass through the area of the crack. Samples were irradiated for a period 
of 20 seconds by photon beam with energy of 58 keV (λ = 0.207271 Å) with an effective cross section of 0.5 x 
0.5 mm2. The diffractive image was recorded with a Perkin Elmer 1621 2D detector and subsequently 
integrated into the dependence of intensity-angle (2Θ) using FIT2D software. The distance of the detector from 
the sample, orthogonal deposition of the detector towards the beam, determination of the center of the 
detector, as well as calculation of the energy of radiation, were all effected by measuring the reference sample 
CeO2.  

3. RESULTS 

Sample A36 with a branched crack was taken from marginal cut-out A (v = 0.43 m.min-1). From this sample 
particles were extracted from surrounding cracks under deep OM and transformed into carbon replicas. In the 
sample 226 particles in total were counted. Their size ranged from 4.6 to 76.9 nm. Most of the particles were 
within the range 10 - 19 nm, and their share was 51.3%. Only 3 particles had a size of ~ 76.9 nm. Particles 
occurring in this zone were relatively fine, and their average size was 18.9 nm. They had mostly globular or 
ellipsoidal shape, and square particles were rarely observed. Distribution of the particles was non-uniform, 
though in places predominantly globular particles were observed excluded in a row, as demonstrated in Fig. 3 . 
Using selection electron diffraction carbides of titanium and niobium were identified, namely TiC and NbC. 
Particles from a place below OM were analyzed in the second sample A37 from marginal cut-out A, as well as 
the occurrence of cracks in the surface zone further below the slab surface (~9 mm). From this sample in total 
285 particles were evaluated, with sizes ranging from 8.8 to 79.4 nm. The particles were predominantly 
relatively fine (30 nm), but particles with larger sizes (over 50 nm) also occurred. In general these particles 
were larger compared to the previous sample A36. 56.1% of the particles were sized in the range 20-29 nm. 
Their average size was 23.8 nm. They were mostly globular in shape, but elliptical and square ones also 
occurred. The particle distribution was non-uniform (Fig. 4 ). In sample B31 taken from central cut-out B (v = 
0.43 m.min-1), particles from the surface zone below shallow OM were evaluated. Most of the particles were 
very fine, and most of them were globular, only some elliptical, and these particles were also non-uniformly 
distributed (Fig. 5 ). A total of 686 particles with sizes ranging from 5.6 to 41.2 nm were measured. Most 
represented were the finest particles in the range of 1-9 nm, namely 54.1%. Using circular diffraction evaluation 
the presence of titanium carbide TiC was confirmed. The average size of the particles in the sample was 10.9 
nm. 
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Fig. 3  Particles excluded in a row, 

sample A36, v = 0.43 m.min-1 

Fig. 4  Fine particles, sample A37,  

v = 0.43 m.min-1 

Fig. 5  Non-uniform distributed fine 

particles, sample B31,  
v = 0.43 m.min-1 

Taken from the slab cast at the real pulling rate 1.03 min-1 without occurrence of branched cracks on the 
surface, sample R26 from marginal cut-out R was analyzed. Particles were analyzed from the slab surface 
zone to a depth of 3 mm. The particles were globular, elliptical, square and occasionally were observed also 
in the shape of a cross (Fig. 6 ). A total of 177 particles were evaluated. Their size reached values ranging from 
14.3 to 116.7 nm. Most represented were particles in the range 30 - 39 nm. This proportion was 31%. Particles 
over 50 nm also occurred in larger numbers. The average size of the particles was 43.2 nm. Their distribution 
was non-uniform and most were sparsely excluded (Fig. 6 ). Occasionally particles excluded in a row were 
observed. In sample S33 from the central cut-out of the slab cast at v = 1,03 m.min-1, particles from the surface 
zone were analyzed. The particles in this sample were coarse compared with those from samples at the lower 
pulling rate. 171 particles were evaluated. Their sizes ranged from 19 to 112.5 nm. Most of the particles 
reached sizes in the range 40-70 nm, the greatest number being found in the range of 40 to 49 nm in the 
proportion of 34.5%. Two particles were larger than 100 nm. The particles were globular, elliptical, but also 
square. The distribution of particles was non-uniform, and areas was observed where the particles were 
excluded sparsely (Fig. 7 ), but also an area where the particles were excluded densely (Fig. 8 ). Average 
diameter of the particles was 51 nm, which is the largest average particle size from all the analyzed samples.  

 

                                 

Fig. 6 Sparsely excluded particles + 

cross-shaped particles, sample R26, 
v = 1.03 m.min-1  

Fig. 7 Sparsely excluded particles, 

sample S33, v = 1.03 m.min-1  
Fig. 8 Densely excluded particles, 

vzorka S33, v = 1.03 m.min-1 

The method of hard X-ray diffraction using the PETRA III positron accelerator at HASYLAB/DESY in Hamburg 
produced diffraction pattern sample C12 with cracks (v = 0.43 m.min-1) and sample T10 without cracks (v = 
1.03 m.min-1), which showed that the indexed reflecting planes belonged in the majority phase of α-Fe, while 
the minor phase was almost unidentifiable. In spite of the fact that the software did not identify the minor phase, 
the reflections are situated in the detailed diffraction records that are shown in Fig. 9  and Fig. 10 . The record 
sample C12 identified a total of three secondary phases: Fe3O4, TiC and Fe3C. For phase analysis more than 
20 standards were compared, including inclusions which may be present in the steel. The compared standard 
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phases responded with very accurately identified peaks, and the amounts of TiC and Fe3O4 were comparable 
to that of Fe3C in the analyzed area. In sample T10 the Fe3C phase was identified, i.e. in this steel only 
cementite occurs in detectable amounts.  

         

Fig.  9 Detail of diffraction record of sample C12  
(v = 0.43 m.min-1) 

Fig.  10 Detail of diffraction record of sample T10  
(v = 1.03 m.min-1)  

4. DISCUSSION 

Macroscopic analysis showed that in the analyzed surface zone of the slab no visible surface defects occurred. 
In the slab surface cast at the lowest pulling rate v = 0.43 m.min-1 OM of varying depth were observed, while 
after the taking of test samples and grinding the surface of the slab the occurrence of branched cracks was 
demonstrated. They were mostly below the OM. In the case of the slab cast at the real pulling rate  
v = 1.03 m.min-1, no OM or cracks were present. Evaluation of precipitates obtained from extraction replicas 
in selected samples confirmed the occurrence of predominantly globular or elliptical particles. Square particles 
were observed in small amounts. Using selection electron diffraction we identified carbides (TiC and NbC). In 
the case of the slab cast at the lower rate v = 0.43 m.min-1 the particles were smaller than those found in the 
slab cast at the real rate v = 1.03 m.min-1. At casting rate v = 0.43 m.min-1 average particle sizes of 18.9 nmand 
23.8 nm respectively were found in locations with cracks, whereas at the rate v = 1.03 m.min-1 the average 
particle sizes were larger, namely 43.2 and 51 nm respectively. The morphology of the precipitates according 
to work [3] affect surface cracking in continuously-cast products as follows. The precipitates of globular shape 
influence the occurrence of surface cracks only when they are contained in steel at high volumes and they are 
large. Precipitates excluded in a row at the original grain boundaries, no matter what their shape, probably 
cause surface cracking just like precipitates on the secondary grain boundaries. Precipitates excluded in a row 
were observed in the transition slab with the occurrence of cracks at pulling rate v = 0.43 m.min-1 (Fig. 3 ). 
Elliptical precipitates are significantly worse than globular precipitates, even when significantly smaller and in 
smaller numbers. Small elliptical precipitates were seen in greater amounts only at the lower pulling rate v = 
0.43 m.min-1 in contrast to the real pulling rate v = 1.03 m.min-1. Cuboid or rod-shaped precipitates also 
influence the formation of surface cracks, even in small amounts. As can be seen in the diffraction record detail 
in Fig. 9 , three phases were identified in sample C12 with a crack from marginal cut-out C (v = 0.43 m.min-1), 
namely Fe3O4, TiC and Fe3C. The amounts of TiC and Fe3O4 were comparable to that of Fe3C in the analyzed 
area. In the detail of the second diffraction record of sample T10 without a crack (v = 1.03 m.min-1), Fe3C was 
identified only in detectable amounts. According to the authors of [3], Fe3C in connection with particle 
precipitation with microalloying elements, results in increased probability of surface crack formation. This was 
also confirmed in this study, since Fe3C and also TiC were identified in sample C12 with a crack. Formation of 
branched cracks in the surface skin of the analyzed slab made from Ti-Nb microalloyed steel in the case of 
lower pulling rate 0.43 m.min-1 is due to a combination of several factors. It is due to the lower pulling rate, 
because at this rate longer time is available during segregation processes [5]. Intensive development of 
segregation processes at the lower slab pulling rate was confirmed in work [4], where local accumulation of 
sulphur at a concentration of up to 1.17% was confirmed, as well as high content of surface-active elements 
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at a concentration of up to 0,26%. Last but not least, work [4] confirmed the presence of intercrystalline facets 
on fractures obtained by opening of branched cracks, also showing the segregation of harmful impurities and 
precipitation at the original austenite grain boundaries, which weakens their cohesion strength.   

5. CONCLUSIONS 

Study of the influence of particle precipitation on branched crack formation in continuously-cast slabs of Ti-Nb 
microalloyed steel leads to the following conclusions: 

1) On the slab cast at the lower pulling rate (v = 0.43 m.min-1) the presence of branched cracks was 
detected in the surface skin, extending to a depth of 10 mm and mostly occurring below the OM. On the 
slab cast at the real pulling rate 1.03 m.min-1, branched cracks did not occur. 

2) Using selection electron diffraction on samples from the slab surface zone were identified carbides (TiC 
a NbC). The precipitates were smaller, with average size of 18.9 nm at the lower slab pulling rate v = 
0.43 m.min-1 compared to the average size of the precipitates of 43.2 nm in the slab with real pulling 
rate v = 1.03 m.min-1. The effect of the morphology of precipitates was demonstrated on the formation 
of branched cracks in the transition slab cast at the slower pulling rate v = 0.43 m.min-1. The morphology 
effect was confirmed only in this slab by a larger share of adverse elliptical precipitates and precipitates 
arranged in rows compared to the slab without cracks at the real pulling rate 1.03m.min-1.  

3) The results of positron accelerator measurement of samples C12 with cracks (v = 0.43 m.min-1) and T10 
without cracks (v = 1.03 m.min-1) showed that in sample C12 in addition to the majority phase of α-Fe 
three phases other were identified, namely Fe3O4, TiC and Fe3C, while the amounts of TiC and Fe3O4 
were comparable to that of Fe3C in the analyzed area. In sample T10 without cracks only Fe3C phase 
was identified. The presence of cementite in connection with precipitation of microalloying elements can 
lead to higher probability of surface crack formation, as also confirmed in this study.  

4) The formation of branched cracks in the surface skin of the transition slab is related only with the lower 
pulling rate at the beginning, mainly due to a combination of adverse morphology and particle size based 
on microalloying elements, as well as the presence of Fe3C and increased local segregation of harmful 
impurities. 
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Abstract  

The influence of cerium addition on solidification structure of the low-carbon 42CrMo4 steel was investigated. 
Alloys were prepared by means of a centrifugal casting. The addition of up to 0.05 wt. % of Ce in the steel 
produced greatly improved solidification structure with a suppressed columnar grain zone, finer grain size in 
the equiaxed grain zone, and zero area fraction of casting shrinkage cavity. The added cerium occurred in the 
steel both in the form of Ce oxide-sulphide inclusions and as dissolved atomic Ce segregated along with other 
elements at prior austenite grain boundaries and at interdendritic spacings. Microstructure (light optical 

microscope, SEM), X-ray EDX chemical microanalysis, and TOF-SIMS analysis (TESCAN ORSAY 
HOLDING) - mapping of elements in the structure of alloys were obtained. Rare-earth metals addition can be 
considered as a potential solution for grain structure refinement in heavy-weight castings of 42CrMo4 grade 
steel. 

Keywords : 42CrMo4 steel, centrifugal casting, cerium addition, microstructure, inclusion, segregation 

1. INTRODUCTION 

Recently, cerium based particles have been tested as nucleation centers for heterogeneous nucleation of 
austenitic and duplex steels. The results have shown a mutual relationship between reduction of columnar 
grain zones and cerium addition [1]. Cerium particles have exhibited promising properties regarding to 
nucleation in steels, where mild overcooling is required for precipitation of cerium sulphides and oxides. Elkem 
company has in recent years, in cooperation with Sintef, developed grain refiners containing cerium. Elkem 
Grain Refiner (EGR) is an alloy containing ~10 wt. % of cerium along with elements present in the liquid. The 
grain refiner is added to the tapped stream before casting, making cerium react with impurities as sulphur and 
oxygen to precipitate particles.  

There are two types of segregation distinguished in the solidified structures. There is macro-segregation, 
where composition changes to distances comparable to a sample size, and micro-segregation, occurring within 
a range of secondary dendrite arm spacing. Large differences in a composition can occur across dendrites as 
a result of formation of cores and non-equilibrium phases in the last proportions of the solidifying liquid metal. 
It has been found out through experiments that cooling rate affects the interdendritic spacing. However, the 
amplitude of the dissolved matter concentration is not changed significantly, providing that dendrite 
morphology does not change and diffusion in the solid matter is neglectable.  

There are four factors, which can result in macro-segregations in ingots: shrinkage as a result of solidification 
and thermal contraction, density differences in interdendritic areas, density differences between a solid matter 
and liquid metal and conventional flows caused by temperature gradients and different densities in the liquid 
metal. All these factors can develop macro-segregations as a result of matter flowing to large distances during 
solidification. Thus, interdendritic flow of liquid metal can be caused by gravitational effects. Generally, 
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segregation is undesirable because it influences mechanical properties negatively. Micro-segregation effects 
can be reduced by subsequent homogenization heat treatment. However, diffusion in the solid matter is too 
slow for macro-segregations to be eliminated [2]. 

Cerium as a strong oxide- and sulphide-forming element can react with present oxygen and sulphur, when 
added to a liquid metal. Inclusions formed by cerium are useful for refinement. They affect actively the casting 
microstructure character, making inclusions become sites for heterogeneous nucleation. For an inclusion to 
become a suitable nucleation site, it must originate at mild overcooling. Cerium has been used as a grain 
refiner in many experiments. The experiments with low-alloyed steels with the cerium addition have shown 
shortening of secondary dendrite arm spacing and enlargement of the equiaxed crystal area proportion [3]. In 
austenitic manganese steels, the columnar grain zone has been reduced considerably, leading to an increase 
in notch toughness [1, 4, 5]. Stainless ferritic, austenitic and duplex steels have been tested in relation with 
grain refinement, whereas the microstructure has been refined, however, any significant improvement in 
mechanical properties has not occurred [6, 7]. There were problems with large cerium oxide clusters during 
industrial scale manufacturing.  

Influence of cerium on formation of oxide-sulphide inclusions and segregation of elements in 42CrMo4 steel 
castings has been investigated in [8] and in this paper. 

2. EXPERIMENT  

The samples were prepared in the Regional Materials Science and Technology Centre (RMSTC) laboratory 
on the SuperCast equipment - an induction furnace with inert atmosphere and subsequent centrifugal casting. 
42CrMo4 alloy delivered from VHM, a.s. and commercial steel in a form of a rod with 35 mm diameter from 
Ferona, a.s. were used as an input material. A thin foil of pure cerium (from Alfa Aesar, Germany - 3N purity) 
was used for microalloying. Heats were carried out in a medium-frequency casting equipment SuperCast, 
which was intended for induction melting of special alloys and intermetallic compounds in vacuum or Ar inert 
atmosphere. The samples were melted in a corundum crucible in an argon atmosphere at 35 kPa pressure 
and subsequently cast into a two-part graphite mould with an inner diameter of 20 mm. A cerium addition (0.05 
wt. % Ce) in a form of a metal foil of 0.1 mm thickness, dimensions of 25x25mm and 0.42 g weight was put 
into a turned-out hole in one of the cylinders so that it could be completely melted and dissolved homogenously 
in the melt before the subsequent rotary casting. An outlet opening of the crucible was positioned 
approximately 3 cm under the hub, where it led to a horizontally positioned graphite mould. Temperature inside 
the furnace before the centrifugal casting was 1550 °C. The charge had to be completely melted and 
homogenized before the casting. The chamber rotated at speed of 270 rpm for a period of 110 s with a rise 
time of 1.5 s. After the casting, Ar (6N) was let into the chamber and the steel was cooling down for a period 
of one hour. The casting was in a form of a rod of c. 225 mm length, 20 mm diameter, and with a conical 
extension on the inlet into the mould.  

3. RESULTS 

Table 1  shows the results of chemical analyses; it can be seen that 42CrMo4 steel delivered from VHM had 
higher contents of carbon, manganese, nickel, molybdenum and copper than the same commercially delivered 
steel grade from the Ferona company. 

The samples were taken from the upper and bottom parts of the castings. Fig. 1  documents inclusions in the 
castings. There is a higher occurrence of the inclusions in the bottom part of the castings. The inclusions are 
distributed in the volume of the castings quite uniformly. In the cerium-alloyed sample, inclusions of larger 
dimensions occurred particularly in the upper part of the casting - Fig. 1c) , than in the sample unalloyed with 
cerium - Fig. 1a) , or local clusters of smaller oxide and oxide-sulphide inclusions were formed - Fig. 1d) . 
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Table 1 Chemical analysis of 42CrMo4 steel - OES SpectromaxX, GDOES (weight %) 

Steel C Mn Si Ni Cr Mo Al S P O N Cu Co 

VHM 0.526 0.86 0.279 0.150 1.08 0.257 0.023 0.0052 0.0073   0.120 0.014 

Ferona 0.45 0.69 0.277 0.042 1.07 0.195 0.026 0.009 0.0082 <0.001 0.0063 0.028 0.0098 

Casting 0.439 0.68 0.277 0.035 1.07 0.194 0.047 0.012 0.011 0.0042 0.0057 0.029 0.0071 
 

Steel T i Nb V Mg B Sn As Bi Zr Ce Fe 

VHM 0.0033 <0.004 0.0052 0.0031 0.0016 0.011 0.0109 0.0098 0.0016 <0.002 96.6 

Ferona 0.002 <0.004 0.0036 0.0031 0.0015 0.0043 0.0055 0.0085 <0.0015 <0.002 97.2 

Casting 0.0025 0.0054 0.0044 0.0031 0.0020 0.0033 0.0066 0.011 0.0021 0.045 97.1 

Fig. 1  Microstructure of 42CrMo4 steel (Ferona) after melting and centrifugal casting into graphite mould. 
State: after polishing, non-etched. Fig. 1a) and 1b) without cerium, Fig. 1c) and 1d)  with cerium addition. On 

the left: top part of the casts, on the right: bottom part of the casts (rod Ø 20 mm). Scale: 700 µm 
 

The microstructure of the 42CrMo4 steel (Ferona) after casting is mainly bainitic (a matrix) with a certain 
proportion of martensite (marked with a letter M in Fig. 2  in light areas, where laths and needles growing 
inwards the grain and generally orientated can be visible. Both of these phases were also confirmed by 
microhardness testing. At 0.05 kg load, light areas of martensite exhibited hardness ranging between  
692 - 888 HV, bainite had hardness ranging between 341 - 416 HV. In this sample structure, presence of 
oxide-sulphide inclusions of MnS and FeS, Al2O3 and SiO2 was found - inclusion 1 in Fig. 3b) . In area 2, there 
were oxide inclusions of Al2O3, CaO, MgO and SiO2. 

a) b) 

c) d) 
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Fig. 2 Bainitic - martensite microstructure of 42CrMo4 steel (Ferona) after casting into graphite mould. State: 
Etched. Scale: Fig. 2a) - 100 µm, Fig. 2b)  - 30 µm. M - martensite 

 
Fig. 3 Bainitic microstructure of 42CrMo4 after melting and casting. a) SEI, b) BEI/EDX - two inclusions  

 

Table 2  EDX chemical microanalysis of the matrix and inclusions (atomic %) 

Name O Mg Al Si S Ca Cr Mn Fe 

Matrix       1.13     1.51 0.82 96.54 

Inclusion 1 26.04   1.67 0.64 28.69   2.12 22.69 18.15 

Inclusion 2 65.37 0.61 23.34 0.46 0.21 8.55     1.47 

Optical microscopy of the cerium alloyed sample found also a multi-phase structure with prevailing bainite 
occurrence and minor content of martensite. Martensite needles and laths with a mutual orientation towards 
each other occurred inside the grains - Fig. 4 . Martensite was confirmed by micro-hardness testing  
(648 - 755 HV), too. 

M 

a) b) 

a) 

1 

2 

b) 
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Fig. 4  Microstructure of 42CrMo4 (Ferona) with pure cerium addition (0.05 wt. % Ce) after melting and 
centrifugal casting (top part of the cast). State: after etching. Scale: a) 100 µm, b) 30 µm 

Clusters of inclusions as well as isolated inclusions were found in the structure - see Fig. 5  X-ray EDX 
microanalysis (see Table 3 ) of the sample micro-alloyed with pure cerium proved uniquely the occurrence of 
oxide-sulphide inclusions, which were chemically bound with cerium. The size of these inclusions ranged 
between 1 up to 5 µm. An interaction between cerium, oxygen and sulphur occurred unambiguously. 

 

Fig. 5  BEI/EDX inclusions microstructure analyses of the 42CrMo4 steel with pure cerium addition (0.05 wt. 
%) after centrifugal casting in the induction furnace- top part of the casting (see Table 3 ) 

 

Table 3  EDX chemical microanalysis of inclusions in the 42CrMo4 steel with Ce addition (atomic %) 

Name O Al S Ca Fe Ce 

Inclusion 1 42.38   16.73 1.62 8.40 30.86 

Inclusion 2 28.94 1.20 10.22   41.33 18.32 

Inclusion 3 32.95   25.66 6.57 7.32 27.50 

Inclusion 4   1.57 36.15 8.84 9.27 44.17 

a) b) c) 

b) a) 
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3.1. Scanning electron microscopy of steel samples  

Scanning Electron Microscope (SEM) with Focused Ion Beam (FIB) and Time-of-Flight Secondary Ion Mass 
Spectrometry (SIMS) was used to obtain element distribution (a map) in the samples of 42CrMo4 steel (VHM); 
this enabled mapping of particular elements through sequential sputtering of the sample surface using a 
focused ion beam, while ionizing a part of the material. Testing was performed in cooperation with TESCAN 
ORSAY HOLDING, a.s., Brno. Three samples of steels microalloyed with mischmetal in a concentration of 1 
wt. % were measured using TOF-SIMS on the FERA system, which was equipped with a source of Xe+ ions. 
The analyses were focused above all on cerium detection, which should bind O, S, P, Sn, Sb and Mg. As for 
Sb and As elements, a very low signal was detected. Further, mapping of other elements was carried out, 
above all Mn, Si, Al, Ni, Cr and Mo - see Figs. 6  to 9 .  

Fig. 6  SEM and TOF-SIMS analysis - 3D mapping of Ce, O, S and Sn in 42CrMo4 steel after melting with Ce 
addition. Fig. 6a) to 6d)  mapping from above, Fig. 6e) to 6h)  mapping from lateral edge 

 

 

Fig. 7  SEM and TOF-SIMS analysis - 3D mapping of Mg, C, P and Mn in 42CrMo4 steel after melting with 
Ce addition. Fig. 7a) to 7d)  mapping from above, Fig. 7e) to 7h)  mapping from lateral edge 
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Fig. 8 SEM and TOF-SIMS analysis - 3D mapping of Al, Si, Ni and Cr in 42CrMo4 steel after melting with Ce 
addition. Fig. 7a) to 7d)  mapping from above, Fig. 7 e) to 7h)  mapping from lateral edge 

 
 

Fig. 9 SEM and TOF-SIMS analysis - 3D mapping of Mo and Fe in 42CrMo4 steel after melting with Ce 
addition. Fig. 9a) and 9c)  mapping from above, Fig. 9b) and 9d)  mapping from lateral edge 

 

The results from mapping the elements in 42CrMo4 steel using SEM proved, that the presence of cerium and 
other observed elements in the structure, their distribution and concentration, could be identified quite reliably. 
The analysis provided the required information for a small limited volume of a sample only, this is a time 
consuming process.  

4. CONCLUSION 

The samples of 42CrMo4 steel were remelted in an induction furnace in an inert argon atmosphere at 
decreased pressure with subsequent centrifugal casting into a graphite crucible with a cylindrical opening of 
20 mm diameter and 225 mm length. The samples were cast without alloying, another sample was alloyed 
with pure cerium with a concentration of 0.05 wt. %. It was found out through metallographical and SEM/EDX 
analyses that the structure was bainitic with minor proportion of martensite. Oxide-sulphide inclusions were 
identified in the structure, whereas higher occurrence was observed in the bottom part of the casting. The 
cerium addition favourably affected formation of small oxide-sulphide inclusions, binding chemically with them 
afterwards. There were no significant changes observed in the steel structure after the cerium addition after 
casting. 

a)          b)           c)               d) 
 

 a)        b)    c)   d) 
e)        f)    g)   h) 
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The results of mapping of elements using SEM proved that the cerium distribution in the volume is not uniform. 
Cerium occurs in certain localities, which penetrate inwards the sample along the direction of crystallization. 
Phosphorus and sulphur concentration was higher near the sample surface than inside the main volume. Other 
elements, such as Mo, Mn, Cr, Ni, Si, were distributed relatively homogenously inside the sample volume. 
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Abstract   

The paper is devoted to the study of the influence of experimental conditions of the direct thermal analysis 
method for use in high-temperature thermal analysis equipment Netzsch STA 449 F3 JUPITER during 
controlled cooling mode.  

The first part of the article is focused on monitoring of the effect of experimental conditions on the solidification 
point of the standard material nickel (a purity of 99.995 %) and the total shape of cooling curve. On the basis 
of experimental measurements, a deviation obtained by interpreting the cooling curves for various cooling 
rates (5; 10; 15 and 20 °C min-1) for nickel samples of various weights (5; 10; 15 and 20 g) from the generally 
recognized melting / solidification point of nickel (1455 °C) can be quantified. 

Besides the identification of the influence of experimental conditions on the temperature of solidification and 
the total cooling curve of nickel shape during solidification, the paper focuses attention on the mapping and 
interpreting the response found during the solidification of steel sample and the resulting to liquidus (TL) and 
solidus (TS) temperature of this steel. Findings from the discussion about the influence of experimental 
conditions on the solidification point of nickel and shape of cooling curve are implemented in a contribution to 
the method of identifying the solidus and liquidus temperature at selected real steel grades. 

Keywords: Nickel, steel, direct thermal analysis, cooling curve, solidification 

1. INTRODUCTION  

Experimental conditions have essential effect on data which describe thermo-physical and thermo-dynamic 
properties of the investigated system [1-4]. Especially in this context, rate of the process of heating/cooling, 
the size (mass) of the sample, purity of internal furnace atmosphere may be mentioned. The authors already 
have a lot of experience using various methods of thermal analysis, e.g. [5-7]. Previous paper [8] was focused 
on detail study of the effect of mass and heating and cooling rate of the studied samples on shift of phase 
transformation temperatures on pure nickel samples under conditions of direct thermal analysis method 
(DirTA). The influence of boundary conditions of the experiment, whose can increase or decrease the phase 
transformation temperature and to verify the stability and reproducibility of these results was determined. 
Since, more experiments on nickel samples and also on steel samples were done. So, this paper is devoted 
only to cooling mode. But, it expands the discussion and implements obtained knowledge into results got for 
real steel grade. Determination of TL and TS of real steel grades is very important for next optimization of 
casting of steel in steelwork practice and also for proper setting of numerical simulations, e.g. [9, 10]. 
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2. EXPERIMENTAL METHOD AND CONDITIONS 

Method of direct thermal analysis (DirTA) is based on direct measurement of the temperature of the studied 
sample during its continuous linear heating/cooling. Experimental measurements based on a defined goal 
(high temperature phase transformation) were performed on a sample of pure metal with a high melting point 
(nickel with purity 99.995 %) and on selected real steel grade with approximately 0.08 wt.% C and 0.6 wt.% 
Mn. Sample of nickel standard with melting point 1455 °C [11] was used. Device for simultaneous thermal 
analysis Netzsch STA 449 F3 Jupiter was used. 

Nickel samples were prepared in form of stick with a diameter of 3.5 mm and a variable length up to 4 mm. 
Steel samples was prepared in one piece with diameter of 14 mm and approx. 20 mm length. Before the 
laboratory analysis samples have always been grinded, debarred of eventually oxidise layer and subsequently 
purified in acetone under the treatment with ultrasound.  

Analysis of pure nickel, the conditions of measurements was: cooling rates (5, 10, 15,  
20 °C.min-1). Samples with different mass (5, 10, 15, 20 g) were analysed. Each sample was analysed in a 
corundum crucible with a volume of about 4 ml. The analyses of nickel were realised after melting and next 
solidifying of nickel samples into uniform volume in the crucible. The mass of steel samples in interval from 23 
to 26 g and only one cooling rate (5 °C.min-1) was used. 

Constant dynamic inert atmosphere (Ar, 6N), which should minimize the possible oxidation of the analysed 
samples, was kept in the interior of furnace apparatus. Additionally, for this purpose, a system OTS (Oxygen 
Trap System) has been installed.  

3. RESULTS AND DISCUSSION 

With the use of the above mentioned experimental apparatus and method the temperatures of solidification 
point of "pure" nickel have been measured and the influence of experimental conditions was observed. 
Moreover, the measurements for selected steel grade were realised too. 

3.1. Solidification point temperatures of nickel st andard 

Solidification points of nickel samples were determined as maximum of the peak (local maximum temperature) 
on cooling curve [8]. 

Table 1  summarize obtained results like an influence of the mass of the sample and the chosen cooling rates 
on solidification point temperature of studied standard material (nickel). 

Table 1 Solidification point of the standard material in mode of the linear cooling, °C 

≈ Mass, g 
Cooling rate, °C.min-1 

5 10 15 20 

 1425 1425 1425 1367 

10 1440 1439 1441 1443 

15 1448 1446 1447 1444 

20 1448 1448 1447 1448 
 

Experimentally determined solidification point temperatures of "pure" nickel under cooling mode were found in 
the range of temperatures from 1367 to 1448 °C.  

The dependency of the shift of solidification point for the cooling mode on the mass of the sample was identified 
(Fig. 1 ). 
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With the increasing mass of the sample 
more significant shift of solidification 
point temperature to higher values 
occurs. This verdict is evidently for small 
masses (10 g, especially for 5 g), where 
it was significantly lower solidification 
point temperatures, caused by a large 
supercooling of the sample due to its 
small mass [12]. The results show a 
relatively large difference between the 
minimum and maximum measured 
temperature of solidification process.  
A temperature difference between these 
two extreme temperatures is 81°C. It is 
obvious that with increasing mass of the 
samples occurs the solidification point at 
higher temperatures - the supercooling 

of the samples is less. This trend can be also observed across the various cooling rates.  

It is evident that stable values independent on cooling rate were read for largest samples (20 g). On the basis 
of obtained results it seems that it is necessary to use samples of mass larger than 20 g to prevent the negative 
influence of experimental conditions during direct thermal analysis. Based on the difference between measured 
solidification point value (1448 °C) and generally accepted melting point for nickel (1455 °C) [11] can be set 
the correction value usable for measuring the phase transformation temperature during linear cooling in this 
high temperature area. The “real” temperature of such transformations should be 7 °C higher than read ones. 

Moreover, there were realised two experiments for large nickel samples (cca 20 g) and cooling rate  
5 °C.min-1 to prove the reproducibility of used methodology, see Fig. 2 .  

Very similar shape of both cooling 
curves is visible and the same 
solidification points (SP) values were 
read. The change of cooling curve slope 
at this point (IP) should be related to time 
when the phase transformation 
(solidification process) ends including its 
exothermal effect. Next shape of cooling 
curve is connected especially with 
temperature gradient between sample 
and environment in furnace. It is evident  
(Fig. 2 ) that the temperatures 
corresponding to IP on these two cooling 
curves differ (8 °C) for standard material. 

This difference should be related to different supercooling during both measurements. It can be assumed that 
this negative impact of experimental conditions will occur also for steel samples where IP temperature is often 
used for determination of TS. 

3.2. Determination of T L and T S for selected steel grade 

Next part of evaluation was focused on implementation of above acquired knowledge into methodology of  
TL and TS determination for real steel grade by DirTA method. TL and TS read from individual cooling curves 

 
Fig.  1 Nickel mass influence on the shift of solidification point 

temperature in mode of the linear cooling 

 
Fig.  2 Similar shape of cooling curves from two experiments 

under the same conditions for nickel 
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from realised experiments (experiment ID) and then corrected based on above identified temperature 
correction (+ 7°C) are summarised in Table 2 . 

Table 2 Measured and corrected TL and TS for studied steel grade, °C 

Experiment ID 
Measured temperature  Corrected temperature 

TL TS TL cor. TS cor. 

1 1514 1478 1521 1485 

2 1514 1477 1521 1484 

3 1513 1477 1520 1484 

4 1513 1478 1520 1485 

5 1513 1480 1520 1487 

6 1511 1473 1518 1480 

7 1514 1477 1521 1484 

8 1514 1476 1521 1483 

Although results are for a steel (a very heterogeneous material), it is clear that read TL are very close. The 
average TL after temperature correction is 1520 °C. This is only 1 °C lower value than TL determined for this 
steel grade based on DirTA method when heating mode was used [12, 13].  

More different values were obtained for 
TS (Table 2 ). Selected cooling curves 
obtained during DirTA for studied steel 
grade are plotted in Fig. 3 . The 
difference between maximal and 
minimal TS is 7 °C. On the other hand, 
this deviation is lower than deviation for 
above discussed results from 
measurements realised on pure nickel 
samples (8 °C), see Fig. 2 .  

These deviations are affected bz 
properties and different supercooling of 
measured steel samples and probably 
also with used methodology and its 
physical limitations. However, all 

measurements was realised based on relevant conditions and as mentioned, the deviation is lower than for 
nickel standard. So, an average value 1484 °C is fully relevant TS for this low carbon steel grade. This is only 
4 °C higher value than TS determined for this steel grade based on DirTA method when heating mode was 
used [12, 13]. 

4. CONCLUSION 

Thermo-physical and thermodynamic properties of metallic systems represent some of the most important 
data that allow us to describe their behaviour under strictly specified conditions. The experimental laboratory 
system for thermal analysis Netzsch STA 449 F3 Jupiter was used. In this paper, the influence of selected 
experimental conditions (sample mass, cooling rate) on a temperature of solidification point of "pure" nickel TL 

 
Fig.  3 TS (maximal, medium and lowest) read from individual 

cooling curves for studied steel grade 
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and TS of real steel grade was studied. Experimental measurements based on defined goal by method of direct 
thermal analysis have led to the following findings for standard material (nickel): 

1) Temperature interval for solidification point based on direct thermal analysis under linear cooling 
conditions is wide. The solidification point for most of sample mass was found in interval between 1440 
and 1448 °C. Thermal analysis of the smallest samples (5 g) led to lowest solidification point of nickel 
with an extreme value (1367 °C) if the highest heating rate (20 °C.min-1) was applied. 

2) Different trends were obtained if the solidification point for medium mass samples (10 g, 15 g) were 
determined for changing of cooling rates. Only, the solidification point for the largest samples (20 g) was 
stable despite of different cooling modes. So, it is necessary to use samples of mass larger than 20 g 
to prevent the negative influence of experimental conditions during direct thermal analysis. Moreover, 
the shift of inflection points on cooling curves was observed. 

3) The difference of measured solidification point against generally accepted melting point (7 °C) of nickel 
is used for correction of high temperature phase transformation temperatures readings from direct 
thermal analysis experiments of real steel.  

Above described knowledge was implemented to evaluation of DirTA results obtained for samples of low 
carbon steel grade: 

4) Based on set temperature correction (+7 °C), final TL and TS are very close (-1 °C/ +4 °C) to previous results 
based on heating mode. There was also observed a shift of TS for individual measurements, but deviations 
are not bigger than for standard material (nickel). 

Presented results led to new knowledge about thermal analysis method and used methodology, even though 
is robustness, will be analysed for better understanding to its limitation in further works. Nevertheless, obtained 
TL and TS are applicable into steelwork practice and into numerical modelling. 
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Abstract   

The paper deals with porosity of metallurgical sinter. It is aimed at the research on relation between porosity 
and reducibility of sinter. It evaluates the relation between these two properties in economical point of view of 
pig iron production. In the introduction, the paper sums up international experience with testing of materials 
porosity. It defines main qualitative properties of metallurgical sinter beside porosity such as its reducibility and 
disintegration in relation with porosity determination. In the main part, the paper presents results of porosity 
tests. It describes the experimental method used for it and conditions for it. There is compared porosity of 
samples with high and low reducibility. The effect of porosity on reducibility is studied. It is interpreted on the 
economics of production process. The effect of porosity sinter characterized with indicator of reducibility on 
gas consumption during pig iron production is presented.    

Keywords: Porosity, reducibility, economics of pig iron production, non-direct reduction 

1. INTRODUCTION     

Pore size and pore size distribution are important material characteristics in many processing applications. 
Determination of these material properties are significant for high product quality, optimized rejection rates and 
balanced economics of production processes such as those for catalysts, sintered materials, pharmaceutical 
products, and chromatographic carriers. In the field of metallurgical sinter, porosity of sinter relates to its 
reducibility and disintegration properties. [1] The aim of the paper is a study of relation between porosity and 
material reducibility respecting process parameters such as gas consumption or coke reserve. By comparison 
of lowly and highly reducible materials, the paper is focused on the description of possible porosity effects 
resulting in production process of pig iron. The paper contributes to the field of porosity material optimizing to 
define optimal properties of blast furnace feedstock for most convenient production meaning its productivity 
and economics. 

The best metallurgical properties are generally contemplated in sinter with pores less than 4 mm equally 
dispersed in the material. Sinter with unequally dispersed big pores is hardly reducible and little solid. The 
most solid is that one which has monolith stone structure, on the other hand its reducibility is very low and 
processing of this kind of sinter is typical of high fuel consumption. [2] The sinter porosity is decreased by 
increasing fuel consumption, decreasing ratio of reversible sinter and decreasing sinter basicity. [3] The sinter 
porosity evaluation is relevant primarily for sinter created from iron- bearing waste materials [4-6] or sinter with 
a biomass ratio [7]. These tests of reducibility are not easy to carry out because of reasons such as chemical 
composition, or sample weight. The study of general principles and relation between the porosity and the 
reducibility enables a prediction of reduction process in a production aggregate.  

In comparison with other kinds of material, there are just several work interested in porosity of metallurgical 
sinter. Shatokha et al. were concerned about sinter porosity analysis by application of 3D tomography method. 
In the paper the innovative X-ray tomography method for investigation of iron ore sinter porosity and 
experimental data about effect of sinter basicity and concentrate ration in the charge mixture on the total 
porosity of sinter have been presented. The paper compared the reducibility for samples with pre-measured 
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porosity. There was observed intensive reduction of sinter with basicity 0,8 which was explained by higher 
porosity of sinter sample. Positive effect of porosity on reducibility is proved by many authors. The porosity of 
metallurgical sinter in relation with sinter quality and its properties such as reducibility and strength is also 
studied by Bölükbaşi et al. The structure of sinter includes the presence of ferrites has beneficial properties for 
sinter strength and reducibility. The optimum structure, formed by a hematite nucleus surrounded by an 
acicular ferrite lattice, has been detected. [8, 9]  

We can classify pores according to how accessible they are to an external fluid. In this context, one category 
(closed pores) consists of pores that are inaccessible to an external fluid and totally isolated from their 
neighbors. Closed pores influence macroscopic properties such as bulk density, elasticity, mechanical 
strength, and thermal conductivity, but they are inactive in processes such as fluid flow and adsorption of 
gases. On the other hand, pores that have a navigable channel of communication with the external surface of 
the body are described as open pores. [1] Metallurgical sinter is highly porous material. Its porosity is usually 
from 30 % to 40 %.According the previous research, there are 21.5 % of open pores and 14.9 % of closed 
pores. [3] 

2. EXPERIMENTAL MATERIAL AND METHOD 

Samples of sinter used in Czech metallurgical companies were used for the study of porosity. There were 
chosen samples with very low and very high reducibility characterized by dR/dt index experimentally found out 
in laboratory LVVVS of Centre Enet at VSB - Technical university of Ostrava. Despite of different reducibility 
of these mentioned samples, their porosity was similar something above 30 %.  

Table 1  Properties of experimental material  

Sample dR/dt Porosity [%] K1 [-] K2 [-] K3 [-] 

1 0.53 32.77 0.01221 0.00369 0.00089 

2 1.31 34.28 0.00445 0.00307 0.00029 

 

Fig. 1 Porosity of samples before and after reduction test 

Table 1  summarizes the properties of the samples including the calculated kinetic constants characterizing 
their reduction from magnetite to hematite and iron oxide. The constants describe the reduction process of 
material and are important for further modelling of reduction process. Fig. 1  presents the porosity of samples 
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effected by test of reducibility according to ISO 4695. It is evident that reduction proces results in higher 
porosity of material. The porosity was tested by Archimedes immersion technique determing open pores of 
material. The porosity of samples was measured using Archimedes principle  that the buoyant force on a 
submerged object is equal to the weight of the fluid that is displaced by the object. For the final porosity 
calculation (1) dry weights, soaked weights and immersed weights in water were used.  

porosity 7%9 =  �2��/�2��0 ∙ 100                                                                                                                                           (1) 

G1  sample weight before immersion into water [g] 
G2 weight of immersed sample in water [g] 
G3 weight of soaked sample [g] 

3. RESULTS AND DISCUSSION 

Fig. 2 and Fig. 3 graphically present changes in concentration profiles of samples during reduction process. 
The output data calculated by mathematical model of reduction kinetics describe changes in concentration of 
iron oxides and in oxidation grade of blast furnace feedstock and blast furnace gas at the time of blast furnace 
feedstock descent in non-direct reduction zone in blast furnace aggregate. There is an obvious different in 
concentration changes between lowly and highly reducible samples.  

 
Fig. 2  Reduction process of sample 1 

 

Fig. 3  Reduction process of sample 2 
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The effect of blast furnace reduction time in non-direct reduction zone is interpreted in Fig. 3  and Fig. 5 . There 
are simulated changes in kinetics trends limits of carbon consumption as process time gets shorter.  

 

Fig. 4  Gas consumption of sample 1 reduction 

 

Fig. 5 Gas consumption of sample 2 reduction 

As the process time gets shorter, kinetics trends limits of carbon consumption moves to higher values. Despite 
of high porosity, the lowly reducible sample 2 affects on reducing gas consumption significantly. There is not 
observed a movement in the kinetic trends limits relating to the shorter time.   

Fig. 6 and Fig. 7  presents and optimizing area among reduction gas consumption, process time in non-direct 
reduction zone for well reducible sample number 1 and lowly reducible sample number 2.  
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Fig. 6 Optimizing area of sample 1 

 

Fig. 7 Optimizing area of sample 2 

3.1. Economical evaluation of samples 

The reduction of sample 1 and sample 2 is studied in the economical point of view of carbon consumption. 
The indicator ω as coke reserve was by model expressed for sample 1 as (2) and for sample 2 as (3) where 
CS is reduction gas consumption. ω = −0.4348 + 0.1764CS + 0.0168CS'                                                                                                                   (2) ω = −0.2366 + 0.2689CS + 0.0056CS'                                                                                                                   (3) 
The calculated coke reserve ω might be used as a recommendation for optimalization of blast furnace 
production to change wind humidity, amount of oxygen or to affect on iron ore feedstock reducibility, coke 
reactivity. It is a deviation determined from reducibility tests presenting a real coke reserve of used iron ores 
such as pellets or sinter. In economical point of view, fully exploitation of technological reducibility utilization of 
iron ore together with right orders management might present savings about 1.6 mil. CZK per year.[10, 11] 
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4. CONCLUSION 

The study mentioned in the paper presented the relation between the porosity and reducibility of metallurgical 
sample. The relation of these two properties was interpreted in process parameters such as iron oxides 
reduction in blast furnace aggregate or reduction gas consumption. For the interpretation a model of reduction 
process kinetics developed at Centre ENET, VSB - Technical University was used. The presented calculation 
and graphical evaluation confirmed that relation between reducibility and porosity is limited. Higher porosity 
does not significantly optimize the reduction process of really lowly reducible sinter.  Sample 2 presented in 
the paper with similar porosity to well reducible sample 1 did not prove a positive effect of porosity on its 
reducibility.  

ACKNOWLEDGEMENTS   

This paper has been elaborated in the framework of the project New creative teams in priorities of 
scientific research, reg. no. CZ.1.07/2.3.00/30.005 5, supported by Operational Programme Education 
for Competitiveness and co-financed by the European  Social Fund and the state budget of the Czech 

Republic. 

REFERENCES 

[1] KLOBES P., MEYER K., MUNRO R. G. Porosity and Specific Surface Area Measurements for Solid Materials. U.S. 
Government Printing Office: WASHINGTON, 2006.  

[2] BERNASOWSKI, M., LEDZIKI, A., STACHURA, R. KLIMCZYK A. Basic Structure of the Fuel Rate Optimization 
Model and Its Practical Use at the Blast Furnace Technology. In METAL 2014, 23rd International Conference on 
Metallurgy and Materials. Ostrava: TANGER. 2014, pp.  39-44.    

[3] SMOLINSKI, A., RUCHART-KOROL, D., KOROL, J. Chemometric study of the sinter mixtures used inter plants in 
Poland. Metalurgija, Vol. 54, No. 1, 2015, pp. 98-100. 

[4] Václavík, V., Dirner, V., Dvorský, T., Daxner, J. Use of blast furnace slag. Metalurgija. Vol. 51, No. 4, 2012, pp. 461-
464.  

[5] JURSOVÁ, S. Metallurgical Waste and Possibilities of Its Processing. In Metal 2010, 19th International Conference 
on Metallurgy and Materials: Ostrava: TANGER. 2010. pp. 115-120. 

[6] INGALDI, M., JURSOVÁ, S. Economy and Possibilities of Waste Utilization in Poland.  In Metal 2013, 22nd 
International Conference on Metallurgy and Materials, 15. - 17. 5. 2013, Brno, Czech Republic. pp. 1779-1784. 

[7] HONUS, S., BUKOWSKI, P. Maintenance Study of A Pilot Biomass Pyrolysis Installation. Applied Mechanics and 
Materials, Vol. 496-500, 2014, pp 947-952. 

[8] SHATOKHA, V.I., KOROBEYNIKOV, L. V., KOLBIN, N. A. Application of 3D Tomography Method for Analysis of 
Iron-Ore Sinter Porosity. Part 2: Open and Closed Porosity Characteristics. Metallurgical and Mining Industry, Vol. 
2, No. 6, 2010, pp. 384-389. 

[9] BÖLÜKBAŞI Ö. S., TUFAN B., BATAR T., ALTUN A. The Influence of Raw Material Composition on the Quality of 
Sinter. Nature and Science, Vol. 1, No. 9, 2013, pp. 37-47. 

[10] SANIUK, A., WITKOWSKI, K., SANIUK, S. Management of Production orders in metalworking production. In 
METAL 2013, 22nd International Conference on Metalurgy and Materials, pp. 2057-2062.  

[11] PUSTĚJOVSKÁ P., BROŽOVÁ S., JURSOVÁ, S. Environmental Benefits of Coke Consumption Decrease. In In 
METAL 2010, 19th International Conference on Metallurgy and Materials. Ostrava: TANGER. 2010, pp. 79-83.  

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

135 

BOTTOM TUYERES OF HIGH-TEMPERATURE UNITS - DIVISION, REQUIREMENTS AND 
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Abstract  

Special designs of nozzles or tuyeres are used in high-temperature units treating metal scrap for blowing 
gaseous technological media into the melt below the bath level. The higher technology utilisation of media is 
achieved by the blowing of media into the melt below the bath level. Due to the momentum of the discharge 
stream, which flows directly into the melt, the melt is set into intensive motion, which is very advantageous 
especially from the point of view of both temperature homogenization and homogenization concerning the 
chemical composition of the bath. The structural design of the majority of these tuyeres considers one or more 
channels composed of steel tubes or formed directly in the basic refractory material of the tuyere. From the 
point of view of structural design of these tuyeres, it is very important to know the dependence of exit 
parameters of blown media on the design parameters of the tuyere, in short on boundary conditions. The 
contribution contains division of and requirements for tuyeres and also description of chosen results of 
mathematical modelling of gaseous media flow through a channel with given dimensional parameters. 

Keywords : Mathematical simulation, homogenisation, tuyeres, gas blowing  

1. INTRODUCTION 

Perfect bath homogenization is a technologically very important factor that has, especially in the aggregates 
for the metals production, affect on the quality of the produced material. For the purpose of the melt 
homogenization so called tuyere blocks are used which are built-in into the refractory lining layer and are 
located primarily in the bottom of the hearth steel furnaces and ladles. Except tuyere blocks for example the 
homogenizing nozzles are used for the purpose of the steel homogenizing. This nozzles are inserted into the 
liquid bath from above [1]. They are mainly used in cases when it isn't for example from technological reasons 
possible to blow through bottom of the aggregate, in case where high work security is required and as backup 
device in case of failure of the buttom blowing device. 

Information about quality of the homogenization can be obtained in addition to experiment on a physical model 
of the aggregate also by numerical modeling [2], [3]. Experimental research of bath homogenization has task 
to determine the optimal operation method for homogenization, the number of tuyere blocks, number of jets , 
the number of nozzles and their placement in the hearth of the furnaces or in the bottom (walls) of the ladles 
or in other kind of metallurgical vessels. 

Special designs of tuyeres are used in high-temperature units for blowing gaseous technological media into 
the melt below the melt level [4]. This special tuyeres may be formed by one or more channels made of steel 
tubes or directly in the basic refractory material.  

2. DIVISION OF AND REQUIREMENTS FOR TUYERES  

All the types of tuyeres presented below, with the exception of nozzles introduced into the melt from above, 
are built in the refractory lining of thermal units. They can be divided as follows: 
a. tuyere blocks with directional and non-directional porosity 
b. ring tuyeres  
c. bifurcated tuyeres 
d. tube tuyeres 
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     A          A1          A2   C   D 

Fig. 1 A- non-directional porosity, A1-directional porosity, A2-MTP tuyere,  
C-bifurcated tuyere, D-tube tuyere 

Tuyeres of the groups A to C work with a relatively low gas flow rate less than about 0.3 m3.min-1.t-1. In 
metallurgical units, they are widely used. Their disadvantage is the fact that the only gaseous medium can be 
blown by them at the given instant of time. These tuyeres are not used for blowing oxygen into the bath. 

Tuyeres of the group D work with a higher gas flow rate and in addition, they are able to use simultaneously 
two different gaseous media, including oxygen. This group of nozzles can be also designated as bottom or 
underflow nozzles. They are used for the intensive blowing of oxygen together with a protective gas and make 
it possible to blow even lime dust in a mixture with a gaseous medium. These types of tuyeres have undergone 
expansion not only in the metallurgical but also in the energy and chemical industries, including e.g. high-
temperature units for waste treatment.  

General requirements for tuyeres can be characterised as follows: 

1) a gas blown must flow into the melt, if possible, in a form of a large quantity of bubbles of a small 
diameter (it must be dispersed as much as possible), 

2) in a certain time period, a tuyere must enable the flow of the required quantity of gas (pressure losses 
caused by the tuyere should be as small as possible; it is necessary to form a certain reserve here to 
avoid potential infiltration in the case of a drop in the pressure of the gas blown. In connection with the 
infiltration of steel it is necessary to say that, for example, in the course of ladle filling, it is recommended 
at tapping to maintain a small back pressure of the blown gas so that the ferrostatic pressure of the melt 
may be eliminated. During the transport of the ladle, this back pressure can be maintained by means of 
a gas vessel, which is equipped with a back valve and is mounted below the ladle or on a transfer car), 

3) a long life - or the wear of the tuyere should not differ much from the wear of other linings of the unit, 
where the tuyere is used (mechanical resistance at increased temperatures), 

4) maximum safety in the course of use, 
5) maximum economy (minimum purchase and operational costs). 

A tuyere is characterised above all by its permeability (this cannot be confused with so-called porosity in the 
case of tuyere blocks - because the closed pores are, from the point of view of gas conducting, of no 
importance). Permeability is the amount of gas passing through the cross sectional flow area of the tuyere per 
unit time observed.  

In the unit, tuyeres are located either in the bottom or in the side wall. The optimum location in the hearth of 
the given unit should be practically a result of model and in service tests.  

The optimum location of a tuyere must ensure: 
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• the achievement of maximum effects of bubbling of the gas through the liquid bath 

• the minimization of wear of unit lining 
• good access, maximum safety and minimum labouriousness in the course of tuyere replacement 

3. CHOSEN CALCULATION RESULTS 

For the calculation (mathematical modelling), it is necessary to acquire as accurate as possible data 
concerning both the entry of the gaseous medium and the geometric dimensions of the channel. Here, so-
called boundary conditions of calculation are referred to. The more accurate the determination of boundary 
conditions is, the more accurate results may be expected. 

It is very important to express the dependence of physical properties of blown medium [5] depending on its 
temperature and in the desired temperature range. In the Table 1  are given as examples of physical properties 
depending on temperature for argon. 

Table 1  Physical properties of argon depending upon temperature 

 

In practice, the calculations are performed in two steps. First, minimum mass flow rate of blown medium (Qm-

min) must be determined. Minimum mass flow rate of blown medium (Qm-min) is such mass flow rate that ensures 
the static pressure of it in the exit cross-section of the channel is equal to the ferrostatic pressure in the same 
point on given computational conditions. 

This mass quantity (Qm-min) theoretically ensures (at the given boundary conditions), that the liquid metal won´t 
penetrate into the tuyere channel. 

In the second step, the calculation for conditions (Qmp) corresponding to the defined operating state is 
performed. 

To designers it is important to know how design of tuyeres affects output parameters of blown media flow [6]. 
For the experiment, we have chosen one of many channels forming a so-called MTP (multiple tuyere plug - 
Fig. 1-A2 ) tuyere. 

Channel of the length of 750mm and the diameter of 3mm was tested. The temperature of argon at the entry 
into the channel T was 293K. We supposed that the channel was produced directly in the refractory lining. 
Argon we have chosen as the blown medium. Nominal mass flow rate was set Qmp=3.1298.10-4 kg.s-1. The 
goal of numerical solving of argon flow through a channel of the diameter d and the length l was to determine 
the distribution of basic state quantities v, p, ρ and T (velocity, pressure, density and temperature) along the 
length and in the exit (transversal) cross-section of the channel. Mass quantity Qm-min  was calculated, its value 
was determined to 0.78.10-4 kg.s-1 .  

The course of changes in the mean values of observed state quantities of argon along the length of the channel 
is documented by selected graphs given below. 

 Designation  Units Range Value, dependence 

Molecular weight MAr kg.kmol-1  39.95 

Density in normal state Nρ  kg.m
-3  

 1.784 

Specific heat capacity pc  J.kg-1K-1 T=<2 73-2000>[K] cp = 2.74E-7T3 –3.67E-6T2 +7.07E-
06T+ 520.3 

Thermal conductivity λ  W.m
-1

K
-1 

T=<2 73-2000>[K] 
λ = 5.53E-12T3 –2.18E-8T2+5.54E-

5T+0.0027 

Dynamic viscosity η  Pa.s T=<2 73-2000>[K] 
η = -1.28E-11T2 + 6.34E-08T +  

4.39E-6 
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Fig. 2 A course of the mean value of velocity along the length of the channel  

 

Fig. 3 A course of static pressure along the length of the channel (operating state) 

 

Fig. 4 A course of the mean value of density along the length of the channel 
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Fig. 5 A course of mean static temperature along the length of the channel 

4. CONCLUSION 

By the determination of Qm-min, a limit was determined below which the mass flow rate of gaseous media 
through one channel should not theoretically drop for the given length of the channel, the entry temperature of 
gaseous media and the static pressure in the exit cross-section.   

If we evaluate changes in the state quantities on given computational conditions in the operating state, which 
interests us most, the following can be stated: 

• temperature and velocity of flowing gas increased towards the exit cross-section (Fig. 2 , Fig. 5 ), 
• static pressure and density of flowing gas decreased towards the exit cross-section (Fig. 3 , Fig. 4 ), 
• the highest velocity is in central axis of the channel and the lowest velocity is near the walls of channel, 

density is changed in the same way and with temperature it is reversely, 

• with an increase in the entry temperature of gas at the constant length of the channel, a decrease in 
pressure loss, a change in density, an increment in temperature and velocity in the exit cross-section 
occur, 

• with an increase in the length of the channel at the constant entry temperature of gas, changes in all 
observed state quantities grow.  
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Abstract  

The aim of the study was to investigate the possibility of a partial upgrade of the existing technological line at 
the company Calumite s.r.o., intended for the treatment of blast furnace slag for its secondary use. The first 
step was detailed characterization of the materials by means of mechanical-physical parameters, among which 
are, for example, the particle size distribution, compressibility, and the angle of internal and external friction. 
In the next step, the method of magnetic separation was used to reduce the content of magnetic components 
in the samples, due to the potential of slag to also be used in the production of clear glass, among other types 
of use. Subsequently, it was examined how the original mechanical-physical characteristics of the measured 
samples have changed.  

The results suggest that the added magnetic separation operations allow us to declare the Fe content in the 
non-magnetic parts of the product below the 0.1% limit. There was; however, slightly less effective separation 
of the material. After the above-mentioned material treatment, we succeeded in both cases in reducing the 
wall friction and increasing compressibility of the product, whereas the angle of internal friction and flow-ability 
remained with unchanged modes. Therefore, in terms of economic considerations, the introduction of an 
additional operation with magnetic separation for the treatment of blast furnace slag on the technological line 
can be assessed as a suitable innovation, and the secondary product can be used for the production of clear 
glass. 

Keywords:  Slag, calumite, magnetic separation, internal and external angle, compressibility 

1.  INTRODUCTION 

Almost every operational activity is currently accompanied by the production of smaller or larger quantities of 
waste. This issue is addressed by waste management legislation within the EU, which emphasis reducing 
waste, reuse of generated waste, or its removal by applying only such methods that would not endanger human 
health or the environment. Secondary sources should gradually replace primary raw materials. However, this 
activity can be carried out only in places where it is technically possible and economically effective. As a result, 
we can help to reduce the material and energy intensity of production. These are basic alternatives that save 
natural resources and contribute significantly to environmental protection. Unfortunately there are often 
hazardous or toxic wastes that may pose a significant environmental hazard [1, 2, 3]. 

Businesses and companies that are faced with hazardous wastes try to eliminate hazardous substances using 
various technological processes or reusing the materials further within the production cycle. Metallurgy, as an 
industry engaged in the processing of ores and in metals production, is among the biggest polluters. In 
metallurgical operations there arise every year over 100 different types of industrial wastes, most of which fall 
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into the category of hazardous wastes. The composition of these wastes can vary and depends on the method 
and time of sampling in terms of the campaign stage of the plant, the phase of the technological cycle, the type 
of processed raw material, and on other factors [1, 4, 5]. Higher fees for landfill and waste collection should 
motivate firms and companies to reduce dumping waste, which still would become radically more expensive 
over the coming years (the Law on Waste being prepared foresees an increase in the fees for each tonne of 
waste delivered to landfill). According to the plan of the Ministry of the Environment, it will motivate businesses 
to recycle and incinerate waste on a larger scale. Law No. 185/2001 Coll. on waste and amending certain 
other laws, specifically in Annex 1 (Classes of Waste), in section Q8 - Residues from Industrial Processes, 
states that blast furnace slag is a hazardous waste; this study deals with this type of waste. The aim of the 
study is to show how slag, a hazardous waste, can be used as a raw material for further processing. An 
example is given in an existing technology, and there are other options shown as to how it can be innovated 
[3, 6, 7]. Among the current methods of using blast furnace slag waste are for example civil engineering, glass 
industry and production of mineral fibres [2]. 

2.  MATERIALS, EXPERIMENTS, AND METHODS 

Several kinds of blast furnace slag were used in the study (Fig. 1 ). After determining their basic mechanical 
and physical properties to examine the possibility of further use in a particular technology, only two samples 
were tested, which were interconnected technologically - Calumite® Slag and slag from ArcelorMittal a.s. 

Fig. 1  Blast furnace slag from various suppliers. ARM - ArcelorMittal Ostrava a.s., CAL - Calumite® Ostrava,  
UKR - Ukraine (Krivoy Rog), IND - India (Maharashtra) 

2.1.  Sieve analysis 

A sieve analysis was performed according to standard ČSN EN 933-1 (721193). This standard conforms to 
European Standard EN 933-1:2012.  We used Part 1: Determination of Particle Size, Sieve Analysis (content: 
5 Test equipment; 6 Preparation of test samples for analysis; 7 Test procedure; 8 Calculation and expression 
of results) [8]. 

2.2.  Angle of internal friction, wall friction and  compressibility  

The device used for bulk properties measurement was an FT4 Powder Rheometer [9]. 

Angle of internal friction: The rotary shear module for measuring friction parameters consists of a vessel 
containing the sample powder and a shear head to cause normal and shear stress. The blades of the shear 
head sink into the mass powder and the front face of the head starts to apply normal stress to the surface of 
the powder bed. The shear head moves downwards until sufficient and stable pressure is applied between the 
head and the powder bed. Then the shear head starts to rotate slowly and thus cause shear stress within the 
bulk mass. The shear plane is formed just below the end of the blades. Since the powder bed prevents rotation 
of the shear head, shear stress in the measuring plane increases until a slippage occurs. Then, the maximum 
value of transferred shear stress is recorded.  

1 mm 1 mm 1 mm 1 mm 
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Wall friction angle: The rotary shear module for the measurement of wall friction angle is similar to the case of 
measuring the angle of internal friction. The stainless steel contact surface of the shear head descends onto 
a powder sample, and the front surface of the head begins to introduce normal stress at a stable condition on 
the surface. Then shear stress is induced, which is incremented until a slippage occurs. 

Compressibility: Compressibility is measured as the change in volume or density, respectively, depending on 
a normal load. The data obtained are quantified by expressing the percentage compressibility for a normal 
load of 15 kPa applied by the module, which is part of the FT4 powder rheometer. 

2.3.  Magnetic separation 

Magnetic separation is used for the concentration of magnetic materials and for the removal of magnetizable 
particles from fluid streams. The separation is achieved by passing the suspensions or the mixtures of particles 
through a non-homogeneous magnetic field.  

This process leads to preferential retention or deflection of the magnetizable particles. The same objective is 
often achieved in a very different fashion, the common features being a competition between a wide spectrum 
of forces of various magnitudes and ranges. 

In magnetic separation the separating (differentiating) external force is the magnetic force. The separation of 
one material from another or the removal of magnetizable particles from streams depend upon their motion in 
response to the magnetic force and to other competing external forces, namely gravitational, inertial, 
hydrodynamic and centrifugal forces [10]. 

3.  RESULTS AND DISCUSSION  

From the results of the sieve analysis shown in Fig. 2  it applies that the slag material from the company 
ArcelorMittal a.s. is coarser than the other tested samples.  

  
 

 

Fig. 2  Results of the experiment - Granulometric Analysis (❶ ArcelorMittal, ❷ Calumite, ❸ India)          
Note:  Ok - value of specific surface area; dZ - grain size parameter; dm - size parameter of the particle mean diameter  
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This is also related to the value parameter of the specific surface area, which is the smallest in slag from 
ArcelorMittal a.s. (88.84 g/cm3). This is caused by the wide range of material sizes and moreover by the 
occurrence of large components in the sample. The slag material from India and slag from the company 
Calumite s.r.o. have a very similar granulometry. The only difference was found in the value of the specific 
surface area when the slag from the company Calumite s.r.o. has a greater value (217.71 g/cm3). The value 
of the specific surface area slag form India is 175.36 g/cm3. 

The company Calumite s.r.o., in cooperation with VSB-TU Ostrava, examined the treatment possibilities of the 
Calumite© product by magnetic separation to reduce the content of Fe from the average value of 0.15% to  
a value below 0.1% of Fe content. Then the material could be used for white and transparent glass, which is 
very sensitive to the Fe content in the input batch. This innovation would extend the portfolio that the company 
could offer to the market. A laboratory experiment which simulated this option - magnetic separation - was 
carried out on a magnetic separator with permanent magnets and magnetic induction of 0.84 T, from MEZ 
Mohelnice, type: AP71-1 (year of manufacture: 1965). The company dealt with this idea already in the past 
when increasing the performance of the magnetic separator which was already present in the manufacturing 
process. But this resulted only in the removal of a large amount of slag that could normally be further used. 
Therefore, the company Calumite s.r.o. is now interested in innovating the process line in another way so as 
to allow separation of the slag part containing less than 0.1 % of Fe. The resulting values of the described 
laboratory experiment are shown in Table 1 . 

Table 1  Results of experiment - magnetic separation of slag Calumite© and ArcelorMittal a.s. 

Product 

Calumite © ArcelorMittal a.s. 

Return 
Content 

Fe 

Yield 

Fe 
Return 

Content 

Fe 

Yield 

Fe 

 [%] [%] [%] [%] [%] [%] 

Concentrate (NMP) 38.56 0.0815 20.45 36.52 0.1298 23.92 

Waste (MP) 61.44 0.1989 79.55 63.48 0.2375 76.08 

feed 100.00 0.1536 100.0 100.00 0.1981 100.0 

Note: NMP (Non - Magnetic Product); MP (Magnetic Product) 

The results indicate that the Fe content in the sample of Calumite® slag fell below 0.1 %. This NMP product is 
therefore suitable for the production of white and clear glass. Technologically untreated ArcelorMittal a.s. slag 
showed a content of 0.1298 % of iron after its magnetic separation. The fact is closely related to the number 
of steps (mag. separation) on the production line. 

For non-magnetic and magnetic products, we measured their mechanical-physical parameters such as the 
angle of internal friction, wall friction angle and compressibility to detect changes in the mentioned properties 
due to magnetic separation of samples, i.e., the change in the composition by removing Fe from the Calumite® 
sample as far as below 0.1 %. Shear properties are important, for example, in determining the degree of 
difficulty in putting a consolidated material into motion. In order to make a slag powder flow (e.g., transport of 
material, storage, vaulting), it is necessary to overcome the yield strength of the material. This property is 
affected by the physical characteristics of the material, including its shape, size, particle surface, and the 
content of moisture or other additives. It is obvious from the resulting data (Table 2 ) that the parameters which 
are affected by magnetic separation the most are compressibility and the wall friction angle; this is more 
marked in slag from ArcelorMittal a.s. Wall friction after magnetic separation decreases to about 37 %, which 
indicates easier movement of loose slag along a contact material. Conversely, the angle of internal friction is, 
in both cases, nearly the same. This phenomenon implies the fact that the angle of internal friction is not 
dependent on Fe content in the sample. 
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Table 2 Mechanical and physical properties of slag samples before and after magnetic separation 

Material - Slag ArcelorMittal 
ArcelorMittal 

after MS 
Calumite 

Calumite 

after MS 
India 

Angle of Internal Friction, [°] 44.5 44.8 41.4 40.1 46.7 

Flowability, - Easy-flowing material 

Wall friction angle, [°] 18.80 11.80 26.10 23.00 25.30 

Compressibility (15 kPa), [%] 3.36 6.76 2.76 3.11 2.13 

Bulk density, [g.cm-3] 1.27 2.19 1.62 1.96 1.21 

Compressibility is a measure of volume changes or density, respectively, depending on the normal load. 
Generally, cohesive powders are more compressible, unlike raw bulk materials with coarser granulometry. It 
is clear from the data that compressibility rose after magnetic separation in both cases, up to twice in the 
ArcelorMittal a.s. sample. After the magnetic separation, the material would become easier compactable, can 
be rolled easier or shaped otherwise. This difference is not very significant in the Calumite® slag. This is mainly 
due to the fact that the Calumite® slag has already undergone several treatments in the preceding technological 
process - i.e., it is a final product. 

 

Fig. 3  Changes in the compressibility of slag samples before (full line) and after (dashed line) magnetic 
separation (---- India, ---- Calumite®, ---- ArcelorMittal a.s.) 

4.  CONCLUSIONS  

Magnetic separation of two samples of slag - Calumite® and ArcelorMittal a.s. - led not only to a change in 
content of magnetic components, but also to a change in the mechanical and physical parameters of the 
samples. Both cases proved a decrease in the value of the wall friction angle due to the additional process of 
magnetic separation. This leads to a reduction in frictional forces between the slag and powder material with 
which it may be in contact. After magnetic separation, the slag features a reduction in energy intensity in terms 
of the flow of the bulk material being tested, for example, through a discharge chute. Reduced Fe content 
affected the wall friction angle values more than the angle of internal friction values. With the change in the 
composition, hardly any values of angle of internal friction changed. Compressibility values in the samples 
after treatment by magnetic separation had a growing character. The material can be compacted, rolled, or 
shaped otherwise to a greater extent. 

It is evident from the results that the additional process of magnetic separation could be incorporated into the 
existing technological line, which would then enable disassociation of the raw material into magnetic and non-
magnetic parts. In this respect; however, it would probably be necessary to increase the "in-process" controls 

Before - After 

Normal 
Stress 
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of the product, especially for the non-magnetic part of the product used for the production of clear glass. 
However, for the introduction of the above-mentioned innovation, it is necessary to prepare an economic 
balance of the company and to collect more data by additional measuring. 
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MATHEMATICAL 3D MODEL OF MOTION OF BURDEN MATERIALS  IN THE BELL-LESS 
BLAST FURNACE TOP AFTER LEAVING THE ROTATING CHUTE 
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Abstract  

Last year we presented the mathematical model of the motion of burden materials in the bell-less blast furnace 
top of the type Paul Wurth or Vitkovice. The article from previous year concerned namely with one phase of 
the motion - motion at the rotating chute. In the actual article we continue with describing of following phase of 
the motion - downfall of burden materials after leaving the rotating chute. 

Keywords: Blast furnace, bell-less top, 3D mathematical model 

1. INTRODUCTION  

This article closely relates to our article from the last year [1] where we concerned with one of basal phases of 
the motion of burden materials poured into the blast furnace equipped with the bell-less top of the type 
Vítkovice or Paul Wurth. The cardinal part of both of them is the rotary and foldable chute. In the introduction 
of [1] we described principles of functioning of both top types as well as fundamental differences in their work. 
Both articles result from the original mathematical model published already in [2] and [3]. This initial 
mathematical model comprehended only two basal phases of the motion of burden materials in the bell-less 
top - the motion of burden materials at the top chute and falling of these after leaving the chute. The phase 
falling of burden materials after leaving the top chute covers the motion of burden materials from the moment 
of leaving the chute to impact of these to upper stock layers. Thus, this phase immediately concurs to the 
phase described in [2]. 

Falling of burden materials after leaving the top chute was described in the initial mathematical model only by 
the kinetic equation of a single representative particle. The front gas resistance during the fall after leaving the 
chute cannot be generally neglected unlike it was possible for the motion at the chute. Because particles 
moving at the chute are parts of a coherent layer the front gas resistance for single particle is equal to zero. 
By contrast, after leaving the chute single particles are not parts of any coherent flow namely by the top gas 
flow incidence. That’s why especially little particles can be considerable influenced by front resistance of 
gaseous environment. 

2. FORMULATION OF THE PROBLEM, COORDINATE SYSTEMS A ND MARKING  

Falling of bigger particle for that the front gas resistance can be neglected represents in physical view a simple 
skew shot, i.e. a plane motion in a vertical falling plane. The vertical falling plane is given by the initial point 
and by the initial velocity, i.e. by the point in which the material leaves the chute tip and by its velocity in this 
point. Because the direction of the top gas contraflow is generally vertical either smaller particle for which the 
front gas resistance already cannot be neglected is to be moving in the same falling plane. But the trajectory 
of such particle motion is not a ballistic curve because the direction of front resistance of gaseous environment 
is generally different from the direction of the particle velocity. Extremely small particles (e.g. dust particles) 
can be even flushed away by the top gas flow. 

For mentioned assumptions the fall of burden materials after leaving the chute represents a 2D problem in the 
falling plane. But the data from the vertical falling plane cannot be directly used to determinate the particle 
location in the top. The falling plane generally does not contain the top axis and this plane concrete location 
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depends on more factors. To determine the particle location after leaving the chute as well as to describe the 
burden layers depositing the cylindrical coordinate system {φ, r, H} seems to be the most sufficient, where 

φ  is the angle of the general half plane, i.e. the coordinate half plane bounded by the top axis, 

r  is the distance from the top axis, 

H  is the distance from a specific plane, usually from the plane called the technological zero.  

In following the coordinate system {φ, r, H} is denoted as the top coordinate system. In the top coordinate 
system we solve again the 3D problem. But in the kinetic equation of a single representative particle notation 
we prefer the Cartesian coordinate system - especially the falling plane coordinate system which’s the first 
axis is horizontal, lies in the falling plane and intersects the vertical axis in the point O where the particle leaves 
the chute. Thus, the origin O of this coordinate system depends on the result of the first phase of the particle 
falling. 

In arbitrary Cartesian coordinate system firmly connected with the top the moving particle is influenced by a 
non-conservative system of three forces - the force of gravity Fg , the force of static buoyancy and the force of 
front resistance of environment E. 

In consequence of concrete conditions and of comparison with the force of gravity the force of static buoyancy 
can be entirely neglected. But the force of front resistance of environment cannot be generally neglected 
because particles of burden materials are influenced by the chute rotation and thus don’t create sufficiently 
coherent flow. Mentioned conditions enable to formulate the kinetic equation of the motion of a particle 

EF
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m   ,  (1) 

with initial conditions 
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     ,       . (2) 

In following review we introduce notation used in the kinetic equation and in initial conditions as well as in other 
equations and expressions (e.g. the transformation of the problem solution from the falling plane coordinate 
system to the top coordinate system), see also Fig. 1 : 

p  position vector of a particle in the Cartesian top coordinate system or directly in the falling plane 
coordinate system, respectively, 

m  mass of a particle, 

g  acceleration due to gravity (g denotes magnitude of vector g), 

t   time, 

tout  time in that a particle leaves the chute, 

ω  angular velocity of the chute (ω = 2π∙f  where f is frequency of the chute rotation), 

vω  velocity of the chute tip with respect to the top in time tout, 

v’  velocity of a particle with respect to the chute, v’out = v’ (tout), 

v  velocity of a particle with respect to the, vout = v(tout), vout = v’out + vω , 

vg  velocity of the top gas in corresponding point of the top (with respect to the top), 

v r  velocity of a particle with respect to the top gas flow, i.e. v r = v  - vg , 

vx horizontal component of the velocity v, 

vx1 horizontal radial component of the velocity v, 

vx2 horizontal transversal component of the velocity v, 

vy vertical component of the velocity v, 
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β  angle between the falling plane of a particle and the general half plane given by the point in 
which the particle leaves the chute, 

rout, Hout coordinates r, H of the chute tip for t = tout . 

 

Fig. 1   Simplified floor projection of falling of a particle after leaving the chute 

3. CONCRETIZATION OF THE KINETIC EQUATION AND PROPO SAL FOR OUTPUT PROCESSING  

The force of gravity Fg in the equation (1) is vertical and is given by relation 

gF ⋅= mg    .  (3) 

The force of front resistance of environment E in the equation (1) antagonizes the motion of a particle with 
respect to the top gas flow. The direction of the force E is equal to the direction of the relative velocity vr of a 
particle with respect to the top gas flow. The magnitude of velocity vr must be also used to calculate the 
magnitude of the force E. 

Assuming vertical direction of the top gas velocity the fall of a particle proceeds in the same falling plane as if 
the environment resistance could be neglected. 

Dependence of the magnitude E of the force E is very complex problem in general. Relationship between 
laminar and turbulent flow character depends on many factors, especially on physical properties of a particle 
and on relative velocity of a particle with respect to environment. The Newton’s relation 

2
rvkmE ⋅⋅=   (4) 

serves the purpose for objective conditions in the blast furnace. There k  is constant of proportionality 
dependent on shape, characteristic size and density of a particle and on density of environment. 

For assumptions mentioned above the force E satisfies equation 
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r

r
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The kinetic equation (1) comes after substitution and rearrangement into form 
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Thus, the kinetic equation (6) can be written in form 
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with initial condition 
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whereas the position vector p satisfies 
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The result of mathematical modelling is the ascertaining that the force of environment resistance influences 
only trajectory of very small particles. Such particles are usually removed from the stock but other can be made 
later during burdening. 

If the environment resistance is neglected the motion of a particle is in physical point of view the simple skew 
shot and its trajectory is a part of appropriate quadratic parabola. But the tangent in the initial point of this 
trajectory is generally not parallel to the cylindrical surface of the chute (simpler mathematical models e.g. [5] 
consider the direction of the material velocity at the chute to be equal to the direction of the longitudinal chute 
axis). 

In Cartesian falling plane coordinate system the data of positon and velocity of a particle after leaving the chute 
can by relatively simply obtained. However cylindrical coordinate system of the top appears to be much suitable 
to describe the position p = (px, py) of a particle (Fig. 1 ): 

βcos222 ⋅⋅⋅++= xoutxout prprr    ,  (11) 

yout pHH +=    .  (12) 

In other considerations of the motion of a particle after impact on the top surface or on burden layer we 
advantageously use separation of horizontal component vx of the velocity v = (vx, vy) of a particle into radial 
component vx1 and transversal component vx2 (Fig. 1 ), for example 
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4. ACENTRAL FALL  

One of results of the mentioned mathematical model use is detection of sources of acentral fall that can evoke 
large non-uniformity of burden distribution. 

Calculations for discrete angle positions of the chute in the bell-less top of the type Vítkovice require 
implementation of function 

( )Hfr =   ,  (14) 

that indicates how the radius r of the stock ridge depends on the depth H if other parameters of material pouring 
are constant. This function is usually (and roughly) called falling curve. In our mathematical model the distance 
r of a particle is function of the depth H. 
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The mathematical model verity was compared with outputs of experimental measurements from the very 
beginning. But empiric (measured) falling curves and theoretical (computed) ones were sometimes significantly 
different. One of causes of these differences could be measuring inaccuracies. Only small number of measured 
data was available to obtain empiric curves, so inaccuracy of even only one of these could significantly 
influence the resulting curve. 

Other cardinal source of mentioned differences between empiric and theoretical curves was detected just with 
the help of the introduced mathematical model. During modelling we found that resulting falling curve could be 
significantly influenced by initial conditions of the burden materials motion at the chute. The flow of burden 
materials is falling from the not centrally situated stack and does not impact the chute centrally, i.e. the axis of 
the burden materials flow is not equal to the axis of the top (that’s why we use the term acentral fall). In 
consequence of acentral fall, initial conditions of the motion at the chute change during one revolution of the 
chute. Hence particles leave the chute with various velocities (with respect to the chute) during one revolution 
of the chute. Namely differences of velocity directions are very significant because these influence the 
magnitude of angle β and consequently even the form of the r = f(H). Differences between empiric and 
theoretical curve then can be caused by using points that belong to various theoretical curves to create one 
resulting empiric curve. 

If the upper surface of burden stock was a plane than the stock ridge built up during one revolution of the chute 
with constant inclination would not, in consequence of acentral fall, represent a circle with the circumcenter on 
the top axis. Such stock ridge would roughly have a shape of a circle but its circumcenter would lie outside the 
top axis. An effect of acentral fall then could be sizable differences of ratio ore/coke distribution in different axis 
cuts of the top. Sizable differences are especially produced in situation when the top is equipped with two 
stacks and one stack is used for coke whereas the other stack is used for ore. 

5. CONCLUSION 

Presented mathematical model describes in simplified form only two basal phases of the motion of burden 
materials in a bell-less blast furnace top. Results of calculation considerably depend not only on initial data but 
also on other parameters whereas some of these parameters are largely problematic. The model itself does 
not enable to obtain sufficiently precise information on real stock distribution. But the model enables to analyze 
outputs of realized measuring or respectively to complete measured outputs. Furthermore, the model enables 
to study how individual parameters influence the resulting burden distribution. With the help of the model the 
phenomenon of acentral fall was established and described. 
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Abstract   

Metallurgical production in blast furnaces is characterized by its high energy intensity and complex nature of 
production. Pig iron as input raw material also contains various other elements. These elements are contained 
in pig iron in the form of compounds, and some of them can be described as harmful for metallurgical 
production. Harmful elements have a negative impact on the production process, the final product of 
metallurgical production and some of these elements also have a negative impact on the environment. These 
elements must be removed by means of various methods because of their deteriorative impact on production. 
This article deals with the analysis of the presence of harmful elements in the blast furnace process and the 
potential methods of their removal. 

Keywords: Harmful elements, blast furnace process, iron 

1. INTRODUCTION 

Blast furnace process of production of pig iron represents the first step of metallurgical cycle at the end of 
which we obtain various products from a material based on iron [1, 2]. The pig iron production is characterized 
by extensive movements of raw materials and products, as well as by enormous energy consumption. The 
basic input raw materials of the blast furnace include metalliferous materials, slag-making materials and fuel. 
The charge materials should be balanced, with a low share of fine-grained particles and sufficient mechanical 
strength. Metalliferrous materials should have optimal lumpiness and good reducibility. Another prerequisite of 
metalliferous materials is high iron content and low content of undesirable components. The most common 
metalliferrous materials used in the production of pig iron include iron ore or metal waste materials from 
industrial production. In an effort to remain competitive, metallurgical enterprises have been trying to reduce 
their production costs and thus the price of their products. Cutting purchasing costs of raw materials is a 
possible method of cost reduction at the current period of high prices of raw materials and energies [6, 7, 8]. 
The efforts focused on buying cheaper inputs, however, often lead to the use of iron ore of inferior quality with 
a higher content of harmful substances. 

Iron ore is one of the key raw materials of metallurgical enterprises [3, 12]. Undesirable elements that are 
present in iron ores do not behave the same way during the blast furnace process. The main harmful elements 
include, in particular, sulphur, zinc, lead, copper and cadmium [13]. Sulphide sulphur is relatively easy to 
remove. Other harmful elements can be removed using added chlorides during the sintering process, or by 
providing reducing conditions. The difficult removal of undesirable elements during the treatment of ore is 
caused by their even distribution in the raw materials and by the fact that they not merge into gas phase in 
cases where chlorinating agent is not used. Some elements do not cause problems in the production of pig 
iron, but they are considered to be harmful, because they interfere with the steelmaking processes following 
the production of iron, or as a result of their negative impact on the environment. Harmful effects of the 
individual elements must be assessed in a complex way, based on the knowledge of iron production [9, 10]. 

The above mentioned harmful elements must be removed in a suitable way during the production of iron with 
regards to the costs of production [4, 11]. The aim of this article is to analyze the possibility of removing harmful 
elements in production of iron. The values of selected harmful elements in the individual iron ores have been 
obtained on the basis of a research conducted in a monitored metallurgical enterprise. 
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2. EXPREIMENTAL WORK 

The research is focused on the content of selected harmful elements, especially phosphorus, sulphur and zinc 
in the input raw material - iron ore. The results of the measured values of these undesirable elements are 
summarized in Table 1 . The content of each element is expressed in percentage value and is also quantified 
as a weight per 1000 t of iron ore. The concentrations of the individual elements are expressed in kg·1000 t-1 
of iron ore, as a result of their lower concentrations. 

Table 1  Content of iron and harmful elements per 1000 t of iron ore 

Ore P [%] P [kg] S [%] S [kg] Zn [%] Zn [kg] 

Zaporozhye sinter ore 0.03 300 0.02 200 0.005 50 

Jugok concentrate 0.02 200 0.05 500 0.004 40 

Lebedinskiy concentrate 0.02 200 0.04 400 0.004 40 

Sevgok concentrate 0.018 180 0.045 450 0.004 40 

Fig. 1  shows the percentage share of the individual harmful elements per 1000 t of input raw material. Despite 
the fact that the individual harmful elements are contained in ores in negligible amounts, they have a negative 
effect on the production of iron and it is desirable to remove them by means of various methods. According to 
the measured values, sulphur has the highest proportion among the undesirable elements, with values ranging 
from 0.02 to 0.05%. The lowest proportion in the examined ores was measured in case of zinc, with content 
ranging from 0.004% to 0.005%. 

 

Fig. 1  Proportion of harmful elements in % per 1000 t of ore 

2.1. Methods of removal of sulphur  

Sulphur is a harmful component especially in steel, because it causes its brittleness [5]. Pig iron should contain 
as little sulphur as possible, only hundreds of percent. In order to remove it, it must be converted into a 
compound insoluble in iron, which can be firmly bound in slag. CaS is an example of such a compound. This 
compound can be produced by adding CaO into the blast furnace. The reaction of sulphur with calcium oxide 
is the main desulfurization reaction in the blast furnace. The chemical reaction is as follows: 

FeS + CaO + C (coke) = Fe (l) + CaS + CO (g)                       (1) 
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The reaction of FeS with CaO produces a solid substance - CaS, which can be absorbed in blast furnace slag. 

Another method of removal of sulphur is the utilization of MgO. Desulphurization by means of magnesium 
oxide follows a reaction producing a solid substance - MgS absorbed in slag: 

FeS + MgO + C (coke) = MgS + Fe (l) a CO (g)           (2) 

A simultaneous application of lime and magnesium is one of the methods of removal of sulphur. In terms of 
expensiveness, the desulphurization of iron is a cost-intensive process, but it is very important to improve the 
properties of the final product. 

2.2. Reduction of phosphorus  

Phosphorus enters the blast furnace process especially in the form of phosphorite Ca3P208 or as vivianite 
Fe3P208·8 H2O. Most of it passes into the produced pig iron. In majority of produced steel grades, the presence 
of phosphorus is very harmful and reduces the value of the pig iron, which is why it is necessary to minimize 
its content. Its content can be reduced by selecting suitable charge. 

At reduction temperatures phosphorus oxide is only in gaseous state, and phosphorus and its oxides are 
temporarily generated during the reduction by means of hydrogen. The reduction of phosphorus proceeds 
according to the following reaction: 

2 P2O2 (g) + 10 H2 = P4 (g) + 10 H2O                        (3) 

P4 (g) + 6 H2 = 4 PH3 (g)                         (4) 

Phosphides of iron Fe2P or Fe3P emerge during the reduction of vivianite. The reduction by means of hydrogen 
starts at the temperature of about 400 °C and ends around 1300 °C. Reduction by means of carbon monoxide 
proceeds in similar fashion. The individual reactions are: 

2 Fe3(PO4)2 + 16 C = 3 Fe3P + P + 16 CO                       (5) 

Fe3(PO4)2 + 8 C = Fe3P + P + 8 CO                        (6) 

The resulting phosphides can be further reduced by iron oxide, as a reaction of: 

2 Fe3P + 5 FeO = P2O5 + 11 Fe                         (7) 

The presented reactions show that phosphorus can be perfectly reduced up to the reduction of iron itself. 

If phosphorus is present in ore in the form of phosphorite, it is reduced by carbon and the reduction takes place 
at the temperature of 1100 °C: 

Ca3P208 + 8 C = Ca3P2 + 8 CO                         (8) 

Most of the phosphorus contained in the ores is reduced to a liquid phase, when the concentration of P2O5 in 
slag gradually decreases and, after certain time, the process stops. The reduction of phosphorus in the blast 
furnace process is therefore almost perfect. The concentration of phosphorus in pig iron can be influenced 
only by the choice of suitable input raw materials. 

2.3. Reduction of zinc 

Zinc in iron ores is found in the form of different compounds. Its negative impact is primarily felt on the blast 
furnace lining. It becomes gaseous in the form of ZnO and it is depositing on various parts of blast furnace 
during the blast furnace process. Zinc can be removed from the blast furnace by maintaining the temperature 
at around 400 °C in the centre of the furnace, and zinc is removed together with the blast furnace gas in the 
form of fine ZnO particles, which are completely captured during the treatment of the blast furnace gas. If 
calcium oxide is present as well, it can react together with zinc according to the following reaction: 
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ZnS + CaO + C = Zn + CaS + CO                        (9) 

At the same time, there will be a reaction with carbon and iron: 

ZnS + Fe = Zn + FeS                        (10) 

ZnO + C = Zn (g) + CO                        (11) 

Zinc gets into the blast furnace in ore and coke. The resulting vapours containing zinc go upwards during the 
blast furnace process, and they form a closed cycle of the circulation of Zn and increase its content in the blast 
furnace shaft. One part is deposited in the pores and cracks in the lining, while the volume of zinc increases 
during the transition from solid to gaseous state, which can cause cracking of the lining. Zn cycle in the blast 
furnace is shown in Fig. 2 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2 Zn cycle in production of pig iron [1] 

3. CONCLUSION 

The conducted research has shown the amount of selected harmful elements contained in the analyzed four 
types of iron ores. The research was focused on sulphur, phosphorus and zinc. In terms of the blast furnace 
processes and the product quality as well, it is necessary to reduce these elements in pig iron in a suitable 
way. Especially the removal of sulphur is a costly process, because it is necessary to add CaO or MgO into 
the blast furnace process, which increases the production costs. Adding CaO, however, has a positive impact 
on the reduction of not only sulphur during the production of iron, but also on the reduction of Zn. 

At present time, when the prices of raw materials are high, metallurgical companies have been trying to save 
costs spent on the purchase of iron ore and coal. However, the purchase of low-quality ore is also associated 
with higher levels of undesirable elements that may ultimately lead to an increase in production costs. Costs 
will go up primarily as a result of removing harmful elements in order to achieve an optimal production process 
and the desired quality of the final product. Metallurgical enterprises should focus on monitoring the quality of 
input raw materials and the content of the individual harmful elements. 

Z
n 

Zn in slag             Zn in pig iron 

Zn in blast furnace gas Zn in coke, ore 
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Abstract  

In the steel industry, requirements for production optimization by the help of decreasing of energy and 
economical demands are increasing at the production of alloyed steels in the EAF. During the treatment of 
alloyed steel charging in the EAF containing chromium, its loss by oxidation and by the transition into slag 
happens. Chromium oxidation in the EAF happens during particular technological operations, however in 
different intensity. The main part of chromium loss from the melting happens during the oxidation period in 
which oxygen is blown with the aim of ensuring of basic refining reactions and melting decarbonisation. The 
chromium transition and its increase in the form of chromium oxides in the slag influences its properties which 
is shown by the creation of slag crust with the high viscosity which decreases the slag reactivity and prevents 
it from creation of foam slag during production of steel in the EAF. In the presenting paper, basic possibilities of 
Cr2O3 reduction from the slag at using of various reduction agents, application ways and technology modification 
of melting are given together with the proposal of theoretical calculation of consumption of chosen refining agents 
presenting silicon and aluminium for the conditions of steelwork VHM a.s.  

Keywords:  Slag mode, slag creation, slag reduction, high-alloyed steels, electric arc furnace 

1. INTRODUCTION 

Chromium content in the high-alloyed steels is generally between 8 to 30 wt. %. During the melting of steel 
charging containing chromium, its loss by the oxidation and transition into slag at the steel production in the 
electric arc furnace (hereinafter EAF) occurs. The first losses already occur during the charging melting in 
the EAF but the main part of the chromium loss from the melt occur during the oxidation phase when oxygen 
is blown with the aim of ensuring of basic refining reactions and melting decarbonisation. The high content 
of chromium in the slag influences it is properties which is shown by the creation of slag crust with the high 
viscosity which decreases the slag reactivity and prevents it from creation of foam slag during steel 
production in the EAF [1, 2]. In this presenting paper, basic possibilities of reduction of chromium oxides 
from the slag at usage of various reduction agents, application ways and technology modification of melting 
at production of high alloyed steels in the EAF are given. 

2. REDUCTION OF CHROMIUM OXIDES FROM THE SLAG AT PR ODUCTION OF HIGH-ALLOYED 
STEELS 

Efficient reduction of chromium oxides from the slag at production of high-alloyed steels depends on the choice 
of suitable reduction agent and applied technology of reduction during the steel treatment in the EAF. Applied 
technology and a suitable reduction agent should ensure the high degree of reduction of chromium oxide from 
the slag.  However, the choice of reduction agent depends on the equipment and technology possibilities of 
the running EAF. Silicon, carbon, aluminium and calcium carbide belong between the used reduction agents. 
Several technologies were developed and applied in the plant conditions but it is necessary to minimize the 
losses in the period of melting and primarily during the oxidation period for the efficient reduction [1]. 
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The first step for controlled reduction of chromium oxides or control over the chromium content in the melt is 
the usage of steel charging or ferroalloys (FeSi) with a high contest of silicon, namely at ensuring its content 
0.3 wt. % after charging melting. Silicon decreases the rate of chromium oxidation at low temperatures which 
can be used during the charging melting when the carbon is an efficient reduction agent at sufficient 
concentration and higher temperatures. In the following oxidation phase, reduction of chromium oxides with 
the silicon in the melt continues [1, 3]. Reduction of chromium oxides with silicon takes place according to the 
following chemical reaction: 

(��'=+) + 1,57s�9 = 27��9 + 1,5(s�=')            (1) 

The results of reduction of chromium oxides are 
oxides in case of silicon and aluminium which 
decrease the slag alkalinity and it leads to the 
necessity of lime addition and to the increase of 
slag amount in the EAF. Basicity or alkalinity 
presents an important parameter influencing the 
reduction of chromium oxides from the slag. 
Higher slag basicity positively influences the 
reduction of chromium oxides from the slag, as 
you can see in Fig. 1 . According to the results 
of in Fig. 1 , slag basicity should be in the range 
from B = 1.4 to 1.8 [1, 4]. 
 

Technology of carbon blowing to the slag is used for limitation of range of chromium oxidation because it is 
economically more favourable than reduction with silicon or aluminium. Reduction of chromium oxides with 
carbon is realized in the plant conditions by the carbon blowing which reacts with oxides in the slag at 
creation of carbon monoxide supporting creation of foam slag. However, a high slag temperature is 
necessary for efficient reduction of chromium oxides at carbon blowing. That is why carbon blowing is 
realized at parallel oxygen blowing in the oxidation phase. Reduction of chromium oxides with carbon takes 
place according to the following equation: (��'=+) + 3�(�) = 27��9 + 3�=(c)            (2) 

Technology of calcium carbide blowing is used except of technology using silicon, aluminium of carbon blowing 
as a reduction agent [1, 4]. Calcium carbide reacts with the oxides in the slag and the products of these 
reactions are chromium, calcium monoxide and carbon monoxide. Lime is a slag-making addition supporting 
slag creation. Carbon monoxide improves the creation of foam slag in comparison with blowing of carbon 
powder. Reduction of chromium oxides with the calcium carbide takes place according to the following 
equation: 

(��'=+) + �K�' = 27��9 + 2�=' + (�K=)            (3) 

It is appropriate to use individual reduction agents under definite conditions which can be defined by the help 
of change of Gibbs free energy depending on temperature for reactions of chromium oxides with silicon, carbon 
or calcium carbide, as you can see in Fig. 2 .  

It is obvious from Fig. 2  that reduction of chromium oxides with carbon is more efficient at high temperature. 
In practise, this technology is used at oxygen blowing during oxidation phase. It follows from the curve of 
reduction of chromium oxide with silicon that the reaction is independent on temperature and it takes place 
even at low temperatures. In practise, it is appropriate to use this reduction agent already during charging 
melting in the EAF. The suitability of application of calcium carbide as a reduction agent according to the 
obtained lower values of Gibbs energy up to 1550 ° C to 1700 ° C follows also from Fig. 2 [1, 4]. 

 

 

Fig. 1 Influence of slag basicity on the Cr2O3 content in 
the slag 
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Fig. 2 Temperature dependence of Gibbs free 
energy for reduction of chromium oxides with 

reduction agents 

Fig. 3 Areas of three-phase diagram with different 
areas of activity of foaming / reduction 

Technology of foam slag is one of the possibilities, how to reduce chromium oxides from the slag at melt 
treatment in the EAF which is commonly used at production of carbon or low-alloyed steels in the EAF. 
However, utilization of this technology at production of alloyed steels is limited because of the high viscosity 
of slag containing a big portion of chromium oxides which negatively influences the slag foaming [1, 5]. 

Slag foaming containing chromium oxides is decreased because of the lower content of iron oxide and higher 
content of chromium oxide in the slag. Solid particles of chromium oxides in the slag lead to the high melt 
temperature and to the growth of slag viscosity which decreases the foaming of the slag. 

Ensuring of foaming in the slags with high content of Cr2O3 in the EAF is a very demanding task, especially for 
creation of sufficient amount of gas bubbles.  

The creation of a foam slag and reduction possibilities confirm that the area of stable foaming for a slag 
containing chromium oxides is small and it is schematic given in Fig. 3 [1, 5]: 

• area I - low basicity with a high viscosity of slag and with a good foaming. Unfortunately, creation of gas 
bubbles is very small. Poor foaming without required benefit is the total result, 

• area II - shows the slag composition after a poorly controlled oxidation. Slag shows high basicity and it 
has a higher content of solid particles Cr2O3. High viscosity and the share of solid particles decrease the 
kinetics of creation of gas bubbles, 

• area III - presents the optimum composition of slag. Basicity is high and conditions for creation of gas 
bubbles are optimal. Solid particles of CaO and Cr2O3  increase the viscosity and foaming index. 

The reduction of chromium oxide during slag foaming in the EAF occurs according to the following equations 
[1, 5]: 

-��=Q,>6 + +
� 7s�9 = 7��9 + +

� (s�=')            (4) 

(��=) + +
� 7s�9 = 7��9 + +

� (s�=')             (5) 

(��=) + B� = B�= + 7��9             (6) 
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3. PROPOSAL OF THEORETICAL DETERMINATION OF SILICON  AND ALUMINIUM 
CONSUMPTION AT REDUCTION OF SLAGS CONTAINING Cr 2O3 

On the basis of increasing demand for steels alloyed with chromium, proposal of technology of chromium oxides 
reduction from the slag into the metal melt in the production aggregate presenting the intensified EAF no. 5 is 
preparing. At first, theoretical calculation of consumption of chosen reduction agents presenting silicon and 
aluminium was made for the proper proposal of technology of reduction of chromium oxides during the heat. 

The calculation course is given below and it focuses on the theoretical silicon and aluminium consumption at 
reduction of chromium oxides and other easily reducible oxides from the slag. It is necessary to know the 
following parameters which present the average values obtained from the realized heats in the company 
VÍTKOVICE HEAVY MACHINERY a. s. [6]: 

• chemical composition of two melts with diverse chromium content in the EAF (see Table 1 ), 
• oxygen activity in the melt: a[O] = 80 to 100 ppm, 
• chemical composition of slag with the diverse content of Cr2O3 taken from the EAF (see Table 2 ), 
• metal weight: 60,000 kg, 
• slag weight: 3,000 kg (i.e. 5 % of metal weight). 

Table 1 Average chemical composition of alloyed melt in the EAF 

Chemical composition of alloyed melt with the mediu m content of chromium (wt. %) 

C Mn Si P S Cu Ni Cr 

0.50 0.30 0.10 0.02 0.02 0.15 0.23 8.5 

Chemical composition of alloyed melt with the high content of chromium (wt.  %) 

C Mn Si P S Cu Ni Cr 

0.60 0.40 0.06 0.02 0.02 0.15 9.0 16.0 

Table 2 Average chemical composition of the slag in the EAF at the end of oxidation phase 

Chemical composition of the slag (wt. %) with the m edium content of the chromium the melt 

CaO Al2O3 FeO MnO MgO SiO2 Cr2O3 

28 10 15 5 8 8 20 

Chemical composition of the slag (wt. %) with the h igh content of chromium in the melt 

CaO Al2O3 FeO MnO MgO SiO2 Cr2O3 

26 4 18 8 10 6 25 

FeO, MnO a Cr2O3 belong among the easily reducible oxides. Subsequently, weight calculation of particular 
oxides and in them contained oxygen in 3,000 kg of slag was carried out from the given chemical 
composition of slag in Table 2 , namely for both types of melts and slags, as it is obvious from Table 3  and 
Table 4 .  

Table 3 Weight determination of observed oxides and oxygen for the steel with chromium content of 8.5 wt. % 

Easily reducible 

oxides 

Oxides content in the 
slag (wt. %) 

Weight of oxides in the 
slag (kg) 

Oxygen weight in the 
slag (kg) 

FeO 15 450 100 

MnO 5 150 33.8 

Cr2O3 20 600 189.5 
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It is obvious from Table 3  that the total weight of easily reducible oxides is 1,200 kg in case of steel with the 
chromium content 8.5 wt. %, when these oxides contain 323.3 kg of oxygen. Usage of reduction agent silicon 
or aluminium is expected for the reduction of easily reducible oxides and especially Cr2O3. The reaction of 
silicon or aluminium with oxygen contained in the easily reducible oxides in the slag takes place under following 
general equations: 

s� + -�<U =k6 = (s�=') + 7�<9             (7) 

v� + -�<U=k6 = (v�'=+) + 7�<9             (8) 

282.9 kg of reduction agent silicon is needed for the reduction of 1,200 kg of easily reducible oxides, i.e. 323.3 
kg of oxygen. In this way, 606.2 kg of SiO2 is created in the slag.  Subsequently, similar calculation was made, 
but with the usage of aluminium as a reduction agent, when 687 kg of Al2O3 is created in the slag.  

Table 4 Determination of weight of observed oxides and oxygen for the steel with chromium content 16 wt. % 

Easily reducible oxides Content of oxides in the 
slag (wt. %) 

Weight of oxides in the 
slag (kg) 

Weight of oxygen in the 
slag (kg) 

FeO 18 540 120 

MnO 8 240 54.1 

Cr2O3 25 750 236.8 

In case of Table 4  for steels with the chromium content 16 wt. %, the total weight of easily reducible oxides is 
1530 kg, when these oxides contain 410.9 kg of oxygen. The usage of reduction agent silicon or aluminium is 
again expected for the reduction of easily reducible oxides and especially Cr2O3. 

For the reduction of 1530 kg of easily reducible oxides, i.e. 410.9 kg of oxygen, 359.5 kg of reduction agent 
silicon is needed and 770.4 kg of SiO2 is created in the slag. However, at the usage of aluminium as a reduction 
agent, 873.2 kg of Al2O3 is created in the slag.  

On the basis of given calculations, calculation of change in weight and chemical composition for slags after 
reduction of oxides FeO, MnO, Cr2O3 was made, namely not only for both types of melts alloyed by chromium, 
but also according to the used reduction agent, as is given in Table 5  and Table 6 . 

Table 5 Change in weight and chemical composition of slag for the steel with the chromium content 8.5 wt. % 

Oxides 

Original slag (old slag) New slag - reduction with Si  New slag - reduction with Al 

Chem. comp.  

(wt. %) 

Weight 

(kg) 

Weight 

(kg) 

Chem. comp.  

(wt. %) 

Weight 

(kg) 

Chem. comp.  

(wt. %) 

CaO 28 840 840 34.9 840 33.8 

Al2O3 10 300 300 12.5 + 687 = 987 39.7 

FeO 15 450 0 0 0 0 

MnO 5 150 0 0 0 0 

MgO 8 240 240 10 240 9.6 

SiO2 8 240 + 606 = 846 35.1 240 9.7 

Cr2O3 20 600 0 0 0 0 

Sum 94 2820 2226 92.5 2307 92.8 

Other 6 180 180 7.5 180 7.2 

Sum total 100 3000 2406 100 2487 100 
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It is obvious from Table 5 that it came to the change in the weight and chemical composition of slag with 
the reduction of easily reducible oxides at the steel treatment with the chromium content 8.5 wt. % by the 
help of silicon or aluminium, which is manifested in the change in the basicity, too. The original basicity 
reached the values BOLD= 3.5 and BNEW = 1.0 at the application of silicon, however in case of reduction with 
aluminium, the basicity didn't change significantly and reached the values BOLD = 3.5 a BNEW = 3.48. 

In case of Table 6  it follows that the change in weight, chemical composition and basicity occurs again with 
the reduction of easily reducible oxides at the steel treatment with the chromium content 16 wt. % by the help 
of silicon. The original basicity reached values BOLD = 4.3 and BNEW = 0.8 at the application of silicon. In case 
of reduction with aluminium, basicity hardly ever changed and reached the values BOLD = 4.3 a BNEW = 4.32. 

Table 6 Change in the weight and chemical composition of slag for the steel with the chromium content 16 wt. % 

Oxides 

Original slag (old slag) New slag - reduction with Si  New slag - reduction with Al 

Chem. comp.  

(wt. %) 

Weight 

(kg) 

Weight 

(kg) 

Chem. comp.  

(wt. %) 

Weight 

(kg) 

Chem. comp.  

(wt. %) 

CaO 26 780 780 34.8 780 33.3 

Al2O3 4 120 120 5,4 + 873 = 993 42.4 

FeO 18 540 0 0 0 0 

MnO 8 240 0 0 0 0 

MgO 10 300 300 13.4 300 12.8 

SiO2 6 180 + 770 = 950 42.4 180 7.7 

Cr2O3 25 750 0 0 0 0 

Sum 97 2910 2150 96.0 2253 96.2 

Other 3 90 90 4 90 3.8 

Sum total 100 3000 2240 100 2343 100 

Except of basicity and slag composition change, also change in the weight and chemical composition of steel 
occurs, which is manifested in the increase of content of easily reducible elements in the melt. In case of melt 
with the chromium content 8.5 wt. %, following amount of elements was reduced: 
• weight of Cr from the slag: 410.5 kg, 
• weight of Mn from the slag: 116.2 kg, 

• weight of Fe from the slag: 350 kg. 

Increase of melt weight from mOLD,SLAG = 60,000 kg to mNEW,SLAG = 60,876.7 kg occurs with the reduction of slag. 
Change in chromium content in steel from 8.5 wt. % to 9.05 wt. % also occurs. It is obvious from the above 
mentioned calculation that a significant decrease of slag basicity occurs at reduction of slag containing Cr2O3 with 
silicon, not only at reduction of Cr2O3 but also of oxides FeO and MnO. In case of aluminium application, a significant 
change in the basicity doesn't occur but the content of Al2O3 in the slag increases. It can be also stated that the total 
weight of slag decreases from mOLD,SLAG = 3000 kg to mNEW,SLAG= 2406 kg (reduction with silicon) or mNEW,SLAG = 
2487 kg (reduction with aluminium).  
In case of melt treatment with the chromium content 16 wt. %, basicity, slag composition, weight and chemical 
composition of steel also change which is manifested in the increase of content of reduced elements in the melt: 

• weight of Cr from the slag: 513 kg, 
• weight of Mn from the slag: 186 kg, 
• weight of Fe from the slag: 420 kg. 

Weight of the melt from mOLD,SLAG = 60,000 kg to mNEW,SLAG = 61,119 kg is increased with the reduction of slag. 
Content of chromium in the steel from 16 wt. % to 16.5 wt. % is changed again. It can be stated again that at the 
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reduction of slag containing Cr2O3 with the silicon, a significant decrease of slag basicity occurs, not only at 
reduction of Cr2O3 but also of other oxides FeO and MnO. In case of aluminium application, basicity doesn't 
change significantly but the content of Al2O3 in the slag increases again. With the use of both reduction agents 
by the melt with the chromium content 16 wt. %, the slag weight will decrease again, from mOLD,SLAG = 3,000 kg 
to mNEW,SLAG= 2,240 kg (reduction with silicon) or mNEW,SLAG = 2,343 kg (reduction with aluminium).  

4. CONCLUSIONS 

On the basis of increasing demand for steels alloyed with chromium, a technology proposal of reduction of 
chromium oxides from the slag into the metal melt is preparing, namely on the production aggregate presenting 
intensified EAF no. 5 in the company VÍTKOVICE HEAVY MACHINERY a.s. At first, a theoretical consumption 
calculation of chosen reduction agents presenting silicon and aluminium was made for the proper technology 
proposal. Obtained theoretical knowledge will be subsequently used during laboratory, pilot plant and plant 
experiments that will imitate the plant conditions of the EAF no. 5 aiming the suggestion and verification of the 
new technology of reduction of chromium oxides from the slag by the help of reduction agents presenting 
silicon, aluminium and carbon. The suggestion and testing of the unit prototype for the controlled slag reduction 
with the high content of chromium oxides and the setting of the kind, amount and way of application of the 
reduction agent to the slag surface are the research aim. In this way, energetic and economical demands of 
the production of high-chromium steels will be decreased, competitiveness of the engineering company in the 
market will increase and scientific-research cooperation of the production company with the important research 
institution presenting VSB-Technical University in Ostrava will be strengthened.  
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Abstract  

Outdated machine for continuous casting of steel (CCM) has often fail to meet the requirements for production 
of the desired high quality carbon or stainless steel blank. Their control system acts as a so-called Black Box 
System, which provides operators the possibility of the system as needed to adjust and tune in order to achieve 
the required quality of steel produced. During the reconstruction of the caster is especially suitable to modify 
the secondary cooling, and slab CCM own rollways controlled cone possibly complemented well pronounced 
soft reduction. The necessary hardware modifications CCM cannot be designed without major upgrades the 
software control system based on the formation of new numerical models and their application to reduce of 
surface cracks and corners and central cavities or other defects. It was therefore developed a series of 
numerical models in the form of modules, control modules and data visualization modules. Based on the model 
of the temperature field of the strand. The inclusion of modules in the control system CCM, which depends on 
the capabilities of the caster and customer requirements, can be built into the server embeddable the second 
levels of management. This server communicates via OPC protocol with superiors and subordinates systems. 
It also includes off-line simulator that allows you to test and simulate different cooling strategy and settings for 
different steel grades. The flexibility of such a solution is presented for converting the caster with nine to thirteen 
engine cooling zones and optimizing the secondary cooling supported by on-line numerical optimization, the 
current temperature field slab. It is also demonstrated by the inclusion of a modular system management 
system CCM. 

Keywords: Continuous casting, secondary cooling control, soft reduction 

1. INTRODUCTION 

The development of radial slab caster (CCM for the first slab width of 1500 mm, from 1962 has come a long 
way [1]. In Fig. 1 , 2 and 3 are examples of radial slab caster, in all instances it is a machine for the final slab 
thickness slabs of 200 mm and a variable width of between 800-1600 mm for casting speed max. 1.6 m/min 
at least three generations. The length of the caster (CCM) from the upper edge of the mold after the cutting 
torch in all cases is approximately 26 meters. Fig. 1  is operationally oldest machine Type A , which only has 9 
independent cooling zones. Fig. 2  shows caster modernization, where the number of cooling zones 13 further 
extended to Type B . In both cases it is a variant having a curved mold and reduction of profile fixed arc. Fig. 3  
shows a modern variant of the machine 17 cooling zones that has a straight mold and is constructed of curved 
sections, as well as Type C . Another trend is the use of slab caster at air-mist nozzles instead of water nozzles, 
as is the case with the machine in Fig. 3 . Increasing cooling zones in conjunction with air-mist nozzles allows 
much more accurately adjust and control the secondary cooling for achieving optimum surface temperatures 
along the entire caster, thus to increase the surface quality of the preform [2]. It is possible to offset the cooling 
effect uniformly along the whole machine and even in dynamic changes the casting speed. Optimal adjustment 
of the secondary cooling can eliminate the occurrence of internal defects, but the decisive influence ends, the 
position Mushy zone and setting the reduction in the individual segments. Therefore, the trend is to equip the 
machine hydraulically adjustable segments which during casting are reduced by the profile in place of the end-
of Mushy called soft-reduction Fig. 4 . Modern CCM already have so many interconnected controllable 
variables that are not enough already with the management at 1st Level (PLC) and therefore it is necessary to 
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shift the main control algorithms to 2nd Level. The new control algorithms are based on mathematical models 
and allow us to regulate and watch over the links between different control variables [3]. 

 

  
Fig.  1 Diagram 9 cooling zones slab caster (Type A) Fig.  2 Diagram 13 cooling zones slab caster (Type B) 

Fig. 3 Diagram 17 cooling zones slab caster 
(Type C) 

Fig.  4 How it works softreduction 

2. DYNAMIC SOLIDIFICATION MODEL 

The basic model for the smooth management of the second level of solidification is a 3D dynamic model 
solidification and cooling of the slab can work as both online and offline simulator. The numerical model takes 
into account the temperature field of the entire slab (from the meniscus of the level of the melt in the mould to 
the cutting torch) using a 3D mesh containing more than a million nodal points. The solidification and cooling 
of a concast slab is a global problem of 3D transient heat and mass transfer. If heat conduction within the heat 
transfer in this system is decisive, the process is described by the Fourier-Kirchhoff equation. It describes the 
temperature field of the solidifying slab in all three of its states: at the temperatures above the liquidus (i.e. the 
melt), within the interval between the liquidus and solidus (i.e. in the mushy zone) and at the temperatures 
below the solidus (i.e. the solid state). In order to solve these it is convenient to use the explicit numerical 
method of control volumes. Numerical simulation of the release of latent heats of phase or structural changes 
is carried out by introducing the enthalpy function dependent on temperature T, preferably in the form of 
enthalpy related to unit volume Hv. The latent heats are contained here. After the automated generation of the 
mesh (pre-processing) ties on the entry of the thermophysical material properties of the investigated system, 
including their dependence on temperature. They are namely the heat conductivity k, the specific heat capacity 
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c and density ρ of the cast steel. The temperature distribution in the slabs described by the enthalpy balance 
equation [4]. The simplified equation (1), suitable for application on radial-casters with a great radius, where 
only the speed (of the movement of the slab) component w in the z-direction is considered, is: 

( )
2 2 2

2 2 2
V

z V

H T T T
w H k

t z x y z
ρ  ∂ ∂ ∂ ∂ ∂+ = + + ∂ ∂ ∂ ∂ ∂ 

        (1) 

Volume enthalpy Hv as a thermodynamic function of temperature must be known for each specific steel. It is 
dependent on the composition of the steel and on the rate of cooling. A unknown enthalpy of the general nodal 

point of the slab in the next time step (τ+∆τ) is expressed by the explicit formula: 

( )
, , , ,

( ) ( )
, ,1 1 1

i j k i j kv v i j i j i iH H Qz Qz Qy Qy Qx Qx
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      (2) 

The heat flow through the general nodal point (i,j,k) in the z-direction is described by the following equations 
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         (3) 

The initial condition for solving is the setting of the initial temperature in individual points of the mesh. A suitable 
value is the highest possible temperature, i.e. the casting temperature. The boundary conditions are in different 
places and different systems are described by equations 4a and 4e. 

1.  castT T=         at the meniscus         (4a) 

2. 0
T

k
n

∂− =
∂

    at the plane of symmetry         (4b) 

3.  Mould

z

T L
k a b

n w

∂− = −
∂

   in the mold        (4c) 

4.  ( ) ( ) ( )2 2
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zone              (4d) 

5.  0.76 0.2 0.1611513.7 (2 )Surface z

T
k T w

n
θ− −∂− =

∂
      beneath the support rollers [5]    (4e) 

3. THE SERVER DYNAMIC SOLIDIFICATION MODEL 

Due to the nature of software solutions developed a dynamic model for solidification, which is designed as a 
client server application where the client can be classic HMI application or Web browser. Therefore, in this 
case very much depends on the server hardware. Software model for achieving optimized for use on hard-
ware server. Server performance should be chosen according to the demands of the models and parameters 
of continuous casting. Configuration software depends upon the number of streams of continuous casting, 
whether only calculated temperature field is regulated or secondary cooling and softreduction [9, 10]. 
Furthermore, if the server also includes off-line simulator, optimizer [8], and many other parameters. Basic 
configuration RACK server performance dual-processor server Intel Xeon processors with six cores running 
under MS Windows Server. For higher demands should be equipped with the appropriate server accelerator 
card either using GPGPU NVIDIA Tesla and CUDA uses a software technology [11] or card INTEL XEON-Phi 
using technology OpenCL. The example thus scalable server from SuperMicro is shown in Fig. 5  [12]. 
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Fig. 5 Example of server hardware and computational accelerator cards [12] 

4. EXAMPLES OF RESULTS OF THE DYNAMIC MODEL OF SOLI DIFICATION 

To view the final computed temperature field as a basis for decisions operator or technologist been proposed 
compact views. All results are for the same conditions i.e. slabs cast profile 1500x200 mm made of steel grade 
1.8978 (L555MB) with a casting temperature in a tundish 1540 °C at a constant casting speed of 1.2 m/min. 
Cooling only is configured optimally for the type of continuous casting and cast steel. The resulting temperature 
field is shown for three different machines presented in Fig. 1 , 2 and 3. Fig. 6  is a view in the color contour in 
central sections, this view gives us a clear idea of the position and shape of mushy zone or when called 
metallurgy length.  

 
a) Caster Type A 

  
b) Caster Type B 
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Fig. 6 Temperature field in central cross section and top (small radius) surface   

Fig. 6  is the same for the cases shown in the right column of the surface temperature to a small radius, or if 
the top surface and the right side, this display can be switched to the lower surface and the left side. These 
views are useful for quick information when changing temperature field especially in the steady state, 
conversely, for detailed tracking of the secondary cooling functions and softreduction are suitable plots of 
Fig. 7 .  

   
a) Caster Type A 

 
b) Caster Type A 

  
c) Caster Type C 

Fig.  7 Temperature history along whole caster 
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In the right column in Fig. 7  is a combined graph showing a cone in the middle, or if the actual position Mushy 
zone control functions softreduction and in the upper part, the course of the surface temperature on the upper 
surface, including the actual water flow cooling zones and the desired surface temperature. At the bottom of 
the graph is the same graph for the bottom surface. In the right part of Fig. 7  is a graph of the classical 
temperature along the entire machine at selected points and the waveform profile of the shell thickness in the 
central section. 

5. CONCLUSION 

Hardware modifications necessary CCM, especially its cooling zones, cannot be designed without a 
fundamental modernization of the control system software level two, which is mainly based on a dynamic 
model of solidification it was therefore developed a series of numerical submodels in the form of modules, 
control modules and display modules. Based on the original numerical model of the temperature field, 
addressing the 3D transient heat and mass transfer in the system slab-mold respectively slab-surrounding. 
The model is equipped with an interactive graphical user interface for automatic generation networks, enabling 
easy change of cast profile both in casting and before the start of the sequence and to evaluate the results. 
Off-line version of the model (off-line simulator) can perform parametric studies, ie. to analyze the effect of 
various initial and boundary conditions to achieve optimal temperature distribution in the slab to enhance its 
quality. 
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Abstract 

Plane strain and uniaxial compression tests are generally used for characterization of a material constitutive 
behavior during hot forming. Interpretation of the results obtained by such tests is complicated by flow 
inhomogeneity occurring in a specimen volume and temperature variations. Inverse analysis is an effective 
instrument allowing one to take these factors into account and obtain more accurate constitutive equations of 
a material. In this study the constitutive behavior of HC420LA steel was examined by plane strain and uniaxial 
compression testing on Gleeble 3800. Finite element simulation of the tests was performed in order to evaluate 
the flow inhomogeneity and its effect on stress-strain curves obtained as a result of testing. Inverse analysis 
was used to correct the initial Gleeble data and obtain accurate constitutive equations of the material.  

Keywords: PSCT, uniaxial compression, plane strain compression, FEM, inverse analysis 

1. INTRODUCTION 

Specification of constitutive equations describing the material flow stress is necessary for design and 
optimization of technological procedures in forming [1]. Computer aided simulation of forming processes based 
on finite element method (FEM) is applying in optimization of energy consumptions of the production, 
preventing defects in the product, reducing the load on the equipment, increasing the utilization of a material 
and solving of other technological tasks [2-5]. The accuracy of constitutive models used in such simulations is 
critical.  

Various tests are used in evaluation of material constitutive behavior. The type of a test should generally 
correspond to the stress strain mode realized in the simulated forming process. The plane strain compression 
tests (PSCT) and uniaxial compression tests (UCT) are usually applied for studies of processes such as rolling 
or forging that’s major stress-strain mode is compression.  

The advantage of PSC test is that the area of contact between the specimen and the tools is almost constant 
during the test, thus the maximum effective strain value which could by accrued is relatively large. At the same 
time, significant flow inhomogeneity produced by rigid ands of the specimen are occurred which complicates 
the interpretation of the test results. The flow inhomogeneity occurring in UC test is much smaller but due to 
the increasing of contact area it is hard to obtain reliable data at large deformations when the effective strain 
is larger than 1. 

The advantage of PSC test is that the area of contact between the specimen and the tools is almost constant 
during the test, thus the maximum effective strain value which could by accrued is relatively large. At the same 
time, significant flow inhomogeneity produced by rigid ands of the specimen are occurred which complicates 
the interpretation of the test results. The flow inhomogeneity occurring in UC test is much smaller but due to 
the increasing of contact area it is hard to obtain reliable data at large deformations when the effective strain 
is larger than 1. 

The flow inhomogeneity occurring in the specimens during the tests of both types complicates the interpretation 
of the tests results. Other factor having an influence of the stress-strain curves obtained by these tests is the 
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temperature variation. Thus, the corrections of stress-strain data obtained from PSC or UC tests should be 
made to obtain real constitutive equations of the material. Different techniques were developed for correction 
of PSCT data [6-12]. The inverse analysis appears to be a most powerful of them providing the way of 
determination of constitutive equation constants [10-12] or evaluation of microstructure models [13]. The 
interpretation of the results of UC tests is in the focus of papers [14-16]. All these studies utilize inverse analysis 
to find the material constants and friction factor using FEM for solving the direct problem.  

The objective of this work is the application of inverse analysis to characterization of HC420LA stainless steel 
constitutive behavior in a wide range of temperatures and strain rates using PSCT and UC tests performed on 
Gleeble 3800. The base idea of the characterization technique is follows. First the initial constants of 
constitutive equations are determined by approximation of Gleeble stress-strain data. These constants are 
then corrected by inverse method on a base on Nelder and Mead nonlinear simplex minimization of the error 
between the measured forces and the results of numerical simulation. The computer software was developed 
to realize this technique and applied to experimental data. 

2. EXPERIMENT AND INITIAL APPROXIMATION 

2.1. Experimental conditions 

Plane strain and uniaxial compression tests were performed at high-strength automobile steel HC420LA on 
Gleeble 3800. Before the deformation the specimens were heated to the initial temperature 1100 °С when hold 
three minutes at this temperature and cooled to the temperature of deformation (980, 1030 and 1050 °С). The 
deformation was performed at strain rates 0.1, 1 and 10 s-1 to the nominal effective strain of 1. 

The initial geometry of UC tests specimens was a cylinder of 15 mm height and 10 mm diameter. For the PSC 
tests the bricks of initial dimentions 10x15x20 mm were used, the tool width was 5 mm. Graphite lubricant and 
tantalum foils were used in order to eliminate friction between specimens and the tools. The temperature during 
hte test was measured by a thermocouple placed at the middle of lateral surface of a specimen. 

2.2. Initial approximation 

The approximation of constitutive behavior of steel in conditions of hot forming can be constructed as a set of 
equations taking into account strain hardening, dynamic recovery and dynamic recrystallization processes 
[17-19]: 

σ = X�σ��  + (1 − X�)σ��¡(1 − exp(−Ωε))¦, (1) 

X� = 1 − exp-−k(ε − ε¨)6©
, (2) 

ε¨ = A� lεª exp l«�¬oo�
, (3) 

σ��  = Q
®�¯� asinh lA��  lεª exp l«�¯�¬ oo¦�o, (4) 

σ��¡ = Q
®�¯² asinh ³A��¡ ³εª  exp l«�¯²¬ o´¦²

.́ (5) 

where X� is treated as a dynamically recrystallized fracture; ε¨ - critical strain for initialization of dynamic 
recrystallization; R(= 8.31) is the universal gas constant; Ω, m, k, n, A�, Q�, d, α�� , α��¡, A�� , A��¡, m , m¡, Q��  and Q��¡ are the constants to be determined.  

The experimental stress-strain data were approximated by eq.(1)-(5) using least square method and Nelder-
Mead minimization procedure. The results of approximation compared with Gleeble data are presented in 
Fig. 1 . It can be seen that the approximation constructed fits the experimental data within the given 
temperature and strain rate range. 
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Fig. 1 The initial approximation of stress strain curves obtained by PSC and UC tests at different 
temperatures and strain rates 

3. RESULTS AND DISCUSSION  

3.1. Finite element analysis 

Finite element analysis was performed in order to study flow inhomogeneity occurring in a specimen during 
the tests. The software realizing numerical simulation of the tests was developed by the authors on a basis of 
SPLEN [3] FE code. Axisymmetric FEM formulation was used to simulate the UC tests, for the simulation of 
the PSC tests, 2D plane FEM formulation with the corrections proposed in [11] was used to simulate PSC 
tests. The temperature of a specimen was considered to be distributed uniformly by its volume and varied in 
time according to the values recorded during the test. The distributions of the effective strain rate and the 
effective strain obtained by the simulations of PSC test at nominal strain rate 1 s-1 and UC test at nominal 
strain rate of 10 s-1 are illustrated in Fig. 2 . The nominal temperature of both tests was 1050 °С. 
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Fig. 2 The effective strain rate and the effective strain distributions obtained by finite element simulation of 
a) PSC and b) UC tests at the temperature of 1050 °С 

The distributions illustrated on Fig. 2  demonstrate that significant flow inhomogeneity occurs in a volume of 
the specimens during the tests of both types. The value of nominal strain for the PSC test presented on Fig. 2a) 
is 0.5, at the same time, local effective strain in the center of the specimen is 60% higher and reaches the 
value of 0.8. Fig. 2b)  illustrates the results of simulation of UC test with nominal strain of 1, it can be seen that 
local effective strain reaches the value of 1.2 in the center of the specimen. 

3.2. Correction of the constitutive models 

As the constitutive equations constructed by the initial Gleeble data dos not take into account flow 
inhomogeneity taking the place in a specimen volume they need to be corrected. These equations are 
considered as an initial approximation which is used than as an initial guess for the inverse analysis based on 
FE simulation. 

The aim of finite element simulation of the tests is to predict the evolution of force acting on tools as correctly 
as possible. Comparison between the measured forces and the predicted ones allows one to evaluate an 
adequacy of constitutive equations used in the simulations. The constitutive equation constants than should 
be iteratively corrected to minimize the deviations between measured values and the predicted ones. In this 
work the initial values of constitutive equation constants were corrected to minimize the objective function: 

E = ∑ Q
�º » -F¦(t) − F(t)6'dt�º�½¾¿Q   (6) 

where À is the number of tests, Á` is the duration of i-th test, ;� is the measured load and ; is the load predicted 
by FEM. 

The comparison of the loads obtained by numerical simulation before and after correction of constitutive 
equations with the experimental data is presented in Fig. 3 . It can be seen that before the correction of, the 
loads predicted by FEM are higher than experimental ones. After the correction the deviations between the 
predicted values and the experimental ones are much smaller. At the same time it can be noticed that UCT 
data needs smaller correction than PSCT ones. The loads predicted by initial PSCT data are significantly 
higher then experimental ones so the initial stress-strain curves obtained by PSCT may overestimate real 
effective stress values by 10-20%. The overestimation of effective stress values produced by UC tests is not 
so significant and reaches about 3-5%. 
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Fig. 3 The evolution of the force acting on the tool during the tests obtained by numerical simulation before 
and after the correction of constitutive equations compared with the experimental data 

4. CONCLUSIONS 

Large strain and strain rate inhomogeneity occur in specimen volume during PSC of UC tests. As a result, the 
real effective strain in the center of the specimen can be about 60% higher for the PSC tests and 20% for the 
UC ones. 

Constitutive equations obtained by approximation of initial Gleeble data may overestimate the effective stress 
values. The stress-strain data obtained by PSC and US tests should be corrected using inverse analysis to 
produce reliable data for constitutive equations. 
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Abstract 

The effect of Thermomechanical Processing, using cold deformation with the combination of post deformation 
annealing and induction hardening based on the of dislocation structure inheritance effect on the strength, 
ductility, and torsion static strength has been studied.   The metal with an initial structure of lamellar pearlite 
has shown to be more advantageous with respect to the strengthening intensity during cold rolling and the 
combination of mechanical properties after the TMP. It can be seen that in the studied strain range (up to εΣ  ≅ 
60 %) the hardness of the high-strength middle carbon steel with the structure of lamellar pearlite is 20 - 40 % 
higher than that of the steel with the structure of granular pearlite. Steel with the initial structure of lamellar 
pearlite is strengthened more intensely and its final heat treatment with the use of induction hardening to 
martensite and low temperature tempering show the inheritance of fragmented dislocation substructure result 
in the highest static torsion strength  and the best combination of other mechanical properties. 

Keywords: Thermomechanical strengthening, cold deformation, dislocation substructure, middle carbon low  
  alloyed steels 

1. INTRODUCTION 

By now experimentally proved the states of the complex impact, consisting of the operation of heating, cooling 
and deformation carried out in different sequence, resulting in the formation of the final structure and properties 
of metallic alloy occurs in the conditions of high density and corresponding distribution of imperfections in the 
structure created by plastic deformation, and is the essence of thermomechanical processing (TMP) [1-5]. The 
difference between the schemes TMP is determined essentially predominate type resultant substructure [1, 3, 
4]. This can be either a substructure strengthening, when the dislocations are distributed through the body of 
grain uniformly or non-uniformly, concentrating in bulk low-angle boundaries and forming a cellular or polygonal 
substructure when planar dislocation sub-grains break the grain at a relatively defect-free volume-sub-grains 
or fine-grained recrystallized structure. It should be noted that the effect of  TMP can only be eliminated by a 
collective recrystallization (grain coarsening). If the recrystallization process has not reached that stage, the 
final structure is formed by high density of imperfections in the structure, which certainly include grain and sub-
grain boundaries, we have retained the essence of TMP [3].  A special place among the schemes of TMP are 
the so-called hereditary methods of thermomechanical strengthening. The meaning of inheritance is as follows. 
By plastic deformation and subsequent short time softening in the material creates a high density of 
imperfections (mostly-dislocations)in their specific configuration - the fragmented substructure. If during the 
subsequent heat treatment, the density of imperfections (dislocations) will not be noticeable to decrease, and 
fragmented substructure will not disappear, will be preserved and a high level of mechanical properties [4, 5].  
The success of this treatment primarily depends on how stable dislocation configurations were created during 
plastic deformation. Therefore, the effect of inheritance is evident after TMP with determined temperature-
strain-strain rate parameters under combination of deformation and heat treatment. It can be expected from 
the phase hardening, for example, as a result of repeated quenching with a high heating rate, which excludes 
the annihilation of defects. However, this treatment does not provide the optimal distribution of defects 
(dislocations), therefore at such hardening is not achieved the level of plasticity, as a result TMP. Currying out 
of cold plastic deformation before quenching with intermediate heating to the special stable substructure also 
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allows to improve the structural strength of steel [4,6]. In the literature there is no unambiguous explanation 
for the observed effect. Some authors attribute the resulting strengthening with the manifestation of the 
inheritance of cold work hardening, when the subsequent processing is carried out under conditions that 
exclude recrystallization [6]. The paper emphasizes the importance of holding after deformation polygonizing 
tempering for a more complete manifestation of the effect of inheritance.  

The objective of this work was to study the effect of Thermomechanical Strengthening of middle carbon 
structural steel using cold deformation in the specific TMP scheme. It was studied the  structure and 
mechanical properties of a middle carbon low alloyed steels  formed as a result of cold plastic deformation and 
heating carried out for different modes, to assess the possibility of the application of  cold rolling in the scheme 
of TMP. The special attention was devoted to preparation of the initial structure of the steel before deformation. 
It is known that the initial structure affects the deformability and hardenability of carbon steels and the formation 
of their final properties. So, at the first stage there were studied the effect of the initial structure of medium-
carbon ( 0.4 - 0.5 % C) low alloyed  Cr-Ni (1-2 %) steel. 

2. EXPERIMENTAL  

There were studied initially hot-rolled products with a preliminary heat treatment to the lamellar pearlite (mode 
1) represented by alternating lamellas of ferrite and cementite (about 70 %), free ferrite (about 20 %), and 
globular pearlite (about 10%) (Fig. 1a ) and granular pearlite (mode 2), (Fig. 1b ). The treated to the mentioned 

above structure billets were cold rolled in rolling mill with a total reduction εΣ ≅ 48 % (∼5 % reduction per pass) 
to the cylindrical bars. After deformation, the bars were annealed at 300-800°C to find the optimal temperature 
for thermomechanical strengthening in the proper treatment scheme. The final heat treatment consisted of 
quenching with a rapid induction heating to austenitization temperature with smallest austenite grain size (900-
950 °C), followed by accelerate cooling for martensite and low temperature tempering (200 °C-for steel with 
0.4 %C). The initial structure was studied by TEM at accelerating voltage of 175 kV. Mechanical properties 
were compared for steel treated by the following variants: 1) oil quenching after heating in the furnace with 
heating rate  at 2-5 K/s to  870 °C, and tempering at 200 °C (without preliminary cold deformation), 2) oil 
quenching after induction heating with heating rate 1-2 °C/s and tempering at 200 °C (without  preliminary cold 

deformation), and 3) TMP including cold deformation with a total reduction εΣ ≅ 48 %, annealing at 500 °C, oil 
quenching after induction heating and tempering at 200 °C. The resistance of the metal to brittle fracture after 
TMP was evaluated in terms of the threshold of the ductile-brittle transition determined from the results of 
uniaxial static tensile tests at various temperatures. The tensile mechanical tests were carried out in the 
temperature interval from - 196 °C to + 20 °C. The fracture surface of the specimens was studied under Tesla 
BS-300 SEM at accelerating voltage of 35 kV. 

3. RESULTS AND DISCUSSION  

After annealing by mode 1 the structure of the steel consists of lamellar pearlite represented by alternating 
lamellas of ferrite and cementite (70-80 %), free ferrite (about 20-30 %), and globular pearlite (less than 10 %) 
(Fig. 1a ). As a rule, the cementite contained in pearlite has the form of thin lamellas. In some cases the 
cementite lamellas have a “sawtooth” shape typical for alloy steels. In some colonies carbides segregate in 
the form of short and thinner plates. In addition to lamellar cementite the structure may contain segregations 
of globular cementite concentrated both over the boundaries and inside ferrite grains. The size of the 

segregations fluctuates from 0.2 to 0.6 µm. The dislocation density in the ferrite component is not high and 
does not exceed 5 x 108 cm-2.  

After annealing by mode 2 the structure is represented by granular pearlite. The carbides formed due to such 
annealing have a predominantly spherical shape (see Fig. 1b ) in contrast to the carbides formed as a result 
of annealing by mode 1.  
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Cold rolling distorts the lamellar structure of the 
pearlite, which is manifested in bending of cementite 
lamellas, their crushing into parts, and rotation of 
individual lamellas. The spherical carbide particles 
undergo no visible change. The matrix becomes 

fragmented, i.e., crystals of the α-phase break into 

regions less than 1µm size. A cellular structure forms 
in ferrite lamellas and pearlite colonies. Dislocation 
walls primarily form perpendicularly to cementite 
lamellas and their width is often commensurable with 
the size of the cells. Cementite lamellas are 
accompanied by accumulations of bent dislocations. 
A cellular structure forms in the regions of excess 
(free) ferrite. 

Annealing of cold-deformed steel at a temperature of 
up to 400 °C causes regrouping and partial 
annihilation of dislocations and the beginning of 
formation of low-angle boundaries. The random 
distribution of dislocations in the ferrite is partially 
removed. The dislocations form subboundaries in the 
ferrite layers of lamellar pearlite. An increase in the 
post deformation annealing temperature to 500 °C 
increases the volume fraction of polygonized ferrite 
and decreases the fraction of cellular structure, 
which promotes spheroidization of the carbide 
phase. The largest fraction of polygonization mode and the beginning of recrystallization of ferrite were 
observed result in annealing at 600 °C. Recrystallization nuclei free of dislocations and separated from the 
surrounding matrix by high-angle boundaries formed all over the volume. Individual recrystallized grains have 

a size of about 5 µm. Cementite undergoes coagulation; after such heating, lamellar particles are not observed. 
Annealing at 700 °C causes the development of recrystallization. New ferrite grains virtually free of dislocations 

are formed in the whole volume of the specimen. Their size does not exceed 10 µm. Spherical carbide particles 

are located on the boundaries and inside the grains of the α-phase. The impact strength depends on the mode 
of annealing after cold rolling and on the preheating rate for quenching. The highest values of the impact 
strength were obtained in the case of induction heating for quenching; after rolling, annealing at 500 °C, and 
such quenching with low-temperature tempering(variant 3) the value of KCV = 0.49 MJ/m2(for variant 2: KCV 
= 0.40 MJ/m2 ). A similar dependence was observed in tensile tests. After the treatment involving cold rolling 
+ annealing at 500 °C + quenching from induction heating + low-temperature tempering the ductility was the 
highest (RA = 55 %) in compare with  bars treated without preliminary cold rolling (RA = 48 %). The structure 
of the steel after treatment by different variants is presented in Fig. 2 . 

After quenching with furnace heating and low-temperature tempering of non-deformed steel, the latter acquires 
the structure of tempered martensite (Fig. 2 a). We observe lath martensite with differently oriented packets. 
The grains bear large crystals of lamellar martensite. Plate carbide segregations with several crystallographic 

orientations are observed both inside large lamellas and inside the laths. Rare carbides are at most 0.06 µm 
in size. After quenching from induction heating and low-temperature tempering (Fig. 2 b), the structure of the 

non-deformed steel includes a great amount of carbides up to 0.1 µm in size. The dispersity of martensite 
crystals increases. In the structure provided by cold deformation, quenching from induction heating, and low-
temperature tempering (Fig. 2 c), the degree of martensite crystals dispersity is lower. Annealing of cold-
deformed steel at 500 °C for 3 h promotes the formation of a polygonal structure. In this case, the final heat 

 

Fig. 1 Structure of steel 0.4CCrNi after annealing for 
lamellar (a) and granular (b ) pearlite 

 1µm 

 1µm 
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treatment yields fine carbides (the size of the observed carbides does not exceed 0.08 µm) and more dispersed 
martensite crystals; the dispersity of the carbides formed in the low-temperature tempering increases as well 
(Fig. 2 d). When the annealing temperature is increased to 600 °C, the dispersity of the structure decreases 
(Fig. 2 e).  

 

 

Fig. 2 Structure of steel 0.4CCrNi after: quenching of non-deformed billets from furnace and induction 
heating respectively (a, b ); cold rolling before quenching from induction heating (c); cold rolling and 

annealing respectively at 500 and 600 °C before quenching and induction heating (d, e) 

The temperature dependences of the mechanical properties are presented in Fig. 3 . With decrease in the test 
temperature the values of tensile strength (TS) and yield strength (YS) tend to increase, which is typical for 
high-strength steels. The reduction in area (RA) somewhat decreases. At the temperature of the ductile-brittle 
transition the value of R decreases abruptly to several percent (Fig. 3a, b ). It should be noted that the 
temperature of the ductile-brittle transition is - 170 and - 196 °C after treatment by variants 1 and 3, 
respectively. Analysis of the fracture surfaces of steel 0.4CCrNi after TMP has shown (Fig. 4 ) that a circular 
asperity enclosing the detachment surface is visible in the entire fracture surface. 

1µm 1µm 

1µm 1µm 

1µm 
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Fig. 3 Temperature dependences of mechanical properties of steel 0.4CCrNi: treatment by variant 1( a); 
treatment by variant 3 (TMP) ( b ) 

The cross section of the asperity has a shape resembling an equilateral triangle (Fig. 4 a and b). All the 
detachment surfaces on this circular asperity differ markedly from the internal surface of the fracture in 
smoothness. Under high magnifications (Fig. 4 c) the structure of these surfaces has a ductile nature and 

consists of a great number of dimples from 0.3 to 2 µm in size.  

 

Fig. 4 Fracture surfaces (ttest = - 196 °C) of steel 0.4CCrNi after TMP (variant 3 ) 

After TMP with post-deformation annealing at 500 °C, the values of characteristics of static torsion tests: 
proportional limit (τpr) , yield strength at torsion (τ0.3) , and maximum residual shear (ϒ max) were higher than 

after the treatment by variant 1 (ϒ max  was higher by 40 %). This effect allows to assume that the developed 

ferrite structure created by cold rolling is preserved after the double α → γ → α transformation result in 
inheritance of dislocation structure realization provides a homogeneous and stable dislocation structure and 
thus enhances the effect of the TMP. 

4. CONCLUSIONS 
1) The cold rolling in the TMP scheme is an efficient method to increase structural strength of middle 

carbon low alloyed structural steel production.  
2) Steel with the initial structure of lamellar pearlite is strengthened more intensely at the regimes of TMP 

with cold deformation followed by heating at 500 °C, induction hardening and low temperature 
tempering. 
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3) TMP with cold deformation followed by heating at 500 °C, induction hardening and low temperature 
tempering raises the resistance of the steel 0.4CCrNi to brittle fracture. 
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Abstract  

The paper focuses on rolling conditions, microstructure and mechanical properties of two different steel grades 
chose from the modern steel group called Advanced High Strength Steels (AHSS). The analysis carried out 
includes many tests and experiments such as: dilatometric and plastometric tests, Gleeble simulations of hot 
rolling, strip cooling after rolling and hot rolling of steel samples in laboratory conditions. For whole 
experimental investigations two steel grades have been chosen, namely Dual Phase (DP) and Complex Phase 
(CP) steels. The own casts of DP and CP steels were made, from which the samples for laboratory tests were 
prepared. In order to determine the cooling curves and the start and finish temperatures of phase 
transformations, the dilatometric investigations were performed. The designed CCT diagrams were the 
fundamentals of the planning of further research, e.g. computer simulation and hot rolling in laboratory 
conditions. On the basis of FEM analysis and plastometric tests (Gleeble), the thermo-mechanical conditions 
resulting in a fine-grained structure were designed. The level of diversified  microstructure and thus wide range 
of mechanical properties by the use of laboratory hot rolling and multi-stage cooling processes were 
determined. It was pointed out that apart from chemical composition the thermo-mechanical rolling conditions 
have great influence on phase composition and mechanical properties of the investigated DP and CP steel 
strips. The results of the analysis carried out in this work provide useful data for the designing of thermo-
mechanical rolling of DP and CP steel strips, which have multiphase microstructure and diversified mechanical 
properties. 

Keywords: DP and CP steel, thermo-mechanical rolling, CCT curves, mechanical properties, hot workability 

1. INTRODUCTION 

Dual Phase (DP) and Complex Phase (CP) steel with multiphase microstructure belong to the modern steel 
group called Advanced High Strength Steels (AHSS) and due to their properties are used very often in the 
automotive industry. Third generation of these steels is now widely investigated. Practically, these steels are 
characterized by a compromise between high cold-workability of steel sheet and rigidity of a car body draw-
piece. Dual Phase steels (DP) are a group of low-carbon micro-alloyed steels, whose structure consists of soft 
ferritic matrix, in which 20-70 % of martensite is distributed, Fig. 1a . Depending on the process route and steel 
composition, hot rolled strips can have a microstructure containing some quantities of bainite. The 
microstructure of CP steels contains small amounts of martensite, retained austenite and pearlite within the 
ferrite/bainite matrix, Fig. 1b . 

 
     
 
 
 
 
 

Fig. 1  a) Islands of martensite (black) in a matrix of ferrite in DP steel, b) microstructure of CP steel 

a) 

a) b) 
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The grain refinement is created by retarded recrystallization or precipitation of microalloying elements like Ti 
or Nb [1]. In general, CP steels show higher yield strengths than DP steels, while tensile strengths remain on 
similar level for both steels. DP and CP steels are produced similarly as all AHSS steel by control cooling from 
austenite (or austenite and ferrite) phase. Practically, it is realized in the cooling line of hot strip mill (hot rolled 
products) or in the cooling section of the continuous annealing furnace (cold rolled products) [2,3,4]. However, 
the technology that seems to be prevailing in the future is hot strip rolling realized in modern rolling mills 
integrated with continuous casting of thin ingots. 

2. CCT DIAGRAM OF COMPLEX PHASE STEEL 

The new developed low carbon DP and CP type steels were investigated. Chemical composition of elaborated 
steels (Table 1 ) were optimized in the aim of obtanining an optimal fraction of multiphase microstructure under 
conditions of hot rolling and multistage cooling. Liquid metal was cast in the ingot moulds with the capacity of 
about 100 kg. Successively, the ingots were hot forged into flat bars of 160 mm in with and 60 in thickness, 
from which the specimens for dilatometric, plastometric tests and experimental rolling were machined.  

Table 1 Chemical composition of investigated DP and CP steel  

Steel grade C Mn Si P S Cr Ni Mo Ti Nb Al. 

DP 0.10 1.49 0.52 0.01 0.009 0.04 0.02 0.01 - - 0.06 

CP 0.10 1.02 0.67 0.01 0.007 0.68 0.01 0.01 0.06 0.06 - 

To design thermo-mechanical rolling of DP and CP steels a knowledge of their hot workability and multi-stage 
cooling rate is of primary importance. In order to obtain the cooling curves, the start and finish temperatures 
of phase transformations (critical temperatures), a cooling process was performed using dilatometer (DT1000 
type). Tubular samples of 2 mm in diameter and 12 mm in length with 1 mm diameter hole were used for 
determination of CCT diagrams. Specimens were heated at the rate of 3 °C/s to austenitizing temperature of 
1000 °C and were held for 20 minutes. Subsequently, the samples were cooled at the rate of 10 °C/s to the 
temperature of 890 °C, being the start of controlled cooling. 

 

Fig. 2  Detailed CCT diagram obtained for CP steel 
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Critical temperatures (Ac1 and Ac3) of the investigated steels and diagrams of cooling of deformed austenite 
transformations were assigned. The precise CCT diagrams are the basis for obtaining the most favourable 
material properties, considering further processing. CCT diagram contains the data about the start and finish 
temperatures of phase transformations and hardness values obtained in the cooling process with different 
rates. The obtained CCT diagram for DP steel is presented in [3,5] and for CP steel is shown in Fig. 2 . 

     

Fig. 3  Microstructure of CP steel after controlled cooling with rate 500 °C/s (left) and 20 °C/s (right) 

3. FLOW STRESSES 

Series of tests were performed using torsional plastometer. The obtained results in a form of flow stress 
variations as a function of temperature, strain and strain rate were loaded into computer program as the 
material database. The obtained flow stresses for DP steel are presented in [2,5] and example flow stresses 
for CP steel is shown in Fig. 4 . 

 

Fig. 4 Flow stresses for CP steel obtained from torsion tests for various temperatures (in °C) and strain rate 
equal 2 s-1 

Multistage compression of the process of hot rolling in the six final stands, as in industrial process, was realized 
for DP steel with application of Gleeble 3800 simulator The cubicoid specimens of 15x20x35 mm were 
compressed under conditions of plane strain in the six cycle compression to the true strain of 1.15 with the 
final strain rate of 100 1/s.The foils were used to prevent sticking and graphite foils and Ni-based  
grease as lubricants. The test parameters, i.e. temperature of rolled strip, strain, strain rate and idle time 
between passes were selected to represent the deformation conditions occurring in real process as  
precisely as possible. Example result, obtained for rolling simulation of DP steel, is shown in Fig. 5 . 
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Fig. 5 Simulation of hot rolling using Gleeble 3800 (final temperature 890 °C and strain rate of about 100 s-1) 

4. COMPUTER SIMULATION OF HOT ROLLING AND COOLING  

For stress and strain analysis the simulation of hot strip rolling with application of computer program (FEM) 
has been applied [6]. The results of calculations contribute to better understanding of flow pattern of a strip in 
the roll stands, as well as the distributions of temperature, stresses (Fig. 6) and strains (Fig. 7 ) in the strip 
being deformed.  

           

Fig. 6 Von Misses stress during rolling in first pass      Fig. 7  Effective strain during rolling in first pass 

For simulation of  strip cooling after hot rolling commercial software (TTSteel) was used. Cooling rates ranging 

from 500 °C/s to 1 °C/s were selected and simulation was performed for cooling from the temperature of 890 
°C. The chemical compositions of steel as well as cooling temperature-time relationships determined by 
dilatometer were stored in the program database. The effect of cooling rate on phase composition and forecast 
mechanical properties of Complex Phase steel is presented in Fig. 8  and Fig. 9 . The results of calculation 

confirm that the cooling rate of about 20 °C/s makes it possible to obtain the ferritic-bainitic-martensitic 
microstructure, while at the cooling rate of about 4 °C/s only the ferritic-pearlitic-bainitic microstructure 
develops. The software allows for determining the critical temperatures and CCT curves for theoretical cooling 
with different cooling rates. It also allows for prediction phase composition and forecast mechanical properties 
of investigated steels. All these investigations were the basis to the planning of further research e.g. rolling 
and cooling parameters of DP and CP steel strips. 
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  Fig. 8 Influence of cooling rate on phase volume              Fig. 9  Influence of cooling rate on mechanical 
            fractions of CP steel (results from TTSteel)       properties of CP steel (results from TTSteel) 

5. RESULTS OF EXPERIMENTS AND DISCUSSION 

The samples for experimental rolling were prepared from special cast of DP and CP steels. The flat specimens 
of dimensions 12.4 x 26.8 x 120 mm were used in experimental hot rolling and cooling, which schedule is 
presented in Table 2 . 

Table 2 Schedule of experimental rolling and controlled cooling of DP and CP steel samples 

Series 
HOT ROLLING COOLING 

Heating 
temperat., °C 

Roll end 
temperature 

Number of 
passes  

Reduction in  
the passes, % 

Cooling way/rates, 
°C/s 

A-DP 1250 below Ar3  3 2 x 60 +1 x 35 water / 100 

B-DP 1250 below Ar3  3 2 x 60 +1 x 35 water spray / 15 

C-DP 1250 below Ar3  3 2 x 60 +1 x 35 air / 4 

D-DP 1250 below Ar3  3 2 x 60 +1 x 35 
water + holding in  

 ferrite region 

E-CP 1250 below Ar3  3 2 x 60 +1 x 35 20  

F-CP 1250 below Ar3  3 2 x 60 +1 x 35 10  

G-CP 1250 below Ar3  3 2 x 60 +1 x 35 4  

The realized rolling of DP samples in laboratory conditions together with controlled cooling allowed for 
obtaining diversified steel microstructures, depending on the roll-end temperatures and the cooling rates. 
Some mechanical properties of strip samples obtained after experimental rolling in three passes and controlled 
cooling with different rates are presented in Fig. 10  and Fig. 11 . 

The increase of cooling rate after hot rolling above the critical cooling rate results in increased martensite 
volume fraction in DP steel, and thus higher strength and lower formability of investigated strip samples. 
Martensitic phase prevails (from 66 to 70 %) when using water cooling (rate about 100 ºC/s) and thus very 
high strength (Re, Rm, and HV) and low formability (A50) of steel strips were obtained. In case of water spray 
cooling (rate about 15 ºC/s), the bainitic phase (41 % for B-DP samples) was formed. Thus, lower but enough 
high strength and better formability of strip samples were obtained.  When air was used as a coolant (rate 
about 4 ºC/s), only ferritic-pearlitic microstructures were observed. The best results for DP steel were obtained 
when water cooling with holding inside ferrite region (about 7 s) was applied (D-DP samples). In this case hot 
rolled strips had microstructure containing much lower of martensite (19.1 %) and some quantities of bainite 
(11.5 %). The obtained microstructure results in adequately low yield stress (Re = 479 MPa) and high ultimate 
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strength (Rm = 786 MPa), allowing for obtaining sufficiently good Re/Rm ratio (equal 0.61) and acceptable level 
of cold formability (A50 = 15 %). 

Similarly, the samples of CP steel were hot rolled in three passes and then cooled with three different rates, 
namely 20, 10 and 4 ºC/s. The increase of cooling rates results in increased martensite and decreased pearlitic 
volume fraction in CP steel, and thus higher strength and a bit lower formability of investigated strip samples. 
When low rate was used of about 4 ºC/s (G-CP samples), only ferritic-pearlitic-bainitic microstructures were 
observed. The most desirable microstructures of CP steel are that ones which contain ferrite, martensite and 
bainite. Taking into account mechanical properties, the best results for CP steel were obtained when high 
cooling rates (about 20 ºC/s) were applied (E-CP samples). In this case CP strips had microstructure containing 
of about 18 % of martensite, 33 % of bainite and the rest of ferrite. The obtained microstructure results in low 
yield stress (Re = 321 MPa) and high tensile strength (Rm = 618 MPa), allowing for obtaining very good Re/Rm 
ratio (equal to 0.52) and good level of cold formability (A50 = 22 %). 

 

 

 

 

 

                                               

 
Fig. 10  Tensile strength and yield strength for DP (left) and CP (right) strip samples rolled in three passes 

 
Fig. 11 Comparison of elongations (A50) for DP (left) and CP (right) strip samples rolled in three passes 

It is reccomended for CP steel strips rolling to apply very fast cooling after deformation in the last rolling stand 
down to the temperature  Ms (martesite start) plus about 30 ºC. Successively, in this temperature strips can be 
coiled and isothermal holded for one hour, and after that can be slow cooled to the ambient tremperature. 
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6. CONCLUSIONS  
1) The most satisfactory results of experimental rolling of DP steel were obtained when water-cooling with 

holding inside ferrite region was applied (D-DP samples). In this case hot rolled strips had microstructure 
containing sufficient level of martensite (19.1 %) and some quantities of bainite (11.5 %). The obtained 
microstructure results in adequately low yield stress (Re = 479 MPa) and high strength (Rm = 786 MPa), 
allowing for obtaining very good Re/Rm ratio (equal 0.61) and acceptable level of cold formability (A50 = 
15 %). 

2) The obtained microstructure of CP strips results in low yield stress (Re = 304 - 321 MPa) and high tensile 
strength (Rm = 492 - 618 MPa), allowing for obtaining very good Re/Rm ratio (around 0.55) and level of 
cold formability (A50 ≥ 22 %). The change of the cooling rates results in greater changes in tensile 
strength than in yield strength or elongation (A50). 

3) The different microstructures can be obtained by choosing hot rolling and cooling parameters, thus a 
wide range of mechanical properties of DP or CP steel strips can be acquired. This allows rolling mills 
to adjust process parameters to obtain the required properties. 

4) The results of the analysis provide useful data for the designing of thermo-mechanical rolling of DP and 
CP steel strips or adjusting existing processes to meet very high requirements demanded by the modern 
industry. 
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Abstract  

Residual stresses in hot-rolled sheets complicate the process of laser cutting. The present paper is devoted 
to predict these stresses occurring during laminar cooling after rolling. The proposed model accounts for the 
thermal and mechanical processes in the sheet during cooling: i) heat transfer to the environment, ii) heat of 
phase transformations, iii) thermal stresses, iv) stresses due to dilatometric effect during phase 
transformations, v) stress relaxation. Stresses due to dilatometric effect caused by phase transformations are 
investigated in the present paper. A model of phase transitions was developed on the basis of modification of 
JMAK (Johnson, Mehl, Avrami, Kolmogorov) equation. Coefficients in the model were identified by the inverse 
analysis of the dilatometric tests. The optimized model was implemented in the finite element model of heat 
transfer during laminar cooling and in the coil. The advantage of the developed model and computer program 
is its ability to perform quick calculations for industrial conditions, accounting for the dilatometric effect due to 
phase transformations. Numerical tests confirmed good predictive capabilities of the model. 

Keywords: Laminar cooling, phase transformations, residual stresses 

1. INTRODUCTION 

The problem of calculations and experimental identification of residual stresses in hot-rolled strips is extremely 
important. Residual stresses become of practical importance when the laser cutting of strips is applied. Too 
high level of residual stresses causes bending of the part after cutting and creates difficulties with further 
processing. The factors influencing the residual stresses include the non-uniform distribution of elastic-plastic 
deformations, phase transformations occurring during cooling and stress relaxation during rolling and cooling 
[1]. The goal of this paper was accounting for phase transformations in modelling stresses occurring during 
laminar cooling and coiling of steel strips.  

2. MODELLING OF RESIDUAL STRESSES IN HOT-ROLLED STR IPS 

Prediction of stresses occurring in strips during laminar cooling has been of interest of scientists for few 
decades now. Primary objective of these research was avoidance of waviness of the strip. Several simplified 
approaches were published three decades ago, see for example [2]. More advanced solutions were published 
at the beginning of this century. Authors of [3] applied Abaqus software in combination with the JMAK phase 
transformation model to predict flatness of the strip. This approach was upgraded in [4]. Abaqus was also used 
in [5] to evaluate the effect of various cooling strategies on residual stresses in strips.  

Application of the FE method involves long computing times, which are not acceptable in the industrial practice. 
Thus, search for less computationally expensive and reasonably accurate models was undertaken. Authors of 
[6] proposed simple model based on balance of stresses and 2D plasticity for calculation of stresses in 
aluminium plate. The idea of dividing the strip into several parts was used in [7] by the Authors of the present 
paper. This model was upgraded in following publications [1,8] by more precise accounting for the dilatometric 
effect due to phase transformations. The objective of the present paper was to develop the phase 
transformation model for the selected steels used for manufacturing strips channelled to laser cutting. 
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3. MODEL 

Historically, JMAK type equations [9] were commonly used for simulations of phase transformations. In that 
approach, all attention is focused on the kinetics and microstructural aspects are essentially ignored. However, 
since kinetics of transformation is satisfactory for calculation of the dilatometric effect, upgrade of the JMAK 
model was used in the present paper. The basic JMAK equation is: 

( )1 exp nX kt= − −
                                                                                                            (1) 

where: X  - transformed volume fraction, k, n - coefficients, t - time. 

Upgrade of the JMAK equation (1) used in the present work was based on [10] and assumes constant value 
of the coefficient n. The model for ferritic, pearlitic and bainitic transformations contains 18 coefficients, which 
are grouped in the vector a. Although bainite is not likely to occur in the investigated steels, the bainitic 
transformation was included in the model for completeness. The coefficient n is represented by a1, a10 and a18 
for ferritic, pearlitic and bainitic transformations, respectively. Coefficient k was introduced as function of the 
temperature and the following functions were used for ferritic (kf) and bainitic (kb) transformations: 

( )
5

2
3 3 17 16 15

4

1 400
exp exp 0.01

a

f c b

a
k T A a k a a a T

D a Dγ γ

    = − − − + = −                                  (2) 

where: Dγ - austenite grain size. 

Constant value of the coefficient kp = a15 was assumed for the pearlitic transformation. Incubation time has to 
be introduced before pearlitic (τp) and  bainitic (τb) transformations and the following equations were used: 

( ) ( ) ( ) ( )8 13

6 7 11 12

1 20

exp exp
273 273A

P ba a

c

a a a a

R T R TT a T
τ τ

   
= =   + +− −                                        (3) 

where: R  - gas constant 

The remaining equations in the model describe start temperature for the bainitic transformation: 

14 425[C] 42.5[Mn] 31.5[Ni]sB a= − − −
                                             (4) 

where: [C], [Mn], [Ni]  - concentrations of carbon, manganese and nickel in steel. 

Model composed of equations (1)-(4) was implemented in the code, which simulates laminar cooling of steel 
strips and was used in calculations of the dilatometric effect. 

4. IDENTIFICATION OF MODELS 

Three steels with chemical composition in Table 1  were investigated. The model in Chapter 3 describes 
transient state, represented by changes of the volume fraction as a response to changes of the temperature. 
Information about equilibrium state, which is the volume fraction reached when temperature stabilizes, is 
needed to model phase transformations. This equilibrium is represented by the carbon concentrations at the 
austenite-ferrite interface cγα and at the austenite-cementite interface cγβ. It determines maximum carbon 
concentration in the austenite. When this concentration is reached, pearlitic transformation begins. The 
equilibrium at the austenite-ferrite and at the austenite-cementite interfaces is linearized by the equations:  

0 1 0 1c c c T c c c Tγα γα γα γβ γβ γβ= + = +
        (5) 
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where: cγα0, cγα1, cγβ0, cγβ1 - coefficients. 

Table 1 Chemical compositions of the investigated steels, wt% 

steel C Mn Si Cr Mo Cu Nb V P S Al N 

A 0.16 1.5 0.03 0.15 0.05 0.15 0.01 0.02 0.02 0.015 0.038 0.006 

B 0.16 0.42 0.03 0.038 - 0.12 - - 0.009 0.007 0.04 0.0014 

C 0.08 0.78 0.03 0.04 - 0.01 - - 0.09 0.006 0.029 0.0016 

All thermodynamic parameters in equations (5) were determined using ThrmoCalc program on the basis of the 
chemical composition of steels. Coefficients obtained by approximation of data from ThermoCalc for the 
investigated steels are given in Table 2 . Fig. 1a,b,c  shows the part of the C-Fe plot obtained from the 
ThermoCalc for the chemical compositions given in Table 1 . In this figure c0 represents carbon concentration 
in the steel. Fig. 1d  shows equilibrium volume fractions of phases as a function of the temperature. 

Table 2 Coefficients in equations (5) determined using ThermoCalc 

steel cγα0 cγα1 cγβ0 cγβ1 

A 5.05909 -0.00609 -1.16237 0.00262383 

B 4.23086 -0.00482 -1.14198 0.00259822 

C 4.3548 -0.005038 -1.134 0.0025831 

a)  b)  

c)  d)  

Fig. 1 Part of the phase equilibrium diagram showing equilibrium concentrations at gamma-alpha and 
gamma-cementite interfaces (a,b,c) and equilibrium volume fractions of phases as a function of the 

temperature (d) 

All these data were used in identification of the coefficients in the phase transformation models. Dilatometric 
tests with various cooling rates were performed to supply data for identification of the coefficients a in the 
model. Details of the inverse algorithm for identification of the phase transformation models are given in [11]. 
Coefficients a obtained from the inverse analysis of dilatometric tests for the steel in Table 1  are given in 
Tables 3, 4 and 5. The model with optimal coefficients was validated by comparison start and end 
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temperatures for transformation calculated by the model and measured in dilatometric tests. Results of this 
comparison are shown in Figs. 2a, 3a and 4a. Analysis of these results confirmed good predictive capability 
as far as temperatures of ferritic and bainitic transformations are considered. These transformations are crucial 
for predictions of the dilatometric effect during laminar cooling. 

Table 3 Coefficients in the model obtained from the inverse analysis of dilatometric tests for the steel A 

a1 a2 a3 a4 a5 a6 a7 a8 a9 

2.599 0.778 103.3 7.53 1.288 2.349 17.75 0.006 1.12 

a10 a11 a12 a13 a14 a15 a16 a17 a18 

0.502 80.1 56.38 2.626 737 0.262 0.016 1.581 0.604 

Table 4 Coefficients in the model obtained from the inverse analysis of dilatometric tests for the steel B 

a1 a2 a3 a4 a5 a6 a7 a8 a9 

2.353 0.844 98.2 9.339 1.012 3.94 6.0 0.0027 1.783 

a10 a11 a12 a13 a14 a15 a16 a17 a18 

0.0227 106.3 57.57 2.793 726.1 0.295 0.088 1.908 1.722 

Table 5 Coefficients in the model obtained from the inverse analysis of dilatometric tests for the steel C 

a1 a2 a3 a4 a5 a6 a7 a8 a9 

2.854 1.594 114.6 28.25 2.648 3.706 7.015 0.0029 1.069 

a10 a11 a12 a13 a14 a15 a16 a17 a18 

0.025 200.4 51.11 3.188 688.5 0.326 0.093 1.689 2.231 

a)  b)  

a)  b)  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

193 

a)  b)  

Figs. 2-4 Comparison of start and end temperatures of transformation (a) and volume fractions of phases (b) 
calculated by the model (open symbols) and measured in dilatometric tests (filled symbols) for three steels 

To validate further the model, volume fractions of phases at room temperature after different cooling rates 
were calculated and compared with the measurements. The results of this analysis are shown in Figs. 2b , 3b 
and 4b. Reasonably good agreement between measurements and predictions was obtained. 

5. RESULTS 

5.1. Numerical tests of phase transformation models  

Simulations of laminar cooling were performed to validate the phase transformation model. Nine control points 
at the cross section were analysed (Fig. 5 ). The results for points p1, p3, p4 and p6 are presented below. Steel 
B was considered. Strip thickness was 3 mm and width was 1500 mm. Changes of the temperature during 
laminar cooling are shown in Fig. 6a  and kinetics of the ferritic transformation is shown in Fig. 6b . Intensity of 
cooling was the same in both sections of the laminar cooling system. Numerical tests confirmed model’s 
capability to predict kinetics of transformations depending on the water flux intensity in subsequent sections of 
the laminar cooling. It means that the model can be used to optimization of the laminar cooling process. 

 

Fig. 5  Location of control points at the cross section of the strip. 

a)   b)  

Fig. 6  Changes of the temperature (a) and kinetics of ferritic transformation (b) during laminar cooling 
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5.2. Calculations of residual stresses 

Model of stresses in hot rolled strips during laminar cooling and coiling is described in [1]. This model was 
connected with the phase transformation model presented in the present paper and simulations of the laminar 
cooling were performed. Variations of longitudinal stress during cooling are shown in Fig. 7a . It is seen that 
changes of the ferrite volume fraction are correlated with the changes of the stress. Changes of stresses for 
the time 220-240 s are connected with coiling. Distribution of the longitudinal stress along the width of the strip 
is shown in Fig. 7b , for three locations through the thickness (y = 3, 1.5 and 0 mm). 

6. CONCLUSIONS 

Phase transformation model for three steels was developed and applied to simulation of laminar cooling of hot 
rolled strips. The model was connected with the program, which predicts residual stresses in strips. Numerical 
tests were performed and the following conclusions are drawn:  

a)   b)  

Fig. 7 Changes of longitudinal stress during laminar cooling (a) and final distribution of the longitudinal 
residual stresses along the width of the strip (b) 

• Simple model based on the JMAK equation describes the kinetics of phase transformations with 
reasonable accuracy, which is satisfactory for the design of parameters of the laminar cooling process. 

• Identification of the model was performed by inverse analysis of dilatometric tests and good accuracy 
of predictions of start and end temperatures, as well as volume fractions of phases, was obtained. 

• By connection of the developed model with the program, which calculates residual stresses in strips, 
accounting for the dilatometric effect became possible. 
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Abstract 

Strains and stress conditions during shape rolling of experimental billets were analyzed. Photoplasticimetry, 
the theoretical basis of which is briefly described, was applied as the experimental evaluation method. This 
method is advantageous for evaluating stress and strain conditions since it enables to determine directions of 
the main strain in each point of the deformed material in the real deformation zone, as well as differences 
between them. The obtained data can subsequently be also used to solve other issues of static conditions of 
equilibrium by applying the methods of shear stress differences and successive approximation. 

Keywords:  Stress analysis, strain analysis, photoplasticimetry, shape rolling 

1. INTRODUCTION 

The final mechanical properties of a deformed material, as well as its formability during the forming process, 
depend on various processing parameters. Among those having the most significant influences are especially 
chemical composition, thermodynamic conditions and strain and stress conditions in the real deformation zone. 
The knowledge of the stress and strain fields during the particular forming process is necessary for successful 
forming of any material without its failure. 

The influence of processing parameters and geometry of forming processes can be predicted using several 
methods, from which the most important are numerical [1] and mathematical [2] modelling. While numerical 
modelling is mostly used to predict behavior of materials in the region of plastic [3-5], as well as elastic [6] 
deformation under specific conditions (however these conditions can be varied once the basic assembly is 
constructed), mathematical modelling is mostly used to create more general models and equations for behavior 
of materials [7,8].  

Both these approaches have been extensively used for examinations of conventional, as well as non-
conventional deformation technologies. Nevertheless, methods for experimental measurement of stress-strain 
conditions during the particular forming process, such as photo-plasticity method, have also been developed. 
Particularly this method has already successfully been applied to measure stress-strain condition during 
several forming technologies, e.g. rotary forging [9] and accumulative roll bonding [10]. 

The aim of the study described in this contribution was to outline an analytical solution of the stress-strain 
conditions during rolling in an enclosed shape die. Considering rolling, the strain and stress conditions are 
influenced mainly by the rolling gap geometry and friction conditions between the rolled billet and rolls. The 
paper features evaluation of the experimental results using photo-plasticity method and calculations of the 
stress and strain fields using a proposed hybrid method. 
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2. METHODS AND CALCULATIONS 

In this experiment, we consider the process of rolling. Since this is a forming process during which the material 
experiences plastic deformation, it is necessary to involve a theory of plasticity in our calculations. To 
analytically solve the stress and strain fields during rolling we selected a hybrid method - we supplemented 
the theory of plasticity with results of observations performed experimentally using photo-plasticity method. 

The principle of the photo-plasticity method is in examination of two types of interference lines, which form 
under polarized light. These types include isoclinic lines, the behavior of which can be used to determine the 
ε1 and ε2 directions, and isochromatic lines enabling the determination of the (ε1 - ε2) difference. The difference 
of the main strains can be determined on a quantitative basis via applying the Wertheim law (Eq. (1)) [11]. The 
proposed hybrid method then enables experimental determination of the directions of the main strains ε1 and 
ε2 and their differences (ε1 - ε2) in each point of the deformed material across the real deformation zone.  

( ) fn
Kt

n .
.21 ==− λεε  (1) 

where n is order of isochromatic line, λ is wavelength of penetrating light, t is thickness of optically active 
material, K is optical sensitivity of optically active material, f is value of order. 

Since the distribution of deformation in the deformation zone during rolling is uneven, the elastic-plastic 
deformation theory was chosen to evaluate stress and strain fields. It also provides an advantageous approach 
for determination of shear stress and shear strain intensities. For the theory of elastic-plastic deformation, the 
following equation specifies the dependence between the stress deviator Dσ and the strain deviator Dε (Eq. 
(2)) [12].  

ε
γ

τ
σ DD

S

S2
=  (2) 

where Sτ is intensity of shear stresses and Sγ is intensity of shear strains. 

Equation (2) can subsequently be used to determine the above mentioned shear stress and shear strain 
intensities within the proposed hybrid method. The intensity of shear stresses Sτ and the intensity of shear 
strains Sγ are then defined by the following relationships (Eq. (3) and Eq. (4)): 
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( ) ( ) ( ) ( )[ ]2
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2
2 εεεεεεεγ −+−+−=−= DIS  (4) 

where I2(Dσ) is second invariant of the stress deviator and I2(Dε) is the second invariant of the strain deviator. 

After having performed the substitution of equation (2) with deviator constituents in the orthogonal coordinate 
system, the formula determining the difference of the two main stresses in a specific location within the 
deformed work-piece can be expressed as follows [13] (Eq. (5)). This relationship is then a basis for the solution 
of the tensor stress and strain fields and will be used in the below described study. 

( ) ( )2121

2 εεσσ
λ

τ −=−
S

S
 (5) 

As for the model experimental material we used a low module optically active PS 4 epoxy resin fabricated by 
Vishay [14]. To obtain its material characteristics, we performed plastometric tests under various 
thermodynamic conditions. Based on these tests we were then able to determine properties of the material 
and its behavior in the region of plastic deformation. The obtained stress-strain curves can be used to 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

198 

determine the dependency between the shear stress intensity and the shear strain intensity. The following 
relationships for these intensities result from equations (3) and (4). 

3
1σ

τ =S  (6) 

( )
3

12 1 µε
γ

+=S  (7) 

To determine the dependency between both the intensities, we subsequently applied regression analysis and 
the minimum RMS (Root Mean Square) deviation method. Therefore the properties of the real material are 
eventually given by two material constants a and b according to equation (8). 

( )bSaS γτ =                                                                                                     (8) 

3. RESULTS AND DISCUSSION 

We experimentally performed a pass of shape rolling, during which the experimental billet changed its cross-
sectional shape from original rectangle (before the pass) to final oval (after the pass). We evaluated stress and 
strain fields in six sections defined as I-VI, as is depicted in Fig. 1 . The results of calculations for section II are 
presented below.  

 

Fig. 1.  Depiction of calculated areas during rectangle - oval shape rolling 

The experimentally observed isochromatic lines can be seen in Fig. 2 . These lines are constructed 
geometrically. They basically connect geometrical points in which the differences between two values are 
constant. This applies for main strains, as well as for main stresses. The same geometric construction 
approach can be used again to experimentally determine the isoclinic lines. These lines connect points in 
which the directions of the main strain and main stress are the same. These lines can finally be used while 
solving analytically strain and stress conditions during forming using the method of characteristics [15]. 

 

Fig. 2  Semi-orders isochromatic lines 
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Nevertheless, the experimentally obtained directions and differences of the main strains are not sufficient for 
determination of constituents of the strain and stress tensors. Therefore, it is necessary to use the static 
conditions of equilibrium and the relationships of the theory of plasticity to solve this issue. Since we considered 
a plane stress condition, the static condition of equilibrium in the x-axis direction can be described as follows 
(Eq. (9)): 

0=
∂

∂
+

∂
∂

yx
xyx

τσ
                                                                                          (9) 

In the partial differential equation (9), two unknown variables are present (i.e. σx and τxy). The following 
relationship (Eq. (10)) is then derived using the Mohr’s circle for shear stress τxy: 

ϑσστ 2sin
2

21 −
=xy                                                                                                   (10) 

where ϑ is angle ensuing from the shape of the isoclinic lines. 

As was described above by equation (8), the given dependency of the intensities Sτ and Sγ is non-linear in the 
area of plastic deformations. Therefore equation (9) is also a non-linear partial differential equation. The 
equation must be solved numerically to be eventually converted to the following form applicable for rolling 
conditions (Eq. (11)). 
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,,                                                                                           (11) 

where σx,0 is a known value of normal stress σx in the initial point of integration. 

Numerical integration begins on an unloaded surface of the rolled billet, in the point which is characterized with 
zero values of the parameters σx and τxy. The integration uses the shear difference method and successive 
approximation method. The evaluation process is described in detail in reference [16], while the successive 
approximation method is outlined in Fig. 3 . The results of the integrations are constituents of the stress tensor 
in all the locations of the real deformation zone. 

The strain and stress fields are tensor fields which cannot be depicted as simple scalar fields containing only 
one parameter. Therefore, these fields are mostly depicted using equiscalar levels of the scalar constituents 
of the strain and stress tensors. The equiscalar levels of tensors within the rectangle to oval shape rolling are 
plotted in Fig. 4 , in which stress is depicted in the upper half and strain in the lower half of the schematic figure. 

   

Fig. 3  Method of successive approximation Fig. 4  Equiscalar levels of strain and stresses 

The experimentally observed behavior of isochromatic and isoclinic lines imparts the supposition that 
deformation within a rolled billet is induced a relatively long time before the material enters the deformation 
zone. The maximum intensity of strain was detected in four points of the rolled billet within the exit rolling plane. 
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Comparison of Fig. 2  and Fig. 4  provides a reasonable similarity, i.e. correlation of calculated and 
experimentally obtained results. Using the theory of similarity, the results of our calculations based on 
laboratory experiments can subsequently be applied for real shape rolling conditions. However, to be able to 
make a conversion via the theory of similarity it is necessary to also determine the mechanical properties of 
the real material. This can favorably be done using plastometric tests, likewise to our study. 

4. CONCLUSIONS 

In the presented paper we propose and briefly describe the hybrid method, which we applied on an analysis 
of strain and stress conditions during shape rolling. The method basically consists of a combination of 
analytical calculations based on the theory of plasticity with subsequent experimental verification using the 
photo-plasticity method. The results of calculations showed that tensile stresses, which may cause rupture of 
the rolled billets especially in materials with low formability, were detected on the top and bottom surface of 
the rolled billet. The proposed method showed a good correlation of experimentally and analytically obtained 
results and can therefore be reproduced also for other forming processes. In the near future, we are planning 
to use the same hybrid method to calculate stress and stress fields in methods of severe plastic deformation, 
such as accumulative roll bonding (ARB) end equal channel angular pressing (ECAP). 
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Abstract  

Mechanical properties of closed die forgings reflect their microstructure which is formed during the 
manufacturing process. There are a number of process factors at play which govern the final microstructural 
condition of the forged part. Besides the amount of working and the forging temperature, there is the post-
forge cooling rate which has a decisive influence on the resulting microstructure. An important pre-requisite for 
dealing with these aspects is the definition of the input requirements and the boundary conditions. For instance, 
an input requirement may involve obtaining the desired microstructure within the entire forged part. Boundary 
conditions include the actual capabilities of the forge shop in terms of the control over the forged part’s cooling. 
Hence, predicting the resulting properties of the forged part’s material is a complex endeavour. In ordinary 
forge shops, there is no other way of finding these properties than by trial and error, which is rather demanding. 
It is time consuming and costly because a number of cooling routes must be tried in the plant. An alternative 
to this is material-technological modelling. It is a highly effective method of modelling the cooling of forgings 
without interfering with the production. By this means, the optimum manufacturing route can be found which, 
once implemented, delivers the desired microstructure of the forged part at minimized cost.  

Keywords: Material-technological modelling, controlled cooling, 30MnVS6 

1. INTRODUCTION 

The economic perspective on production has been continuously gaining importance in recent years. The effort 
to monitor and cut production costs, while maintaining high quality of products, has been receiving increasing 
attention. The manufacture of forged parts comprises a number of operations and associated processes. The 
feedstock is forged and, typically, heat-treated upon forging. The decisive collection of requirements is the one 
defined by the customer. It may involve requirements on the final microstructure or on mechanical properties. 
To meet those, forgings often undergo heat treatment. An available alternative to such post-forge heat 
treatment is the controlled cooling of forgings from the finish-forging temperature. An appropriate cooling 
sequence can provide the desired microstructures and mechanical properties without the need for heat 
treatment. This can substantially improve the production efficiency. On the other hand, introducing a new 
sequence into production is time consuming and often costly. Testing and optimising the controlled cooling 
process directly in the plant does not guarantee a success. It is thus desirable to find the appropriate cooling 
conditions using another approach which allows the cooling parameters to be optimised without interfering in 
production operations. One of the available approaches is material-technological modelling (MTM). The 
underlying idea of MTM is to process a material sample using the same thermal and deformation inputs, 
sequences and temperature profiles as in the real-life process. The resulting microstructural evolution is thus 
identical to that in the actual process. The method involves constructing a detailed physical, material and 
process model which simulates the real-life manufacturing process [1, 2]. The required agreement between 
the problem specification and the process requirements is achieved by gradually updating the model.  
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2. EXPERIMENTAL PROGRAMME 

The controlled cooling process described in this paper has been developed for the demonstration forging 
shown in Fig. 1 . This forging is used in the chassis of a lorry. Its present manufacturing route comprises four 
progressive forming operations: upsetting, preforming, finish forming and trimming, followed by heat treatment 
which involves quenching and tempering. With respect to the planned change in the manufacturing route, the 
existing 42CrMoS4 material was substituted in this experiment with the 30MnVS6 microalloyed steel, so that 
ferritic-pearlitic microstructure could be achieved. 

 

Fig. 1  Forged part used for the demonstration 

2.1. Development of Material-Technological Model 

The material-technological model describes the manufacturing route for the present forged part. In order to 
develop it, extensive measurements have been undertaken on-site at VIVA forge. They included time profiles 
for heating and cooling processes, the durations of operations and times between operations. The 
measurement data was used for constructing FEM models of temperature profiles of processes employed in 
the manufacture of the forging. Those processes include forging, post-forge cooling and heat treatment [3]. 
Using FEM calculations, the forging process was simulated (Figs. 2 and 3 ). The simulation data provided 
detailed information on temperature, strain rate and strain distributions throughout the forged part. The 
simulation calculations were then used for developing the material-technological model of the entire 
manufacturing process. The accuracy and information value of the model were verified by comparison with the 
actual forging [4, 5]. Metallographic characterisation and mechanical testing proved a substantial agreement 
between the model and the corresponding parts of the real-life forged part. 

Process of material-technological modelling is carried out on a thermomechanical simulator - Flex Test SE 
MTS 810 Material Test System . The simulator offers precise control and short response times in performing 
the thermomechanical treatment even at high strain rates and in demanding thermal schedules. The 
specimens - round rods with threaded ends have a diameter of 8 mm, with gauge length 16 mm, are heated 
by combination of induction and resistive heating. 
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Fig. 2  Strain profiles for selected locations on a cross-section through the forged part 

 

Fig. 3  Temperature profiles at selected points on the forged part cross-section during cooling in still air - K0 

For the purpose of material-technological modelling of controlled cooling from the finish-forging temperature, 
a critical cross-section was subsequently identified and the relevant model has been constructed, the 
temperature profile of which followed the cooling of the selected P7 point in still air (Fig. 3 ). This point was 
chosen with respect to the highest total logarithmic strain φ=4.4 achieved on the cross-section in question. 
The model thus comprised and described both forging and post-forge cooling operations.

Deformation steps 

P7 

P7 

Cooling in still air - K0 
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In this modelling specimen, ferritic-pearlitic microstructure with some bainite has been found (Fig. 4 ). The 
distribution and fraction of bainite become visible after macroetching. Bainite appears as bright bands. The 
specimen with this microstructure showed a hardness of 269 HV10. Based on this value, temperature profiles 
for the cooling process of the forged part were proposed and a processing window was defined for achieving 
the desired microstructure by controlled cooling (Fig. 5 ). The desired microstructure consists of no other 
phases but ferrite and pearlite. The cooling rate required for producing this microstructure was sought in the 
critical temperature range of 950/300 °C. Under the experimental programme, a large number of cooling curves 
have been constructed. For the sake of clarity, only some of them are mentioned here. 

 

Fig. 5 Controlled cooling curves at the P7 point of the forging 

Fig 

 

 

 

 

 

 

Fig. 4  Left: microstructure of the modelling specimen replicating the P7 point after cooling still in air - K0 
cooling curve. Right: macrostructure on the cross-section through the modelling specimen 

Forming process 
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3. RESULTS AND DISCUSSION 

The cooling of the modelling specimen according to K1 curve led to a ferritic-pearlitic microstructure with a 
certain fraction of bainite which, however, was substantially smaller than upon cooling in still air according to 
K0 curve (Fig. 6 ). The fraction and distribution of bainite become apparent after macroetching. The hardness 
of this modelling specimen was 264 HV10. The slower cooling according to K2 curve led to a microstructure 
of ferrite, pearlite and a small fraction of bainite (Fig. 7 ). In this case the hardness value was 259 HV10. 

Fig. 6  Left: microstructure of the modelling specimen replicating the P7 point - controlled cooling 
according to K1 cooling curve. Right: macrostructure on the cross-section through the modelling 

specimen 

The microstructure of the modelling specimen which had cooled according to K3 curve consisted of ferrite and 
pearlite (Fig. 8 ). Its hardness was 246 HV10. The controlled cooling from the finish-forging temperature 
according to K4 curve produced a bainite-free mixture of ferrite and pearlite (Fig. 9 ). The hardness of the 
modelling specimen was 235 HV10.  

Fig. 7  Left: microstructure of the modelling specimen replicating the P7 point - controlled cooling 
according to K2 cooling curve. Right: macrostructure on the cross-section through the modelling 

specimen 
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Fig. 8  Left: microstructure of the modelling specimen replicating the P7 point - controlled cooling 
according to K3 cooling curve. Right: macrostructure on the cross-section through the modelling 

specimen 

  
 

Fig. 9  Left: microstructure of the modelling specimen replicating the P7 point - controlled cooling 
according to K4 cooling curve. Right: macrostructure on the cross-section through the modelling 

specimen 

4. CONCLUSION  

Savings in the production of closed-die forgings were a motive for developing and implementing a 
manufacturing route which eliminates heat treatment and allows the final microstructure and properties to be 
achieved by direct post-forge cooling. The approach used for this development was material-technological 
modelling. Thanks to this approach, the potential for substituting the current material with microalloyed steel 
could be explored. In addition, information has been obtained on the process parameters and the 
microstructural evolution. Using the data acquired on-site, i.e. in the forge shop, and FEM simulations, models 
of the manufacturing route, including forming and heat treatment, have been developed and verified. Based 
on these models, controlled cooling from the finish-forging temperature has been proposed and optimised. 
Associated with this step was the substitution of the original 42CrMoS4 steel with the 30MnVS6 microalloyed 
steel. Thanks to these changes, energy cost savings and shorter production lead times can be attained. The 
present controlled cooling models have been designed with the purpose of documenting the dependence of 
microstructural evolution on the cooling rate in the critical 950/300 °C range. Appropriate cooling parameters 
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for achieving ferritic-pearlitic microstructure throughout the forged part have been found by the research. The 
experiments showed that cooling within the 950/300 °C critical range must take longer than 1600 seconds. If 
the cooling becomes faster, bainite begins to form, which is undesirable for the forging type in question.  
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Abstract  

Classification of the phase transformation models with respect to computing times and predictive capabilities 
was the objective of the paper. Selection of the best model for a particular application was discussed and three 
models were chosen for the analysis. The first was an upgrade of the JMAK model, the second was an 
extension of the Leblond model the third was a solution of the carbon diffusion equation in the austenite. 
Capabilities of the models regarding prediction of microstructure after transformation were evaluated. Accuracy 
of predictions and efficiency of the models were compared. Results of dilatometric tests were used to validate 
the models. Finally, the models were applied to simulations of the industrial process and their predictive 
capability and efficiency were compared. 

Keywords: Phase transformation, modelling, computing costs, multiscale methods 

1. INTRODUCTION 

Large number of phase transformation models are available in the literature, from the simplest ones based on 
the JMAK equation [1] through more advanced models based on solution of differential equation [2] phase field 
[3] or to discrete models based on the Cellular Automata method [4]. All these models are characterized by 
various complexity of mathematical formulation and various predictive capabilities. Two aspects decide about 
accuracy and effectiveness of the phase transformation modelling: i) selection of a relevant model for a 
particular application, ii) proper identification of models. In metals processing the problem of identification of 
models using inverse analysis was widely investigated and application of this approach to the identification of 
phase transformation models presented in [5] was used in the present work. Showing new trends in modelling 
phase transformations and evaluation of the phase transformation models with respect to their predictive 
capabilities and computing costs was the general objective of this paper. The selection of the best model for 
particular application has to be made by searching for a balance between these two features. A primary 
classification of the models with respect to these criteria was made in [6]. The following objectives of the paper 
compose case studies of the application of the selected models to industrial processes and comparison of the 
performance of these models. 

2. CLASSIFICATION OF PHASE TRANSFORMATION MODELS 

Historically, JMAK type equations [1] were commonly used for simulations of phase transformations. In this 
approach, all attention is focused on the kinetics and microstructural aspects are essentially ignored. However, 
several upgrades of this model were proposed and it is still commonly used. More advanced model was 
proposed in [2], where rate of the transformation is assumed to be proportional to the distance from the 
equilibrium state. The proposition of [2] was extended by the Authors of the present paper by introduction of 
the second order differential equation [7]. More refined transformation models incorporate relevant features of 
the parent microstructure. The simplest approach considered the austenite grain as a sphere and the ferrite to 
nucleate uniformly along the outer surface. Geometrically more-refined models, in which the austenite grain is 
assumed to be a more complex geometrical figure, were proposed in [8]. In recent years, the phase field 
approach has emerged as one of the most powerful methods for modelling many types of microstructure-
evolution processes, including the austenite decomposition [3]. Since early 1970-ies, finite element (FE) 
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method has become the most popular simulation technique. In modelling phase transformations this method 
was applied to simulations of carbon distribution in austenite and became an alternative for the phase field 
models, see eg. [9]. FE solution of the diffusion equation with a moving boundary (Stefan problem) was 
performed in that work for various shapes of austenite and ferrite grains. In the late 1990-ies such discrete 
methods as cellular automata (CA), molecular dynamics (MD) or Monte Carlo (MC) begun to be applied to 
modelling recrystallization and phase transformations during materials processing. The general idea of the CA 
phase transformation model was presented in [10]. Classification of phase transformation models with respect 
to predictive capabilities and computing costs is presented in Fig. 1 . The first group (bottom left corner in 
Fig. 1 ) contains models commonly used for fast simulations of industrial processes and they are generally 
limited to description of the kinetics of transformations and volume fractions of phases. Additivity rule [11] has 
to be applied in these models to account for the temperature changes during transformations. In the second 
group (the centre in Fig. 1 ) there are differential equations or phase field technique models, usually applied to 
technology design and optimization of processes. Models based on the FE solution of the diffusion equation 
with moving boundary [10] are further right top. All these models accurately describe transformations in varying 
temperatures. The next group (far right in Fig. 1  includes multiscale models. The last two groups of models 
are capable to predict distribution of carbon concentration in austenite and resulting hardness of bainite and 
martensite. 

 

Fig. 1 Classification of selected phase transformation models: computing costs versus predictive capabilities 

Starting from the late nineties, microstructural models, both phenomenological and physically-based, have 
been implemented into the FE codes making possible to carry out fully coupled thermal‐mechanical ‐
microstructural simulations, giving raise to new challenges in modelling materials processing. As it is shown in 
Fig. 1 , while the computing times of the FE method remain at approximately stable level (increase of the 
complexity of models is compensated by the increase of the computing power), the computing costs at micro 
scale increase rapidly when more complex methods are applied. 

3. MODELS 

Three models developed by the Authors were analysed. Detailed information regarding the models is given 
elsewhere and only brief information is given below. The first model (JMAK) is an upgrade of the equation:  

( )1 exp nX kt= − −
                                                                                                            (1) 

where: X - transformed volume fraction, k, n - coefficients. In equation (1) coefficient k was introduced as a 
function of the temperature [5]. In the next model assumption is made that response of the steel subjected to 
temperature changes is similar to the response of the 2nd order inertia term in the control theory [7]. 
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Temperature is an input and ferrite volume fraction is an output of this term. Therefore, similarities between 
materials response and  control theory (CONT) is the second order differential equation describing kinetics of 
transformation:  

( )
2

2
1 22 f

d X dX
B B X T

dt dt
+ + =

                                                                                              (2) 

where: B1, B2 - time constants representing nucleation and growth, T - temperature. The 3rd model (DIFF) 
assumes that growth of the new phase is controlled by carbon diffusion in the austenite. Kinetics of the 
transformation is calculated by the FE solution of the diffusion equation with moving boundary (Stefan 
problem). Details of this model are described in [12]. The following equations are solved 

( ) c
D c

t

∂∇ ⋅ ∇ =
∂                                                                                                 (3) 

where: D - diffusion coefficient, c - carbon concentration, t - time. Equation (3) was solved with the following 
initial and boundary conditions: 

( ) ( )0,0 ,
c

c c D c c t c
t ξ γα

∂= = ∇ ⋅ ∇ =
∂

x x
                    (4) 

where: c0 - carbon concentration in steel, cγα - equilibrium carbon concentration at the austenite-ferrite 
boundary, x  - vector of coordinates, xξ - position of the interface, n - unit vector normal to the boundary. 

4. EXPERIMENT 

Dual phase (DP) steel containing 0.095%C, 1.51%Mn 0.0039%N, 0.005%Nb, 0.045%V, 0.006%Ti, 0.23%Si, 
and 0.41%Cr was investigated. Dilatometric tests for various cooling rates were performed results were 
subjected to the inverse analysis and were used for identification of JMAK and CONT models, see publication 
[5] for the former and [7] for the latter model. In the present work the tests aiming at validation of the models 
were performed. The samples measuring 15x20x35 mm were deformed in 6 passes of plane strain 
compression (PSC) on the Gleeble 3800 with reductions and temperatures typical for the hot strip rolling. Two 
thermal cycles shown in Fig. 2  were applied after the deformation. Microstructure and mechanical properties 
of the samples cooled to the room temperature were investigated. 

 

Fig. 2  Thermal cycles applied after PSC hot deformation on the Gleeble 3800 

Microstructures of samples are shown in Fig. 3 . Microstructure of the sample subjected to the cycle A is mainly 
ferritic with some martensite islands. Microstructure composed of ferritic matrix with bainitic and martensitic 
islands was obtained after the cycle B. 
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                 A)                                                            B) 
Fig. 3 Microstructures of samples subjected to the cooling cycles A and B 

5. RESULTS 

5.1. Verification and validation of models 

The models were verified by comparison calculated start and end temperatures of phase transformations with 
measurements in dilatometric tests. Upgrade of the JMAK model has been extensively used by the Authors 
for various steels, see publications for AHSS [5] or bainitic steels [14] where good predictive capability of that 
model was confirmed. Beyond this, the model predicts changes of the average carbon concentration in the 
austenite during ferritic transformation and accounts for the influence of this concentration on start 
temperatures of the bainitic and martensitic transformations. Model DIFF was verified and validated in [12] and 
its good accuracy was confirmed, as well. Advanced information, such as morphology and hardness of 
martensite islands, can be predicted by that model, which supplies data for prediction of the steel properties 
depending on the cooling cycle and predicts areas of possible occurrence of the retained austenite. Model 
CONT has been recently developed [7] and its verification was performed for the steel investigated in the 
present work. This model describes ferritic transformation only and JMAK model of the remaining 
transformations [5] were used. Fig. 4  shows comparison of the measured and calculated start and end 
temperatures for phase transformations.  

   
Fig. 4 Comparison of the start and end temperatures for phase transformations measured in dilatometric 

tests and calculated using model CONT. Empty symbols show results obtained from model, filled symbols 
obtained from experiment 

B ) 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

213 

Recapitulating, all models were verified by comparison prediction with the results of dilatometric tests. Good 
accuracy of the models was confirmed. Validation of the models showed much larger predictive capabilities of 
the DIFF model comparing with the remaining two models. Predictive capabilities of JMAK and CONT models 
are similar. They describe with good accuracy kinetics of transformation and volume fraction of phases. Model 
CONT accounts directly for changes of temperature, while JMAK model has to be combined with the additivity 
rule [11]. 

5.2. Comparison of models performance and predictiv e capabilities 

Thermal cycles shown in Fig. 2  were simulated using three models. Typical austenite microstructure created 
using Digital Material Representation (DMR) technique with periodic boundary conditions was used in DIFF 
model to generate initial data (Fig. 5 left ). Mesh was generated and ferrite nuclei were placed in selected triple 
points. Fig. 1  centre shows results for the thermal cycle A, and Fig. 5  right for the thermal cycle B. Both show 
shapes of martensite islands as well as carbon distribution at the end of cooling. 

                     

Fig. 5 Selected results obtained using DIFF model, from left: initial austenite microstructure, DP 
microstructure after thermal cycle A and DP microstructure after thermal cycle B 

Calculated volume fraction of phases are shown in Fig. 6a . It is seen that model JMAK predicts similar volume 
fractions for both cycles. It means that ferritic transformation is completed after 10 s of maintaining at constant 
temperature, what is seen in Fig. 7a  where kinetics of transformations is shown. Contrary, different volume 
fractions of phases for the two cycles were obtained from models CONT and DIFF. Comparison of the kinetics 
of the ferritic transformation predicted by JMAK and DIFF models is shown in Fig. 6b , while Fig. 7b  shows 
carbon concentrations during cycles A and B calculated by JMAK and CONT models. 

a)  b)  

Fig. 6 Volume fractions of phases (a) and comparison of kinetics of transformations obtained by JMAK and 
DIFF models for the cycle A 
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Differences between models JMAK and CONT are well seen in Fig. 7b , where changes of the average carbon 
concentration in the austenite during the tests are shown. Model JMAK predicts that during the isothermal part 

of the cycle carbon concentration reaches the maximum value cγβ.  

a)  b)  

Fig. 7 Kinetics of phase transformations calculated using JMAK model for the cycle (A) and changes of 
carbon concentrations during cycles A and B calculated by JMAK and CONT models (b) 

6. CONCLUSIONS 

Classification of phase transformation models was performed following [14] and three models of various 
complexity of mathematical formulations and various predictive capabilities were selected for the analysis. 
Performed validation and numerical tests have shown that all models predict kinetics of transformation 
reasonably well, although slight differences in final volume fractions of phases were observed. Model based 
on the solution of the diffusion equation predicted well global parameters (kinetics) and, additionally, it 
predicted carbon distribution in the remaining austenite.  
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Abstract 

Dynamic recrystallization processes in heat-resistant Ni-based alloy was investigated depending on 
temperature, strain rate and deformation ratio. Recrystallization intensity is determined by the temperature and 
deformation conditions. The factors that increase the degree of dynamic recrystallization include temperature 
and amount of strain increasing, as well as decreasing of strain rate. Increasing the volume fraction of 
recrystallized structure causes a uniform fine-grained structure. Detailed microstructure analysis of heat-
resistant Ni-based alloy after dynamic recrystallization was performed. 

Keywords : Dynamic recrystallization, heat-resistant alloy, Ni-based alloy, stress-strain curves, slip lines,  
                   twinning 

1. INTRODUCTION 

Dynamic recrystallization processes during hot plastic deformation of superalloys have significant influence on 
the final structure formation [1-3], in particular, on the grain size, which in addition to other factors determines 
the mechanical properties of the material [4-6]. Therefore, it is important to investigate the processes of 
superalloys dynamic recrystallization depending on the temperature, rate and amount of strain. 

2. EXPERIMENTAL PROCEDURE 

Investigations for forged rods of heat-resistant nickel-chromium alloy were carried out in this work. The 
chemical composition of researched alloy is shown in the Table 1 . It corresponds to Russian standard  
5632-72. 

Table 1 Chemical composition of researched alloy 

Fe C Ni S P Cr Mo W Ti Al 
<4 <0.08 60.48-68.8 <0.01 <0.015 17-20 4-5 4-5 2.2-2.8 1.0-1.5 

Compression of the cylindrical specimens with dimensions of Ø10×15mm was performed on the module 
Hydrawedge of Gleeble-3800 system, designed for simulation of thermomechanical processing. During 
processing samples were directly heated by passing a current through the sample to a temperature of 1200 
°C, were held for 60 s and then were deformed by compression at 800 ° C, 850 °C, 900 °C, 950 °C, 1000 °C 
with strain rate of 0.1 s -1 and 0.01 s-1 and with amount of strain ε = 30, 50 and 70%, which are correspond to 
logarithmic strain ε = 0.36; 0.69 and 1.20. The force and transverse deformation of samples during tests 
(scheme is shown in Fig. 1 ) were continuously measured by high-precision strain gauge and load cell. With 
the built-in control subroutine stress-strain curves were built. They indicate the evaluation of the material 
resistance to deformation. 

After a full cycle of samples processing micros were prepared to study the structural changes that are taken 
place during processing. Samples for microstructure analysis were performed on specialized equipment made 
by Buehler, microstructure analysis was done using optical microscope Leica DMI-5000 with magnification in 
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the range of 50÷1000 fold. The detailed information about experiments and strain-stress curves was published 
in [7]. 

a) 

 

b) 

 

Fig. 1  Scheme of processing on Gleeble 3800 system (a) and researched alloy microstructure in the initial 
state (b), × 100 

The panoramic images of the samples cross-sections subjected to the most intensive thermomechanical 
treatment are presented on Fig. 2, 3 . 

The nonuniform structure could be seen at panoramic images of the sample deformed with the amount of 

strain ε = 50% and the strain rate  = 10-2 s-1 (Fig. 2a ) according to the formation of figure "forging cross" which 
is characteristic of compression tests. The large not recrystallized grains could be seen on the peripheral part 
of the sample, the large deformed grains with the big amount of fine recrystallized grains which were formed 
along their boundaries (Fig. 2b ). 

Increasing the amount of strain up to ε = 70% leads to the decreasing of the sample cross-section dimensions 
(Fig. 2 ) and formation of a fully recrystallized microstructure which consists of small uniform grains in the 
central part (Fig. 2d ). 

 

a) 
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b) 

 
c) 

 
d) 

Fig. 2  Panoramic images of the samples (a, b) (x50) and the microstructure of sample central part (b, d) (x100) 

after deformation at 1100 °C, the amount of strain ε = 50 (a, b) 70% and (c, d) and the strain rate εª= 10-2 s-1 

Decreasing the strain rate to = 10-3 s-1 the intensity of recrystallization processes increases. The fully 
recrystallized microstructure which consists of fine uniform recrystallized grains is observed in the central part 
of the sample after deformation with amount of strain ε = 50% (Fig. 3b ). Increasing the amount of strain up to 
ε = 70% fully recrystallized microstructure which consists of fine uniform recrystallized grains is observed in 
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the central part, but the grain size is increased. This fact could be explained by the finishing of the dynamic 
recrystallization processes and starting of the secondary recrystallization initial stage, which is usually 
accompanied by increasing of grain size. 

 
a) 

 
b) 

 
c) 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

220 

 
d) 

Fig. 3  Panoramic images of the samples (a, b) (x50) and the microstructure of sample central part (b, d) 

(x100) after deformation at 1100 °C, the amount of strain ε = 50 (a, b) 70% and (c, d) and the strain rate = 
10-3 s-1 

Thus, the relaxation processes caused by the formation of slip lines, twinning and dynamic recrystallization 
during the deformation of heat-resistant nickel-chromium alloy CrNi67MoWTiAl were observed. The intensity 
of these processes is determined by the temperature and deformation conditions. The factors that increase 
the degree of dynamic recrystallization include temperature and amount of strain increasing, as well as 
decreasing of strain rate. Increasing the volume fraction of recrystallized structure causes a uniform fine-
grained structure. Full recrystallization to form a uniform fine-grained structure for the researched heat-
resistant nickel-chromium alloy is observed under next conditions: test temperatures is 1100 °C, the amounts 

of strain are 50 and 70% and the strain rate is  = 10-3 s-1. 
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Abstract 

An integral computer model/program for simulation of steels hot rolling on mill 2000 of SEVERSTAL was 
developed. The model provides for the following calculations: 

• temperature distribution over the cross section of a rolled strip at any location along its length; 

• rolling forces and torques; 

• austenite microstructure evolution under hot rolling taking into account grain growth, dynamic/static 
recrystallization and strain induced carbonitrides precipitation; 

• austenite transformation during accelerated strip cooling at the run-out table accounting for formation of 
polygonal ferrite, pearlite, bainite of different morphology, and martensite; 

• mechanical properties of rolled strips (yield stress, ultimate tensile stress and relative elongation). 

The present model was calibrated using an extensive data base on rolling regimes and energy-force 
parameters, measured temperatures and final mechanical properties for a number of steel grades rolled on 
mill 2000 of SEVERSTAL with chemical compositions covering the following ranges of alloying elements 
content: С(≤0.65); Mn(≤2.0); Si(≤1.0); Cr(≤0.9); Ni(≤0.6); Cu(≤0.5); Mo(≤0.4); Nb(≤0.08); V(≤0.08); Ti(≤0.08) 
(mass.%). The calculation results for temperatures, rolling forces and mechanical properties are in good 
agreement with the experimental data. The computer program STAN 2000 has a well-designed and user 
friendly interface. The program is widely used in industrial strip production on mill 2000 of SEVERSTAL for 
working out new and optimizing existing hot rolling and accelerated cooling regimes. 

Keywords:  Modeling, microstructure, mechanical properties, steels, hot rolling 

1. INTRODUCTION 

Over the past decades substantial attention has been focused on the development of integral mathematical 
models for predicting the microstructure and mechanical properties of hot rolled steels. Since the time the first 
such models were introduced [1,2], there has been a tendency to apply more physically sound models for 
describing the complex processes of austenite microstructure evolution under hot rolling, as well as its 
transformation during subsequent accelerated cooling with formation of various structural components such 
as polygonal ferrite, pearlite, bainite and martensite. The advantage of these models is their higher ability to 
predict the complex effects of alloying. Creation of a new generation of integral hot rolling models is possible 
when using physically justified sub-models of the separate processes of structure formation based on reliable 
approaches to calculating the thermodynamic and kinetic process parameters with an accurate account of the 
alloying effects. A set of such sub-models, which employ new effective approaches to a quantitative description 
of the dependence of key kinetic parameters of the analyzed processes on chemical composition, was created 
by the authors and introduced elsewhere [3−5]. By combining the above-mentioned models, as well as the 
model for temperature prediction, an integral computer model STAN 2000 has been created for predicting the 
microstructure and mechanical properties of steel strips produced on mill 2000 of SEVERSTAL in accordance 
with the given hot rolling and accelerated cooling regimes. 
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Present paper briefly describes developed integral computer model STAN 2000 and a set of the implemented 
sub-models. Some results obtained using this model are presented and compared with the corresponding 
experimental data. 

2. BRIEF DESCRIPTION OF THE INTEGRAL MODEL AND SUBM ODELS, CALCULATION RESULTS 

Computer model/program STAN 2000 is off-line model designed to address a number of technological 
challenges in the rolling mill 2000 of SEVERSTAL (Fig. 1 ). The capacity of the model includes, for example, 
the following features: 

• control of power parameters and temperature depending on selected rolling and accelerated cooling 
regimes; 

• follow-up of the evolution of steel microstructure at all stages of strip production and prediction 
of ultimate mechanical properties; 

• optimization of rolling regimes for existing steel grades and developing them for a new ones. 

 

Fig. 1 Layout of the equipment of rolling mill 2000. 1) section of heating furnaces; 2) roughing mill, consisting 
of 5 stands, 3 of which are combined in a continuous group; 3) finishing mill, consisting of 7 stands united in 

a continuous group; 4) accelerated cooling section, including 2 section cooling system and 2 groups of 
coiling devices 

The integral model was calibrated using an extensive data base on measured rolling forces, temperatures and 
final mechanical properties for 31 steel grades rolled on mill 2000 of SEVERSTAL with chemical compositions 
covering the following ranges of alloying elements content: С(≤0.65); Mn(≤2.0); Si(≤1.0); Cr(≤0.9); Ni(≤0.6); 
Cu(≤0.5); Mo(≤0.4); Nb(≤0.08); V(≤0.08); Ti(≤0.08) [5]. The STAN 2000 program was written in С++ 
programming language and can work on all modern Microsoft Windows family operating systems. Well-
designed and user-friendly interface of the program facilitates its practical use. 

The computer model under consideration includes a set of sub-models described in [3−6]. In this section a 
brief description of the sub-models is given and some results of calculations performed for the steel Grade #1 
(0.11С; 1.54Mn; 0.31Si; 0.12Cr; 0.054Nb; 0.024V) are presented. 

Temperature model.  Temperature model implemented in the program STAN 2000 allows to calculate 
temperature distribution over the cross section of a rolled strip at any location along its length at the stages of 
roughing and finishing rolling, as well as under accelerated cooling on the run-out table. The model is based 
on differential equations of heat conduction solved by the finite difference method with account of the following 
mechanisms determining heat losses and generation at different rolling stages: 

• heat loss as a result of a strip contact with work rolls; 

• heat loss by radiation and convection; 

• heat loss due to water descaling, inter-stand cooling and accelerated cooling at run-out table; 

• heating by plastic deformation and phase transformations during cooling. 

The model takes into account the dependence of heat transfer coefficients and emissivity on temperature, the 
degree of strip surface oxidation and rolling speed. In addition, account is taken of the temperature 
dependence of thermodynamic parameters of steel. Model was calibrated using a data base on strip surface 
temperatures measured by pyrometers of mill 2000. Some results of strip temperature calculation for the Grade 
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#1 steel are displayed in Fig. 2 . Comparison of the calculated and measured temperatures as presented in 
Fig. 3  demonstrates good quantitative agreement. 

a) 
b) 

Fig. 2 Examples of calculation results of temperature variation versus rolling time obtained using STAN 
2000 program for Grade #1 steel. a) temperature curves for the strip surface (blue), middle (red) and 

average strip temperature (black); b) variation in temperature distribution over the width of the strip with 
time of rolling 

 

  

 

Fig. 3  Comparison of the predicted and measured 
surface temperatures for 164 strips rolled on mill 

2000 of SEVERSTAL. T5 and T12 are the 
temperatures after the 5th and 12th stands of the 

roughing and finishing mills, accordingly; Tcoil is a 
coiling temperature. <ΔT> is an average absolute 

value of prediction accuracy 

Rolling force model. Rolling forces are predicted using the model for flow stress calculation in complexly 

alloyed austenite depending on its grain size and deformation temperature as described in [3]. One can see 
that this sub-model provides good agreement between calculated and measured rolling force values (Fig. 4 ). 
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Fig. 4 Comparison of the calculated and actual values of rolling forces at the finishing mill for the steels 
hot rolled on mill 2000 of SEVERSTAL. <δ> is an average value of the relative prediction accuracy 

Austenite microstructure evolution model. STAN 2000 program allows quantitative modeling of the 
austenite microstructure evolution during hot rolling of modern HSLA steels including steels micro-alloyed by 
niobium, vanadium and titanium. The program implements an integral mathematical model of the following 
interrelated processes of the structuring of steel: 

• grain growth; 

• dynamic recrystallization; 

• static recrystallization taking into account of the effects of recovery and micro-alloying elements 
carbonitrides precipitation on the dislocations of deformed austenite. 

The mathematical models applied to the above-given processes of structuring were published elsewhere [3,5]. 
They are distinguished by a physically reasonable allowance for the influence of all practically important 
alloying elements. This feature makes the program effective for a large number of steel grades with a wide 
range of variations in their chemical composition. 

Fig. 5  shows predicted variation in austenite grain size and retained strain over the strip width of Grade #1 
steel with time of rolling. 

 

a) 

 

b) 

Fig. 5 Predicted variation in austenite grain size (a) and retained strain (b) distributions over the strip 
width in Grade #1 steel with time of rolling 
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Austenite decomposition model.  This sub-model describes austenite decomposition under continuous 
cooling in low alloyed steels with formation of all practically important structural components (ferrite, pearlite, 
bainite of different morphology and martesite). Physically based mathematical models of ferrite, pearlite and 
bainite transformations are described in [4,5].  

Mechanical properties prediction model.  This model predicts ultimate mechanical properties of steel basing 
on the calculated set of significant microstructure parameters: volume fractions of the structural components, 
the average ferrite grain and bainite block sizes, characteristic transformation temperatures, volume fractions 
and sizes of carbonitrides in micro-alloyed steels. The mathematical model for the mechanical properties 
evaluation in modern steels with a complex microstructure implemented in the presented program is described 
elsewhere [6]. This model is an important component of the developed integral model STAN 2000, and it was 
calibrated using a mechanical properties data base for a number of practically important steels hot rolled on 
mill 2000 under different rolling regimes. A comparison of the predicted and measured values of mechanical 
properties for 31 steel grades shows a good agreement between calculation results and experimental data 
(Fig. 6 ). 

  

 

Fig. 6  Comparison of the calculated and 
measured values of yield stress (a), ultimate 

tensile stress (b) and relative elongation (c) for 
the steels hot rolled on mill 2000 of SEVERSTAL 

δ and Δ are, correspondently, average values of 
the relative and absolute accuracy 

Developed temperature model in combination with other models allows, for example, a quantitative simulation 
of different cooling strategy effect on final steel microstructure and mechanical properties (Fig. 7 ).  

Using the developed integral model STAN 2000 has significantly reduced the time and costs while optimizing 
existing rolling regimes, as well as accelerated cooling strategies with the aim of producing strips with required 
properties. 
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Fig. 7 Different strategies of accelerated cooling at 
run-out table. a) standard strategy: YS = 510MPa, 

UTS = 650MPa, RE = 25%; b) long after deformation 
pause strategy: YS = 450MPa, UTS = 540MPa, RE = 
23%; c) fast cooling strategy: YS = 510MPa, UTS = 

620MPa, RE = 25% 

3. CONCLUSION 

An integral computer model STAN 2000 for simulation of steels hot rolling on mill 2000 of SEVERSTAL was 
developed. The model is widely used in industrial strip production on mill 2000 of SEVERSTAL for working out 
new and optimizing existing hot rolling and accelerated cooling regimes. The model STAN 2000 has greatly 
contributed to the development of new technologies for production of pipe steels, high strength steels for 
mechanical engineering and shipbuilding, as well as a number of structural steels. Using the developed 
program has significantly reduced the time and costs while optimizing existing rolling regimes and developing 
a new ones. For example, the enhanced use of this program by SEVERSTAL in 2013 brought economic 
benefits amounting to more than 40 million roubles. 
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Abstract 

The paper presents results of numerical simulation of the asymmetric rolling process for band with shape ratio 
h0/D = 0.072 - steel grade S355J2G3. The study was conducted to determine the differences in the impact 
factor of different kinds of asymmetry on the band bending after leaving the deformation zone and the power 
parameters of rolling process. Introduction of single asymmetry, by varying the peripheral speed of the work 
rolls, does not have an effect on reduction of force parameters values. Based on the survey it was found that 
simultaneous introduction of second asymmetry, by varying the diameter of the work rolls, allows to lower 
rolling force and it also allows to obtain flat band after rolling process.  

Keywords: Dual asymmetry, speed asymmetry, geometric asymmetry, plate rolling 

1. INTRODUCTION 

1.1. Basic problem 

Rolling of flat products is one of the most common kinds of metallic materials forming process. In recent years, 
in addition to the increase in the production of plates and thin sheets, there has been an increase in 
the production of panels, with thickness more than 40 mm [1, 2]. This products must fulfill still growing customer 
requirements as to the shape, plastic parameters and the chemical composition. Increasing requirements for 
strength of machines and equipment construction, creates a demand for construction steel with high 
mechanical properties [3]. During the production of such products there is a greater load on rolling stands. 
The increase in pressure force during the rolling process causes a large elastic deformation of the roll stand. 
To prevents this the bending rollers systems is introduced for work and back-up rolls, this causes additional 
load on roll stand and increases energy consumption. In industrial reality rolling process is not a symmetric 
one, which in effect leads to occurrence of numerous defects. One of them is the band bending on the output 
of the deformation zone caused by uncontrolled asymmetry of deformation conditions. The alternative is 
asymmetric rolling, which is based on intended change of state of stress and strain in the deformation zone, 
which does not increase the load on the roll stand and the drive and even reduces the total strength of the metal 
pressure on the rolls. Introduction of controlled asymmetry to the rolling process allows to eliminate shape 
defects while reducing value of metal pressure on work rolls [2].  

1.2. Solution idea 

Introduction of single asymmetry by varying the peripheral speed of the work rolls does not have an effect on 
reduction of force parameters values and have a negative effect on torque distribution between work rolls. 
Band could band on the direction of lower or upper roll, depending on other rolling parameters [4, 5, 6]. 
The study was conducted to determine the differences in the impact factor of asymmetry in the band bending 
after leaving the deformation zone and the power parameters of rolling process during introduction of second 
asymmetry in the same time for band with initial thickness h0 = 70 mm. In conclusion asymmetry was 
introduced in two different ways by varying peripheral speed and the diameter of the work rolls at the same 
time (dual asymmetry).  
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2. THE RESEARCH 

2.1. Border conditions 

To determine the effect of asymmetry factor on the band bending after leaving the deformation zone and 
strength parameters of rolling process numerical studies were performed using the program FORGE 2011®. 
FORGE 2011® program was used numerous time to simulate the industrial environment and it was confirmed 
that results given by it are correct [4]. The paper presents results of numerical simulation of the asymmetric 
rolling process for band shape ratio h0/D = 0.072. To the study work rolls with a diameter of 970 mm was used. 
Speed of the lower work roll was constant and it was n = 80 rev/min. Asymmetry was introduced by reducing 
the peripheral speed of the upper work roll. The asymmetry coefficient of the work rolls speed (av = vl/vu)wasav 
= 1.10. For research purposes the following data were adopted: rolling temperature T = 880 °C, relative 
reduction ε = 0.10÷0.25. The material used for research was a low-alloy steel with increased strength 
S355J2G3, which chemical composition is shown in Table 1 .  

Table 1 Chemical composition of steel S355J2G3, [%] 

C Mn Si P S Cr Ni Mo Cu 

0.15 1.36 0.33 0.017 0.03 0.05 0.089 0.03 0.23 

Al N2 V Nb B Ti Sn Ca Zn 

0.03 0.0092 0.001 0.002 0.0003 0.002 0.018 0.0007 0.003 

During use of FORGE 2011®it is crucial to determine yield stress properly. To do it a series of plastometer 
studies with use of Gleeble 3800 simulator were conducted. Obtained data were approximated to find 
parameters of Hansel-Spittel equation (1) and determine flow curves used by a FORGE 2011®.  

�p = v<�/\Ã�0Ãª�2ÃÄ3Å (1 + Ã)�4\Ã�ÆÇÃª�È\I�É(1) 

Data from plastometer studies and after approximation are shown in Fig. 1 . 

A) B)  

Fig. 1  Plastic flow curves of steel grade S355J2G3: A) 800 °C; B) 900 °C; red lines - plastometer data; black 
lines - data after approximation 

2.2. Stress in asymmetric rolling 

Fig. 2  shows exemplary distribution of the equivalent strain in band during: A - symmetric rolling; B - rolling 
with single asymmetry; C - rolling with double asymmetry. Based on the results obtained after simulations it 
was found that for the band shape ratio h0/D = 0.072 introduction of single asymmetry caused unequal 
distribution of equivalent stress between upper and lower side of rolled bandfor all values of the relative 
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reduction ε. Example of unequal equivalent stress distribution, during introduction of single asymmetry, 
between upper and lower side of band is shown for the relative reduction ε = 0.25 in Fig. 2B .  

A)  

B)  

C)  

Fig. 2 Distribution of the equivalent stress σi for rolling of billet with initial thickness h0 = 70 mm; ε = 0.25;  
A) symmetry; B) single asymmetry av = 1.10; C) dual asymmetry; av = 1.10; ad = 1.10 
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Simultaneous introduction of two kinds of asymmetry reduce value of equivalent stress and allows to restore 
almost equal distribution of equivalent stress in rolled band as it is shown in Fig. 2C .  

2.3. Strain in asymmetric rolling 

Fig. 3  shows exemplary distribution of the equivalent strain in band during: A - symmetric rolling; B - rolling 
with single asymmetry; C - rolling with double asymmetry. Based on the obtained results it was found that for 
the band shape ratio h0/D = 0.072 introduction of single asymmetry caused unequal distribution of equivalent 
strain between upper and lower side of rolled band for all values of the relative reduction ε. Simultaneous 
introduction of two kinds of asymmetry allows to restore equal distribution of equivalent stress in rolled band 
as it is shown in Fig. 2C . For all cases a position of neutral plane is shown (black line for upper roll, white line 
for lower roll). Presentation of two neutral planes, for each roll, is a simplification (resulting from the program 
capabilities in result presentation) in reality there is only one neutral plane which is the result of presented 
surfaces. Introduction of single asymmetry causes that length of thelead zone from the side oflowerwork rollis 
reducedas a result ofshiftingthe neutral surfacein the direction ofthe outputcross section. While thelength of 
the lagzoneis reducedbythe impact ofthe upperrollon metal, resulting in a shift ofthe neutral surfacetowardthe 
inputcross sectionof the roll gap.The actualneutralsurfaceisthenat an angle. The differencein the length oflead 
and lagzonescauses bending of rolled band. Simultaneous introduction of two kinds of asymmetry causes only 
slight difference in length of lead and lag zones and allows to obtain flat band. 

A)  

B)  
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C)  
Fig. 3  Distribution of the equivalent strain rate Ãª`for rolling of billet with initial thickness h0 = 70 mm; ε = 0.25:  

A) symmetry ; B) single asymmetry av = 1,10; C) dual asymmetry; av = 1,10; ad = 1,10 

2.4. Dual asymmetry 

It was found that introduction of second asymmetry causes positive effect on band curvature. Fig. 4A  shows 
the effect of introduction single (velocity asymmetry av= 1.1) and dual (velocity asymmetry av = 1.1 and 
geometrical asymmetry ad= 1.1) asymmetry. During research it was found that introduction of second 
asymmetry allows to obtain almost flat band. It is caused by existence of forced symmetry in the rolling process 
- linear velocity of band from side of both rolls is almost equal. In effect band could easily enter to the next 
pass.In addition to smaller band curvature, dual asymmetry allows also to lower values of the average unit 
pressure pavg - compared with rolling process with single asymmetry. During research it was found that 
reduction of the average unit pressure occurred in all researched cases, regardless to introduced relative 
reduction. It was found that introduction of second asymmetry into rolling process of band with shape ratio 
h0/D = 0.072 effects on reduction of the average unit pressure value for most cases approximately by 8%. The 
biggest reduction of the average unit pressure value occurred for relative reduction ε = 0.25 and it was 12% 
as shown in Fig. 4B .For the band shape ratio h0/D = 0.072 the use of single asymmetry, by reducing the upper 
roll speed, resulted in practically no reduction in the average unit pressure. Only for maximum tested relative 
reduction ε = 0.25 the use of single asymmetry resulted on a slight decrease of the average unit pressure 
value, as shown in Fig. 4B .  

A)  B)  

Fig. 4  Effect of relative reduction ε and the type for rolling of billet with initial thickness h0 = 70 mm on: 
A) band curvature ρ; B) average unit pressure pj;  
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3. CONCLUSION 

Based on the survey the following conclusions were made: 
• application of the asymmetric rolling process by varying the peripheral speed of the work rolls for the 

band shape ratio h0/D = 0.072 causes an unequal stress and strain distribution between upper and lower 
part of rolled band,  

• application of the asymmetric rolling process by varying the peripheral speed of the work rolls for the 
band shape ratio h0/D = 0.072 does not reduce the average unit pressure, 

• application of the asymmetric rolling process by varying the diameter and peripheral speed of the work 
rolls with for the band shape ratio h0/D = 0.072 affects the reduction of metal pressure on work rolls and 
allows to obtain flat band. 
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Abstract  

Ferromanganese TWIP steels with the manganese content of 17-20 % are fully austenitic and non-magnetic, 
without phase transformation. Due to the application of the twinning mechanism the TWIP steels can satisfy 
numerous technical requirements for production of the new generation of cars. Basic experimental results of 
TWIP steels exhibit high ultimate tensile strength from 600 to 1100 MPa, as well as extreme values of ductility 
in the range from 60 to 90 %. Castings from the Fe-Mn-C alloys were prepared by method of plasma and 
vacuum melting. They were gradually hot rolled by three consecutive rolling sequences (first to the height of 
18 mm, then to 11 mm, and finally to 3 mm), the samples were then cold rolled metal with reduction of 15 %, 
or 30 % to the final heights of 2.2 mm or 2.7 mm. After the second rolling the samples with dimensions of 
10x15x20 mm were prepared for stress-relaxation testing on the GLEEBLE 3800. In intermediate phases the 
samples were taken for metallographic analysis. Dimensions of the samples did not allow execution of tensile 
tests that is why only the hardness was measured. The main task was to keep the samples in plastometer 
GLEEBLE under stress in jaws after deformation e = 0.5, followed by subsequent analysis of the recovery 
curves and determination of times t for selected portions of the healed structure X with display of the Avrami 
curves. 

Keywords: Fe-Mn TWIP steel, laboratory rolling, stress-relaxation method, Avrami equation  

1.  INTRODUCTION  

TWIP steels are materials characterised by high level of strain hardening with excellent plastic response. TWIP 
steels can reach at normal temperature the strength values exceeding 1000 MPa and total ductility is varies 
between 55 and 60 % (theoretical values from the literature up to 90 % are virtual). Due to their high ability to 
absorb energy during car crash these steels are highly in demand for use in the automotive industry. TWIP 
steel properties are preserved by the controlled formation of twins with existence of stacking fault energy 
(Stacking Fault Energy = SFE) during the controlled rolling. The process, which is associated with the above 
behaviour is characterised as TWIP effect, i.e. (Twinning Induced Plasticity). At lower Mn contents a TRIP 
effect (Transformation Induced Plasticity) is also manifested. Mechanical properties of austenitic steels depend 
primarily on the stacking fault energy, which controls the ability to form a perfect 60° dislocations inside partial 
Shockley dislocations. It is usually indicated that this value should be less than 20 mJ / m2 [1 - 6]. This SFE is 
thus the main reason of the possibility of sliding of dissociated partial dislocations, formation of deformation 
twins or possibly of strain-induced martensitic transformation γ → ε, ε → α´, γ → α´ where the process becomes 
more active with an increase of deformation. 

2.  EXPERIMENT 

Part of experimental works was focused on observation of the impact of hot and cold forming on the structural 
characteristics and mechanical properties of high strength Fe - Mn TWIP steels in dependence on different 
manganese content in individual samples [7 - 8]. Steels with ordinary Mn content for TWIP steels of approx. 
22 % (steel A) and extremely low content of 13 % (steel B) were deliberately chosen. At the same time the 
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parameters of hot and cold suitable for subsequent use in manufacturing practice had to be validated. As 
another effect of this research the method of stress relaxation was applied for the first time on this steel in 
order to verify this method and determine the Avrami curves. The alloy was prepared by vacuum melting [9-
11]. The chemical composition was verified on the optical spectrometer SPECTROMAXx. The sample A_1183 
had 0.71 wt. % C, 13.2 wt. % Mn; 2.85 wt. % Si and 3 wt. % Al. The sample B_1184 had 0.72 wt. % C; 22.4 wt. 
% Mn; 2.87 wt. % Si and 3 wt. % Al. Dimensions of the samples were 18 x 30 x140 mm. 

2.1. Hot rolling 

Before the rolling the samples in the as cast state were subjected to homogenisation annealing at 1125 °C for 
three hours and then cooled in water. The samples were gradually hot rolled consecutively by three rolling 
sequences (first to the height of 18 mm, then to 11 mm, and finally to 3 mm). The samples were then cold 
rolled to the final height of 2.2 to 2.7 mm. Each hot rolling ran always with three reductions with intermediate 
heating. Fig. 1  shows one of the samples during rolling, and Fig. 2  shows the selected diagram of rolling [7]. 

 
 

Fig. 1   Sample B_1184 after first hot rolling 

 
 

Fig. 2  Temperature versus time (hot rolling of 1183 sample) 

Purpose of the third rolling was to determine, how the microstructure will change as a result of different rolling 
temperatures. The rolling was performed with three reductions and under three different rolling temperature 
for individual samples (850, 950 and 1050 °C). All the samples achieved final height dimensions from 3.21 to 
3.24 mm. The rolling was carried out on the four-high rolling mill K350 with nominal of the diameter work roll 
of 67 mm, and with nominal diameter of the backup roll of 140 mm, the rotational speed of the rolls was 70 
revolutions/min. The samples were heated to the temperature of 1150 °C, in all cases with a dwell of 20 minutes 
at this temperature. The samples AV1 and BV1 were then rolled with three reductions at the temperature of 

1150 °C. After the first and second reduction the samples AV1, BV1 were reheated again to the given 
rolling temperature. The samples AV2, BV2 were first heated up to the temperature of 1150 °C, which 
was then followed by a decrease to the temperature of 1000 °C, which was measured by a pyrometer. After 
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this rolling was performed at the given temperature with 3 reductions with reheating between individual 
reductions to the temperature of 1000 °C. The samples marked as BV3 and AV3 were also first reheated to 
the temperature of 1150 °C with subsequent cooling to the temperature of 850 °C and rolling with 3 reductions 
to the uniform height of 3.2 mm with intermediate heating before each reduction. Cooling of the rolled samples 
was carried out freely on air. After rolling the samples with dimensions of 5 x 3.2 x 41 mm were taken from 
each rolled product and marked as AM1 - AM6. These samples were designed for metallographic analysis and 
for micro-hardness measurements. The remaining samples were cut into 12 sub-samples, which were 
designed for cold rolling. 

2.2. Cold rolling  

The objective of the cold rolling was to determine how the microstructure and properties of individual samples 
will change during cold forming with different amount of deformation for individual samples, which were 
previously hot rolled under various rolling temperatures. The samples AV1_3, BV1_3 were cut in half and 
marked with additional lowercase letters "a" or "b". The samples were then cold rolled for one group of the 
samples with the relative deformation of 15 %, and for the second group of the samples with the relative 
deformation of 30 %. The samples were rolled with several reductions. The number of reductions was 
depended on the previous hot rolling. The samples that were rolled at higher rolling temperatures had lower 
flow stress than the samples that were rolled at lower temperatures, and smaller number of reductions reflected 
it. The samples that were during previous rolling formed at 850 °C showed big flow stress, which was caused 
by bigger strain hardening due to lower rolling temperatures [7]. 

2.3. Stress-relaxation method 

Plastometric tests of stress relaxation tests were conducted on the universal plastometer GLEEBLE 3800, 
which is installed in the Regional Materials Science and Technology Centre at the VSB - Technical University 
of Ostrava. For this purpose prismatic samples measuring 10 x 15 x 20 mm (height x length x width) were 
taken from both investigated steels after the first hot rolling. The samples were heated electric resistance 
heated at the heating rate of 2.5 °C s-1 directly to the selected deformation temperature (A1 and B1_950 °C 
(0.1 s-1); (A2 and B2_950 °C (10 s-1); (A3 and B3_1050 °C (0.1 s-1); (A4 and B4 _1050 °C        (10 s-1); followed 
by a 30 second dwell at this temperature. The samples were then deformed by one reduction of the size of 
height logarithmic deformation of 0.5 at the chosen strain rate (0.1 or 10 s-1). The deformation was followed by 
a 30 second dwell of the sample at the deformation temperature in the final position of jaws, during which was 
read, among others, the drop in strength (stress) at this isothermal dwell (analysis of the first through the third 
part of the relaxation curve). The heating was then turned off, followed by a free cooling of the samples 
(uncontrolled heat removal from the samples into swages. The stress value and consequently the share of the 
X recrystallised structure in the analysed second part of the curve can then be calculated as [12 - 17]: 

� = (1 − Ê)(��Q − ËQ log Á) + Ê(��+ − Ë+ log Á) (1) 

where the indexes 1 and 3 refer to the first and third part of curves. 

This equation can be also used for calculation of the share of the recrystallised phase in the given time  

Ê = Ì7��Q − ËQ�ÍÎ(Á)9 − �ÏÌ(��Q − ��+) − (ËQ − Ë+)�ÍÎ(Á)Ï (2) 

where α is the slope of curves, α1 is the recovery phase, α3 final phase, σ1, σ2 are  the stresses corresponding 
to the time t = 1s. 
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3.  RESULTS 

3.1. Hot and cold rolling 

In all the samples deformation bands and numerous twins of different dimensions were observed after hot 
forming. The material structure in all the samples appears to be fully austenitic, no martensite was found in the 
structure (see Fig. 3 ). After forming under various thermo-mechanical conditions it was not proved that higher 
values for the samples B had demonstrably bigger influence on the strength properties and on formation of 
twins. For the samples rolled at higher temperature the presence of the healing processes and especially of 
recrystallization was detected. The structure at rolling under lower temperatures was considerably more fine-
grained and hardness values were significantly higher. 

Table 1 Hardness HV 0.1 recalculated to the strength (UTS) according to [18]. 

 UTS (MPa) (%) 

BV1a  1400 31.8 % 

BV1b  1370 16.7 % 

BV3a  1575 30.5 % 

BV3b  1400 15.3 % 
 

  
  Sample AV3 (A_1183_13 % Mn; T = 850 °C) Sample BV3 (B_1184_22 % Mn; T = 850 °C) 
  Fig.  3 Samples after third hot rolling on h = 3 mm 

Deformation bands and twins of various dimensions were observed in all the samples evaluated after cold 
forming. Material structure in all cases appears to be fully austenitic [19]. Results of hardness show extreme 
values. After conversion of hardness to the strength limit the UTS values were achieved between 1350 - 1575 
MPa. These extreme values might have been be influenced by the larger number of forming processes. The 
results also indicate that increasing deformation leads to higher values of strength. This experiment 
demonstrated higher strength properties of the sample B with higher manganese content, but only in the 
samples, which were formed in the previous experiment at lower temperatures. In the samples, which were 
formed at higher temperatures, the strength values in both samples with different manganese content were 
almost identical. During rolling the material manifested characteristic cracking in the peripheral parts of the 
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sample. Currently, the samples after hot and cold rolling were metallographically prepared for investigation 
and study on electron microscope, and the results will be published in future publications. 

3.2. Stress-relaxation 

Results of evolution the curves obtained after the completed deformation of the samples e = 0.5 and held in 
the jaws for 30 s were in the form of GLEEBLE file *.d0x first transferred to Excel. After that the end of 
deformation was analysed, and in the program Origin all the curves of stress drop with time were constructed. 
Two curves are presented as example; namely for the sample A_1183 (13 % Mn at the temperature of 1050 
°C and strain rate of 0.1 s-1), and for the sample A_1183 (13 % Mn at the temperature of 950 °C and strain 
rate of 0.1 s-1). 
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Fig. 4  Stress-relaxation curves for A_1183 (13% Mn at temperature 1050 °C and strain rate 0.1 s-1) - left  

and for A_1183 (13% Mn at temperature 950 °C and strain rate 0.1 s-1) - right 

Using the equations (1) and (2) we then determined the X values of the recovered structures for selected times 
t = 0.1 s, or 1; 10 s. Next diagrams show evolution of the Avrami curves for different samples, deformation 
temperatures and strain rates. However, it must be noted that the number of samples, which were used in the 
experiment, was very limited by initial inputs (original of the cast sample had dimensions of 18 x 30 x 140 mm), 
and only a very small was designed for these trials on the GLEEBLE. Furthermore, we must also admit that 
although our experience with evaluation of the curves is far from primitive, everyone who did similar analyses, 
knows well that reading of significant points and tangents on the curves in Fig. 4  and in other figures is 
somewhat subjective. It appeared that in cases of both chosen temperatures the peak of the stress-strain curve 
was achieved already at the deformation e = 0.5, which means that recrystallization is meta-dynamic rather 
than classically static. As an example the constants were introduced into the equation (3) for A_1050 (10), 
where k = 1.273; n = 0.290, and for B_1050 (10), where k = 1.758; n = 0.232). Ê = 1 − <Bt(−Ð ∙ ÁZ)           (3)  

4.  CONCLUSION 

The issues concerning the nature of the TWIP effect and mechanism of twins formation during deformation 
were published and discussed in the theoretical part. The twinning mechanism created during deformation 
ensures to these materials high stress hardening. The resulting strength properties can achieve the values in 
tension of 600 to 1100 MPa at extreme values of ductility in the range from 60 to 90 %. Hot and cold rolling 
was conducted according to the proposed plan. Evaluation was conducted from the results of microanalyses 
and from results of micro-hardness tests. The structural condition appears in all the samples to be fully 
austenitic (martensite was not detected in the structure), with a significant share of deformation twins and 
deformation bands. On the basis of results from the microhardness test after rolling it was possible to assessthe 
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influence of deformation temperature and different Mn content on the hardness values after conversion and 
also on the strength values. 

 

 

 

Fig. 5  Avrami curves for various samples (A_1183 (12 % Mn); 
B_1184 (22 % Mn) and temperatures and strain rates 

From the results it is possible to assume that during hot rolling the greatest influence on the hardness and 
strength have the thermo-mechanical conditions of forming. At cold forming higher strength properties were 
achieved in the samples containing higher levels of manganese, but only in the samples, which were in the 
previous process of hot forming rolled at a lower temperature. Avrami recrystallization curves for both steels 
are in the relaxation area in the austenitic state. Fairly significant difference in the basic content of Mn (steel 
A_1183 (13% Mn) steel B_1184 (22 % Mn) was not markedly proved, as is evident from the comparison in 
Fig. 5 . However, this difference was proved at the strain rate of higher approx. by two orders; higher rate of 
deformation shifts the times of recrystallization to the left and the structure heals faster. For all experiments 
performed, which are partly shown in Fig. 5 , the constants k; n were determined for the Avrami equation. 
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Abstract   

This paper deals with the evolution of plastic properties of steel wire for steel ropes during cold drawing. The 
evolution and final values of properties of drawn wire are dictated by the drawing process conditions. One of 
the most important factors among them is the amount of reduction per pass, and thus the total number of 
passes. The drawing process was performed using three types of pass schedules. The pass schedules varied 
in the amount of single-pass reduction and, naturally, in the number of passes. The first one was a standard 
schedule (7 passes) used in drawing mills, two others were experimental (6 and 5 passes). The principle was 
a decreasing in the number of passes and thus an increase in the single-pass reduction, while maintaining the 
total reduction. In this paper, we describe the influence of the amount of single-pass reduction on the final 
plastic properties (number of revolutions to fracture and number of bending cycles to fracture). Tensile test 
and metallographic analysis were also conducted. The impact of the pass schedule type on the numbers of 
bending cycles and revolutions to fracture was insignificant. The most profound impact was that of the pass 
schedule type on the maximum shear strain to fracture in torsion tests, where cementite lamellae began to 
bend due to the wire drawing. 

Keywords: Wire drawing, wire for steel ropes, pass schedule, plastic properties, simple torsion test,  
                     reverse bend test. 

1. INTRODUCTION 

One of the crucial quality attributes of a steel rope is its life. It is influenced by the steel rope manufacturer as 
well as by its user. From the user’s perspective, a proper design configuration of the rope and observation of 
operating conditions are the main aspects of importance. The rope manufacturer is responsible for choosing 
the right rope forming process and for the quality of the input feedstock, i.e. the drawn steel wire. The present 
paper is devoted to the quality of steel wire. The first difficulty arises even as the appropriate quality 
characteristics of the wire are to be defined. The typically defined quality characteristics of a steel wire for 
ropes are summarised in Table 1 . 

Table 1 Quality characteristics of drawn wire for wire ropes 

Group of quality characteristics Quality characteristics 

Chemical composition Contents of alloying elements (C, Mn, Si) and impurities (S, P) 

Geometry Diameter, ovality 

Internal defects Shape, type and size of non-metallic inclusions, segregation 

Microstructure Fractions of phases, pearlite grain size and interlamellar spacing, banding 

Surface defects Cracks, decarburization, abrasion, burning-in, impressions 

Fundamental mechanical properties Tensile strength, yield strength, elongation, reduction of area 

Other mechanical properties 

• Low-cycle fatigue 

• High-cycle fatigue 

 

Number of bending cycles and revolutions to fracture 
Fatigue strength (rotating bending test) 
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The list of the quality indicators clearly shows that drawn wire for making wire ropes is a very complex product. 
In practice, one may encounter cases where a wire rope made of a wire which met all requirements has shorter 
life than a wire rope made of a wire whose quality characteristics were objectively poorer. In other words, it 
turns out that there is no definite correlation between the above-named quality characteristics of a wire and 
the life of the wire rope. 

A very similar relationship is found between the wire drawing process parameters and the final properties of 
the wire. Although experience from industrial practice and previous investigations give us some picture of the 
link between, for instance, a single-pass reduction and the resulting tensile strength, it has been found that if 
all process factors at all conceivable levels (see Table 2) are taken into account, their effects become less 
definite even in regard to the tensile strength (let alone, for example, the number of bending cycles to fracture 
during reverse bending test). 

Table 2 Overview of process parameters in wire drawing 

Group of process parameters Process parameters 

Pass schedule Total reduction, average single-pass reduction, pass schedule type (uniform, 
decreasing, increasing, etc.) 

Drawing die geometry Approach angle, friction angle, length of the cylindrical bearing area 

Descaling method Mechanical (bending, wire brushing, shot blasting) and chemical (H2SO4, HCl, 
and others) 

Lubricant and lubricant carrier Type and composition, method of application, purity, age 

Wire-drawing machine setup and 
type 

Speed, cooling, drawing block diameter, wire straightener setup (drawing die or 
5, 7 or 9-roller straightener), type of die holder (rotating, water cooled), straight-
through or accumulating-type wire-drawing machine, method of wire guiding 
(does the wire undergo twisting?)  

Hence, the present paper only presents the first part of results obtained in dealing with the complex matter of 
life of steel ropes. The purpose of the paper is to describe the effect of a single-pass reduction on the evolution 
and final values of low-cycle fatigue characteristics of a drawn steel wire. 

2. DESCRIPTION OF THE EXPERIMENT 

2.1. Material  

The experimental material was a drawn and patented wire of 
3.4 mm diameter of C78DP steel, the composition of which is 
given in Table 3 . Its microstructure consisted of pearlite with an 
average interlamellar spacing of 100 nm and small amount of 
upper bainite (see Fig. 1 ). The wire was pickled and its surface 
was coated with lubricant carrier. 

Table 3  Chemical composition of the steel examined (wg. %) 

C Mn Si P S Cu Ni Cr 

0.79 0.63 0.20 0.010 0.014 0.04 0.02 0.05 

2.2. Wire Drawing 

The wire was drawn from the diameter of 3.4 mm to 1.5 mm using straight-through single-block KOCH KGT 
25 - E wire drawing machine with a drawing block diameter of 600 mm and a water-cooled rotating drawing 
die holder. The total reduction was 80.5 %. The drawing speed was approximately 1 m/s. The WC drawing 

 

Fig. 1  Initial microstructure of the steel 
(scanning electron micrograph) 
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dies had an approach angle of 8°. The lubricant used was a commercial Condat 3T hard soap-based grade 
with an addition of lubricant carrier. A total of three pass schedules were used, as defined in Table 4 . 

Table 4  Overview of pass schedules 

Standard pass schedule: 7 passes  (average single-pass reduction = 20.8 %) 

Pass number  0 1 2 3 4 5 6 7 

Wire diameter (mm) 3.4 3 2.7 2.4 2.15 1.9 1.7 1.5 

Reduction (%)  22.1 19.0 21.0 19.7 21.9 19.9 22.1 

Non-standard pass schedule No. 1: 6 passes  (average single-pass reduction = 23.9 %) 

Pass number  0 1 2 3 4 5 6 

 Wire diameter (mm) 3.4 2.95 2.6 2.25 1.95 1.7 1.5 

Reduction (%)  24.7 22.3 25.1 24.9 24.0 22.1 

Non-standard pass schedule No. 2: 5 passes  (average single-pass reduction = 27.9 %) 

Pass number  0 1 2 3 4 5 

 Wire diameter (mm) 3.4 2.9 2.45 2.1 1.75 1.5 

Reduction (%)  27.2 28.6 26.5 30.6 26.5 

2.3. Wire Testing 

Following each pass 10-kg sample of wire was removed from the stock for subsequent testing. Then, 10 test 
pieces of 60-cm length were made from this sample coil for a torsion test and 10 test pieces of 22-cm length 
were made for a reverse bending test. Prior to testing, the test pieces were straightened by hand. 

Torsion testing was carried out in ZKZE 02/5 machine according to ISO 7800 Metallic materials - Wire - Simple 
torsion test [1]. As the test pieces had diameters between 3.40 and 1.5 mm, the standard permitted a simplified 
method of setting the test piece length of 100 times its diameter. In line with the standard, the speed was 
50 rpm. The bending test was carried out using ZOZP 02/5 machine according to ISO 7801 Metallic materials 
- Wire - Reverse bend test [2]. The setup of the test equipment is given in Table 5 . 

Table 5  Reverse bending test parameters 

Nominal wire 
diameter d 

The radius of the 
mandrel r 

The tested 
length h  

Diameter of the 
pinhole d´ 

 

(mm) (mm) (mm) (mm) 

1.0 < d ≤ 1.5 3.75 20 2.0 

1.5 < d ≤ 2.0 5.00 20 2.0 - 2.5 

2.0 < d ≤ 3.0 7.50 25 2.5 - 3.5 

3.0 < d ≤ 4.0 10.00 35 3.5 - 4.5 

3. DISCUSSION OF RESULTS 

The processing of the results of both tests and, in particular, the comparison between the outcomes for 
individual pass schedules by means of mathematical statistics is complicated, as the data from these tests 
does not have the normal probability distribution [3]. This is why standards for steel wire for wire ropes typically 
specify the minimum number of bending cycles and revolutions to fracture. Such a value is robust enough for 
the wire user but it may lead to misinterpretation of results of analysis (not only in our case). 
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3.1. Simple Torsion Test to Fracture 

The simple torsion test was conducted using test pieces of various diameters and thus of various lengths. 
Consequently, the resulting average numbers of revolutions to fracture Nt had to be converted according to 
the formula for shear strain to fracture [4]: 

F!  = Ñ · M ·  À!Pj  [-] (1) 

This conversion yields the amount of shear strain in wires of individual diameters regardless of the test piece 
length Lz. 

 

Fig. 2  Evolution of shear strain to fracture during drawing in various pass schedules 

Graphs in Fig. 2  show the evolution of shear strain to fracture during drawing in all pass schedules. The values 
shown are the median, lower quartile and the minimum value from the total of ten values measured for each 
pass and each pass schedule. It is clear to see that if just the minimum values for the 5-pass schedule were 
used, it would distort the results. From the mathematical-statistical viewpoint, it is interesting that the variance 
of the measured values considerably decreased in the last passes, regardless of the pass schedule. An 
interesting fact from the practical perspective is the maximum of the shear strain to fracture in the range of 
accumulated reduction of 48 to 60 %. It is clear at the first sight that with increasing single-pass reduction, the 
value of maximum shear strain to fracture increases. Another remarkable finding is the steep decrease in this 
value with increasing reduction and an equally steep rise upon the last pass.  

To explain this peculiar behaviour, let us compare the median values of the maximum shear strain to fracture 
and the ultimate tensile strength values (UTS) (see Fig. 3). With the tensile strength evolution plotted for the 
drawing process, one can distinguish (thanks to different slopes of the curve) three distinct areas with different 
underlying physical principles of pearlite strengthening [6]. Up until approximately 40 %, the ferrite lamellae in 
pearlite strengthen. Then, between approx. 40 and 65 %, the cementite lamellae in pearlite undergo bending. 
Finally, when the reduction exceeds 65 %, cementite lamellae deform and break (to form cementite globules). 
Hence, it is obvious that the maximum shear strain to fracture in the torsion test is achieved at the point where 
the deformation resistance values of ferrite and cementite lamellae become equal, i.e. early in the second 
area. The subsequent decrease in shear strain is therefore due to the onset of cementite deformation. 
Nevertheless, this is not the way to explain the rise which occurs again after the last draft. 
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Fig. 3  Comparison between the evolution of UTS and shear 
strain to fracture for 5-pass schedule 

Now, if the microstructures of the wire before and after the last draft are compared (see Fig. 4 , the 5-pass 
schedule), it becomes clear that during the last pass, the pearlite colonies which were perpendicular to the 
drawing direction underwent extensive fracturing of cementite lamellae - which then tended to form globules. 
Their occurrence may be the cause of the increase in shear strain to fracture upon the last pass. 

Fig. 4  Comparison between wire microstructures before (a) and after (b) the last draft (the red arrows 
identify the locations of fractures in cementite lamellae and the blue ones show the forming cementite 

globules). The drawing direction is from left to right. 5-pass schedule 

In order to assess the statistical significance of the differences between the final values of shear strain to 
fracture in individual pass schedules, the non-parametric Kruskal-Wallis test was used [7]. Its results suggest 
that the differences between the median values were statistically insignificant. 

3.2. Reverse Bend Test to Fracture 

In this test, too, drawn steel wires of various diameter were used. In addition, the setup of the test equipment 
was different here (see Table 5 ). As a consequence, the number of bending cycles to fracture NB had to be 
converted using Burggeller formula [3]: 

a b 
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ÒS  = 10 ·  ÀÓ
l2 · �M +  1,65 + 0,05 · Mo'    7ÔÔ�'9 (2) 

Graphs in Fig. 5  show the evolution of Bf during drawing in all pass schedules. The values shown are the 
median, lower quartile and the minimum value from the total of ten values measured for each pass and each 
pass schedule. With increasing reduction, the Burggeller value increases (and so does the number of bending 
cycles to fracture). The wild swings on individual curves may be attributed to the configuration of the test. The 
portion of the test piece that is actually tested is relatively small. As a result, the test is rather sensitive to the 
presence of inclusions or surface defects (scratches and others) in the section being bent. Given the nature of 
the data, the comparison between various pass schedules is difficult. In simple terms, it may be concluded that 
there are no major differences between the schedules. The median BF even appears the same for the 7-pass 
and 5-pass schedules. The difference between the 6-pass schedule and the others is statistically insignificant, 
as shown by the non-parametric Kruskal-Wallis test [7].  

 

Fig. 5  Evolution of Burggeller value during drawing for individual pass schedules 

4. CONCLUSION 

In the experiment described in the present paper, we have proven that drawing of a steel wire may substantially 
influence its resistance to low-cycle fatigue. The differences between results for individual schedules are not 
major. The non-uniform distribution of deformation across the cross-section of the wire, as shown previously, 
strongly depends on the amount of single-pass reduction [7], i.e. it does not strongly affect the number of 
bending cycles and revolutions to fracture. The largest effect was that of the type of the pass schedule of the 
maximum shear strain to fracture during torsion testing in the 48 - 60 % region of accumulated reduction. 
There, the use of the 5-pass schedule led to an increase in the maximum value by almost 30 %, when 
compared to the 7-pass schedule. 

ACKNOWLEDGEMENTS 

This paper was created in the Project No. LO1203 "R egional Materials Science and Technology 
Centre - Feasibility Program" funded by Ministry of  Education Youth and Sports of the Czech 

Republic. and the specific research project SP2015/ 91. which has been solved at the FMME VSB-TU 
Ostrava with the support of Ministry of Education Y outh and Sports. Czech Republic. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

246 

REFERENCES 

[1] ISO 7800. Metallic materials: Wire - Simple torsion test. 2012. 

[2] ISO 7801. Metallic materials -- Wire -- Reverse bend test. 1984. 

[3] FABÍK R., HALFAROVÁ P., VYKYDAL D., LEZHNEV S., KLIMEŠ A. Analysis of Results of Testing of Wire by 
Reverse Bending from the Viewpoint of Normality of the measured Data In METAL 2014: 23th International 
Conference on Metallurgy and Materials. Ostrava: TANGER, 2014, pp. 341-346. 

[4] FABÍK R., Selected Chapters from Metal Forming - drawing (study support): Ostrava, VSB-TU Ostrava, 2008. 
Available from: www.fmmi.vsb.cz/modin/cs/studijni-opory (in Czech) 

[5] FABÍK R., HALFAROVÁ P. Impact of drawing process parameters on uniformity of strain in spring wire, In METAL 
2011: 20th International Conference on Metallurgy and Materials. Ostrava: TANGER. 2011. pp. 234-240.  

[6] FABÍK R. Influence of technological conditions of drawing on inhomogeneity of deformation under condition of 
hydrodynamic lubrication. In METAL 2013: 22nd International Conference on Metallurgy and Materials. Ostrava: 
TANGER. 2013. pp. 358-363. 

[7] KRISHNAIAH P. R., SEN P. K. Nonparametric methods. New York, N.Y., U.S.A.: Sole distributors for the U.S.A. 
and Canada, Elsevier Science Pub. Co., c1984, 968 p. ISBN 0444868712. 

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

247 

INTENSIVE PLASTIC DEFORMATION OF PRE-SINTERED AL PO WDER 

KUNČICKÁ Lenka 1, POHLUDKA Martin 1, LOWE Terry C. 2, DAVIS Casey F. 2, JUŘICA Jan 1, 
HLAVÁČ Libor 1 

1 Regional Materials Science and Technology Centre, VSB-Technical University of Ostrava, Ostrava,  
Czech Republic, EU 

2 The George S. Ansell Department of Metallurgical & Materials Engineering, Colorado School of Mines, 
Golden, Colorado, USA 

Abstract 

The influence of intensive plastic deformation on compacted Al powders was evaluated. The samples 
subjected to deformation processing were prepared from powder particles with diameters between 25 and  
45 μm, pre-compacted using double-step cold isostatic pressing (CIP) at 200+300 MPa applied for 30 seconds 
each and subsequently vacuum sintered at 500°C for 60 min. Analyses of chemical composition of the sintered 
samples were carried out using scanning electron microscopy, while microhardness measurements were 
performed to evaluate the degree of compaction. The results showed increasing microhardness with increasing 
total imposed strain. Greater refinement of microstructure was achieved by increasing degrees of processing. 

Keywords:  Intensive plastic deformation, swaging, HPT, aluminum powder, hardening 

1. INTRODUCTION 

Methods of intensive plastic deformation have recently spawned broad interest especially due to their 
favourable influence on mechanical properties of materials. These methods include for example swaging [1], 
multiaxial forging [2], and severe plastic deformation (SPD) technologies, such as high pressure torsion (HPT) 
[3], equal channel angular pressing (ECAP) [4], ECAP-Conform [5], twist channel angular pressing (TCAP) [6], 
twist channel multi-angular pressing (TCMAP) [7], twist extrusion (TE) [8], repetitive corrugation and 
straightening (RCS) [9], friction stir processing (FSP) [10], accumulative roll bonding (ARB) [11] and many 
more.  

The increase in mechanical properties, namely strengthening, is caused by a high amount of shear strain 
imposed into the material during the deformation processing [12]. Shear strain is especially important for 
consolidation of particles. It is very effective during arrangement of the particles within the volume of the 
sample, since by its influence smaller particles can effectively fill free volumes between larger particles. 
Moreover, it supports shearing of the particles and therefore refinement of structural units, which subsequently 
leads into a more refined structure of the final deformed material. Although strain imposed into the material 
during one pass (or revolution) is limited, all of the above mentioned processes can be performed repetitively. 
Therefore the strain can be accumulated during multiple passes. However, this is applicable only to a certain 
point, in which the material reaches a saturated steady state and the properties do not increase any more with 
increasing strain [13]. 

This study is focused on investigation of the influence of methods of intensive plastic deformation, swaging 
and HPT, on microstructure of material consolidated from Al powder. Analyses consisted of microstructural 
observations performed using scanning electron microscopy (SEM) and measurements of microhardness. 
Analyses were supplemented with calculation of degree of deformation for both the methods. Mechanical 
properties of the sintered material before deformation were measured by the IMCE n.v. company in Belgium. 

2. EXPERIMENT 

The selected particle size was in the range of 25-45 μm. These particles were compacted using cold isostatic 
pressing (CIP), first pressurizing at 200 MPa for 30 seconds dwell and then gradually depressurizing. All the 
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samples were compressed in our own fabricated rubber die using a CIP device located at Technical University 
of Ostrava (TUO). The compacted samples had a diameter of approximately 22 mm. Although the initial dies 
for both the intensive plastic deformation technologies have the diameter of 20 mm, we designed the rubber 
mould for powder particles with a larger diameter, since we expected shrinkage of the powder during 
compaction and subsequent sintering. The samples were sintered at 500°C for 60 minutes in a Zwick vacuum 
creep testing furnace at ASCR, Brno. 

After having performed the compression and sintering steps, the specimens were subjected to intensive plastic 
deformation at TUO. One 6 mm thick specimen was deformed by one revolution of HPT at room temperature, 
5 GPa pressure and 0.5 RPM, while another 6 mm thick specimen was subjected to swaging in 4 subsequent 
steps, from the initial diameter of 20 mm to a final diameter of 10 mm. The individual swaging steps were 
performed at room temperature without any heat treatment. After the deformation procedures, the specimens 
were analysed and compared to the state before deformation.  

Energy Dispersive Spectroscopy (EDS) and Back-Scattered Electron (BSE) SEM analyses were performed at 
TUO to observe the chemical composition of the initial powder and to observe pores in the structure of the 
deformed samples, while electron backscattered diffraction (EBSD) observations were carried out at the 
Colorado School of Mines (CSM), Colorado, USA. Samples for the analyses were ground and polished 
mechanically and eventually ion milled with a JEOL CP Cross Section Polisher. The observed locations for 
both the samples were in the middle of radius on the cross-section. Microhardness measurements were 
performed using a Vickers microhardness measuring device at TUO. The samples were subject to a load of 
250 g for 7 seconds. Average microhardness was calculated from multiple measurements at 1 mm spacings 
along a diameter for the swaged sample and the HPT sample in order to investigate possible inhomogeneities 
throughout the cross-section. Mechanical properties of the sintered material, such as Young’s and shear 
moduli etc., were measured by the IMCE n.v. company in Belgium using a RFDA measuring system 
(http://www.imce.eu/) in accordance with the ASTM E 1876 standard. All the measurements were performed 
ten times, from which average values were then calculated.  

3. RESULTS AND DISCUSSION 

3.1.  Chemical composition and mechanical propertie s of sintered material 

According to the EDS analysis, the sintered aluminum samples contained 4.97 wt.% of oxygen. Before swaging 
and HPT processing, the sintered material was subjected to analyses of several mechanical properties. The 
results of the measurements are summarized in Table 1 . As is evident from the table, the elastic and shear 
moduli are lower than theoretical moduli for pure aluminum. This is most probably caused by residual porosity 
in the samples, since porosity decreases moduli of materials [14]. In our experiment, the elastic modulus of 
the sintered sample is approximately 77% of the theoretical value for Al (70 GPa). The measured Poisson ratio 
indicate homogenous isotropic behaviour during loading [15]. The table further summarizes several other 
intrinsic material properties, such as torsion and flexural parameters. 

Table 1 Results of measurements of mechanical properties for sintered Al 

Property 

Elasticity 
modulus 

[GPa] 

Shear 
modulus 

[GPa] 

Poisson 
ratio 

[-] 

Flexural 
Frequency 

[Hz] 

Damping 
Flex. 

[-] 

Torsion 
Frequency 

[Hz] 

Damping 
Torsion 

[-] 

sintered Al 
powder 53.98 19.94 0.353 8313.78 0.003035 4725.34 0.000523 
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3.2. Microstructure 

Observations of microstructure were performed in order to investigate differences after processing with the 
two deformation methods. As regards the influence of the performed deformation technologies on the degree 
of consolidation and remaining porosity in the samples, this is documented in Figs. 1a  and 1b. HPT processing 
is considered to be the most effective from the point of view of consolidation of powder particles due to the 
influence of severe shear strain. The reason for this is a favourable positioning of the axis of compression, 
which is parallel to the axis of shear [12]. This design of the process enables a high intensity of shear strain to 
be introduced into the material. Mutual comparison of the figures proves better consolidation after HPT, than 
after swaging. 

  

Fig. 1  Microstructures of swaged sample (a), sample after HPT (b) 

Grain sizes and orientations after swaging are depicted in Fig. 2a , while microstructure after HPT can be seen 
in. Fig. 2b . As can be seen in the figures, the grains were more significantly refined in the sample deformed 
by HPT. The grains after swaging and HPT also exhibit different shapes. In the structure of the swaged sample 
the grains are more elongated, which is caused by the nature of the swaging process during which flow of 
material along its axis is the only unconstrained direction [16]. The pressure conditions during HPT are close 
to hydrostatic, therefore the grains tend to maintain a more or less equiaxed shape [17]. Moreover, the 
orientations of grains are different and more random than in the swaged sample. Most of the grains in the 
swaged sample are oriented in the <111> fibre direction, while in the sample after HPT only a minor fraction 
of grains is oriented in this direction. Most of the grains are more randomly oriented, including other directions, 
i.e. <101> and <001>. 

 

Fig. 2  OIM images of swaged sample (a), sample after HPT (b) 
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3.3. Microhardness 

At first, the average microhardness for the pre-compressed samples after double-step CIP processing was 
measured. The average value, calculated from values obtained using a line analysis with the spacing of 1 mm 
throughout the cross-section of the samples, was determined to be 42.86 HV. The measurements did not 
exhibit any increasing/decreasing trend towards the axis of the pre-compacted samples. Therefore the 
compression after CIP can be considered to be homogenous throughout the un-deformed material. 

Microhardness after HPT was measured along a line passing through the cross-section of the deformed 
sample. Measurement was performed at 20 individual points starting at the distance of 0.5 mm from the edge 
of the sample with a spacing of 1 mm. The analyses were performed along top, bottom and central horizontal 
lines. Results of the measurements are summarized in Fig. 3 . 

The results exhibit trends typical for HPT processing [18]. Throughout the horizontal direction, the lowest 
values of microhardness can be observed in the central area in the vicinity of the rotational axis of the sample. 
This is due to the character of HPT processing, during which a die rotates along the central axis and therefore 
imposes the smallest shear deformation into the central parts of the deformed sample. Considering the vertical 
direction towards the surfaces of the sample being in contact with the dies, the deformation in the areas closest 
to the surface of the dies is the highest since the shear is supported by the influence of friction. The imposed 
strain then slightly decreases towards the internal volume of the sample along the vertical direction, while it 
increases again along the central horizontal layer.  

Notable is also the occurrence of several deviations from the above described trends. However the amount of 
shear strain introduced into the material is a significant factor influencing hardness of the deformed material, 
the differences between the amounts of shear strain throughout the cross-section of the sample are not the 
most important [19]. More significant factor influencing local hardness is the structural nature of the individual 
measured location. Therefore, the local deviations are most probably caused by pores remaining in the 
structure. Comparing the top and bottom lines influenced by the surface contact of the specimen with the dies, 
the average microhardness value for the bottom line in slightly higher than for the top line. This is most probably 
caused by the HPT process, during which only the bottom die rotates and therefore shear strain could be 
expected to be more intense in the vicinity of this die. 

 

Fig. 3  Microhardness values for HPT processed specimens 
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Microhardness was also measured for the specimen after swaging. Although the microhardness for this 
specimen was also measured along its diameter, the values were more or less uniform and did not exhibit any 
increasing/decreasing trend towards the centre of the sample. Therefore only the average value was 
calculated. This was 50.14 HV. When compared to the HPT processed sample, the value is lower than the 
average values measured for the sample after HPT. This is connected with the amount of imposed 
deformation, which is substantially higher in the sample deformed by HPT.  

Calculations of degree of deformation were performed for swaging (Eq. (1)), as well as for HPT (Eq. (2)) 
[1,20,21]. According to these calculations, the average strain imposed into the material during swaging was 
1.386, while during HPT it was 5.24 for the observed mid-radius location. 

Õ = �L _Ö_× (1) 

Õ = 'ØÙÚ
!  (2) 

where S0 and Sn are the initial and subsequent (final) cross-section areas of the swaged sample [mm2], 
respectively, r is radius of the sample (in measured location) [mm], N is number of revolutions and t is thickness 
of the sample [mm]. 

4. CONCLUSIONS 

The results of analyses of samples after two different deformation processing methods, swaging and HPT, 
showed that both the intensive plastic deformation methods resulted in a significant increase in microhardness. 
Microhardness increase was significant especially for the specimen deformed using HPT. However the values 
increased for both the deformed samples when compared to pre-compacted states. Microstructure 
observations support the measurements. The grain size got smaller than the size of the initial powder particles 
for both the deformed samples. However, grain refinement was significant especially for the HPT processed 
sample. Substantial residual porosity was observed for the swaged sample, with the distribution of pores 
present along particle boundaries. The HPT sample did not show any significant residual porosity. Calculations 
of the degree of deformation showed higher imposed strain for the sample processed by HPT compared to the 
sample processed by swaging. 
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Abstract 

Universal plastometer Gleeble 3800, which is installed at the Regional materials science and technology centre 
at the VSB - Technical University of Ostrava was used for investigation of possibility of grain refinement of low-
carbon steel. Through dilatometric tests of the investigated steel performed at various heating and cooling 
rates, the transformation temperatures Ar1, Ar3, Ac1 and Ac3 were determined. These temperatures were 
employed at the proposal of two following types of experiments, performed to refine a prime grain of the 
examined steel. The first set of the tests contained an annealing off the examined steel with a cyclical change 
of the temperature. It was found by metallographic analysis of the annealed samples that the samples 
annealed at the temperatures of 880 and 530 °C with the dwell of one second at the annealing temperature, 
and cooled down or heated up at the rate of 10 °C·s-1 showed finer grain even after one cycle. Increase of the 
number of cycles caused a decrease of ferritic grain. The second set of the test contained a cyclic deformation 
of the examined steel, which consisted of combination of pressure and tension at the given temperature. The 
deformation temperature, the size of the absolute strain, the dwell time between the individual cycles and the 
number of the individual cycles were chosen as variable parameters. Metallographic analysis of each cyclically 
deformed sample proved that the selected parameters of deformation did not lead to the required refinement 
of microstructure of the examined steel. 

Keywords: Grain refinement, temperature of phase transformation, cycling of temperature, cycling of  
                   deformation, plastometer Gleeble 3800. 

1. INTRODUCTION 

Obtaining of suitable material microstructure makes it possible to obtain higher strength properties and 
optimum fatigue and brittle-fracture characteristics. Homogeneous fine grain microstructures can be achieved 
by annealing of the material after its conventional forming or by its controlled forming [1-3]. In both cases, in 
addition to deformation and cooling parameters, the course of restoration processes and phase 
transformations has a significant effect on grain refinement [4 - 7]. The influence of thermo-mechanical; 
conditions on evolution of microstructure during forming can be investigated in laboratory by plastometric 
methods, which are based on pressure, torsion or cyclic deformation of the tested sample [8 - 10]. 

The aim of the experimental work was to explore the possibility of grain refining in structural low-carbon steel 
S355J2 by the temperature or deformation cycling. Plastometer Gleeble 3800, which is installed at the 
Regional materials science and technology centre at the VSB-TU Ostrava was used for all experimental works 
[8]. Its advantage consists in the possibility of realisation of various different thermo-mechanical tests on one 
device [8, 11, 12]. 
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2. EXPERIMENT DESCRIPTION 

Experimental works were divided into several parts. First of all it was necessary to determine temperatures of 
phase transformations of the investigated steel at its heating and cooling, which were then used for setting of 
temperature conditions of tests with temperature or deformation cycling. Structural low-carbon steel S355J2 
with chemical composition (in mass %) 0.184 % C; 1.34 % Mn; 0.231 % Si; 0.015 % P; 0.005 % S; 0.04 % Cu; 
0.05 % Cr; 0.02 % Ni; 0.029 % Al; 0.007 % Mo; 0.01 % W; 0.002 % V; 0.015 % Ti; 0.002 % Nb; 0.0048 % N 
was used for these purposes. 

2.1. Determination of temperatures of phase transfo rmations 

Temperatures of phase transformations at heating (Ac1, Ac3) and cooling (Ar1, Ar3) were determined on the 
basis of evaluation of dilatometric tests. For this purpose cylindrical samples with diameter of 10 mm and 
length of 86 mm were prepared from the examined steel. The prepared samples were heated by electrical 
resistance heating at the rate of 1 °C·s-1 or 10 °C·s-1 to the temperature of 950 °C, followed by a 10 second 
dwell time at this temperature. The tested samples were then cooled down again at the rate of 1 °C·s-1 or 
10 °C·s-1 to the temperature of 25 °C. During testing the temperature on the sample surface was measured by 
thermocouple wires. Sample dilatation during testing was measured by contact LVDT dilatometer with the 

range of ± 2.5 mm and resolution of ± 0.4 µm. 

For the heating or cooling rate of 1 °C·s-1 the following temperatures of phase transformations Ac1 = 722 °C, 
Ac3 = 830 °C, Ar1 = 609 °C, Ar3 = 753 °C were determined. In the case of test at the heating or cooling rate of 
10 °C·s-1 the following temperatures of phase transformations Ac1 = 721 °C, Ac3 = 850 °C, Ar1 = 551 °C, Ar3 = 
720 °C were determined. 

2.2. Tests with cyclic change of temperature  

The samples with diameter of 10 mm and length of 86 mm were also used for plastometric tests with cyclic 
change of temperature, which in principle consisted of material annealing with temperature cycling. 
Individual annealing temperatures for these tests were determined on the basis of evaluation of dilatometric 
tests in such a manner, that phase transformation takes place in the examined steel at the temperature cycling. 

The samples Z1 (1 cycle), Z2 (3 cycles) and Z3 (10 cycles) were heated by electric resistance heating at the 
heating rate of 10 °C·s-1 to the lower annealing temperature of 530 °C. They were then heated at the heating 
rate of 10 °C·s-1 to the upper annealing temperature of 880 °C, and after 1 second dwell time at this temperature 
they were cooled down at the cooling rate of 10 °C·s-1 to the lower annealing temperature of 530 °C. 
After achievement of this temperature, in the case of multi-cycle test, again 1 second dwell time was held at 
this temperature and it was followed by the next cyclic heating and cooling. After completion of temperature 
cycling all the samples were cooled down from the lower annealing temperature at the cooling rate of 10 °C·s-

1 to the temperature of 25 °C. In case of the samples Z4 (1 cycle), Z5 (3 cycles) and Z6 (6 cycles) were selected 
the lower annealing temperature of 500 °C, the upper annealing temperature of 860 °C, 15 second dwell time 
at those temperatures, and heating or cooling rate between those temperatures of 1 °C·s-1. The remaining 
parameters were analogical to those for testing of the samples Z1 to Z3. All cyclically annealed samples were 
then subjected to metallographic analysis. 

2.3. Tests with deformation cycling  

Samples with diameter of 12 mm and overall length of 120 mm were prepared from the examined steel for 
tests with cyclic strain. This type of samples, with the diameter of the deformed part of the sample of 10 mm 
and length of 12 mm, is primarily determined for accelerated creep tests, which also represent deformation 
cycling during the test [13]. 
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In order to ensure that deformation takes place in a single phase austenitic area, the deformation temperature 
of 880 °C was determined on the basis of evaluation of dilatometric tests. The prepared samples were heated 
by electric resistance heating at the heating rate of 10 °C·s-1 to the specified deformation temperature, followed 
by 60 second dwell time at this temperature. The samples were then cyclically deformed by alternating 
compression and tension at constant speed of travel of the crosspiece of 0.1 mm·s-1, to which the strain rate 
of 0.01 s-1 corresponds, and at constant temperature with dwell times between reductions of various duration. 
One cycle represented deformation by alternating compression and tension, dwell time of temperature and 
deformation by alternating compression and tension. The samples were after deformation cooled down at the 
cooling rate of 2 °C·s-1 to the temperature of 500 °C, and then at the cooling rate of 10 °C·s-1 to the temperature 
of 25 °C. 

The variable parameters were the magnitudes of engineering strain, which was in case of the samples D1 to 
D3 equal to 10 %, or in case of the samples D4 to D6 to 15 %, to which the magnitude of absolute length 
compression or tension strain of 1.2 mm or 1.8 mm corresponded respectively. Duration of the pause between 
reductions for the samples D1 to D3 was 10 seconds, in case of the samples D4 to D6 this pause between 
reductions was shortened to 7 seconds. The samples D1 and D4 were subjected to a 1-cycle deformation, the 
samples D2 and D5 were subjected to a 3-cycle deformation, and the samples D3 and D6 were subjected to 
a 10-cycle deformation. All deformed samples were subjected to metallographic analyses. 

3. PROCESSING OF MEASURED DATA AND DISCUSSION OF RE SULTS 

During tests with cyclic change of temperature apart from the temperature also the sample dilatation was 
registered. Example of comparison of dilatation of the samples at the tests with temperature cycling is 
documented in Fig. 1 . Already these dilatation curves suggested that during these tests the grain was refined 
with the increasing number of cycles, which was manifested by reduction of differences between Ar3 
temperatures between individual cycles. 

Fig. 2 , illustrating drop of force during the test with 10-cycle deformation (sample D6), indicates that during 
these tests the required grain refinement did not take place, since the so called cyclic softening occurred during 
this test [14]. 

  
 Fig.  1 Example of dilatation of samples during tests 

with cycling change of temperature 
Fig.  2 Evolution of force and strain in dependence on 

time at the test with 10-cycle strain (sample D6) 

The initial homogeneous micro-structure of the examined low-carbon steel was formed by a mixture of ferrite 

and pearlite, while the mean size of ferritic grain, determined by linear method, was 11 µm - see Fig. 3a . 
Already at single-cycle change of temperature at annealing with comparatively high heating and cooling rate 
of 10 °C·s-1 (sample Z1) relatively considerable refinement of ferritic grain was achieved - see Table 1  and 
Fig. 3b , while with the increasing number of cycles the grain refinement was more significant. In the case of 
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cyclically annealed samples heated and cooled at the rate of 1 °C·s-1 such significant grain refinement did not 
take place - see Fig. 3c . 

Metallographic analysis of cyclically deformed sample confirmed that in case of these samples the required 
refinement of ferritic grain did not take place see - Table 1  and Fig. 3d . With the increasing number of cycles 
the ferritic grain got even slightly coarser, which contradicts the findings presented by the authors [15], who 
claim that repeated deformation does nod enable growth of recrystallized grains. The cause of grain 
coarsening might have been in this case a combination the austenitisation itself of the samples and 
deformation by alternating compression and tension, which probably limited the effects of static 
recrystallization. 

Table 1  Mean grain size of the tested samples 

Annealed sample Z1 Z2 Z3 Z4 Z5 Z6 

Mean grain size [ µm] 7.3 6.2 5.5 10.8 10.6 10.3 

Deformed sample D1 D2 D3 D4 D5 D6 

Mean grain size [ µm] 11.8 12.0 13.3 11.6 12.2 12.6 
 

  
  a) initial state b) sample Z1 

  
  c) sample Z6 d) sample D6 

Fig. 3  Microstructure of tested samples 

In order to suppress the influence of duration of pause between compression or tension deformation, another 
two tests were made with 10-cycle strain without pauses between reductions, the aim of which was to initiate 
in material dynamic recrystallization. Magnitude of overall logarithmic length strain (true strain) in the case of 
10 cycling tests was equal to 6.5. The first test was performed at analogical deformation temperature as in 
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previous tests = 880 °C. For the second test the deformation temperature 930 °C was chosen. Metallographic 
analysis of thus deformed samples was documented, that elimination of inter-pass time and expected course 
of dynamic recrystallization did not have a positive effect on the final size of the ferrite grain. The resulting 
micro-structure of thus deformed samples was again formed by a mixture of ferrite and pearlite, while size of 
ferritic grain was 13.4 µm in the case of deformation temperature of 880 °C, or 13.7 µm in the case of 
deformation temperature of 930 °C. 

For verification conditions for course of dynamic recrystallization another two continuous tests were moreover 
performed by uniaxial compression at the deformation temperatures of 880 and 930 °C and the strain rate of 
0.01 s-1 with logarithmic length strain of -1.5. For these purposes were prepared from investigated steel 
samples with diameter of 10 mm and height of 15 mm. Parameters of heating and cooling were analogical to 
those used in the case of cyclically deformed samples. It is evident already from the recorded stress-strain 
curves (see Fig. 4 ) that dynamic recrystallization was initiated in material in the course of those tests. 
Microstructure of the samples after continuous test by uniaxial compression was formed by a mixture of 
equiaxed ferritic grains and slightly stretched pearlitic formations - see Fig. 5 . Average size of the resulting 

ferirtic grain was at the deformation temperature of 880 °C equal to 9.9 µm, or to 10.7 µm in case of the sample 
deformed at the temperature of 930 °C. The samples deformed by uniaxial compression showed slight grain 
refinement in comparison with cyclically deformed samples, the real length deformation of which was approx. 
4 times bigger. 

  
 Fig.  4 Stress-strain curves obtained by continuous 

tests by uniaxial compression 
Fig.  5 Microstructure of the sample after continuous 

compression test at the temperature of 880 °C 

4. CONCLUSIONS 

Using the physical simulations performed on the plastometer Gleeble 3800 the possibilities of grain refinement 
of low-carbon steel S355J2 by temperature or strain cycling were investigated. 

Use of the evolution of phase transformations initiated by temperature cycling of the tested samples made it 
possible to achieve the required refinement of resulting ferritic grain in the examined steel, while the size of 
ferritic grain was getting refined with the increasing number of cycles. Temperature cycling enabled 

achievement of homogeneous microstructure formed by a mixture of pearlite and ferrite with size even 5.5 µm. 

In the case of tests with cyclic deformation of the samples the required grain refinement was not achieved. 
With the increasing number of cycles, consisting of alternating effect of compression and tension on the tested 
sample, the size of the resulting ferritic grain even slightly increased. On the other hand comparison continuous 
tests by uniaxial compression, performed under analogical temperatures and strain rate as the tests with cyclic 
deformation, but at approx. 4 times smaller logarithmic length strain, initiated dynamic recrystallization and 
slight refinement of ferritic grain. 
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Very important finding consists in the fact that material deformation based on cyclic changes of tension and 
compression (see e.g. [10, 16]) need not result in identical structural characteristic as after analogical 
deformation, performed by compression only. From this perspective the simulation of forming processes on 
classical compression or (in the case of big accumulated strains) on torsion plastometers seems to better 
reflect the real industrial operation conditions [8]. 
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Abstract   

This paper describes a design procedure of cooling sections for the heat treatment of tubes. Two experimental 
stands used for cooling studies of steel samples were built at Brno University of Technology. The first 
experimental stand allows researchers to simulate a variety of cooling regimes and evaluate the final structure 
of test samples. These samples have installed a set of thermocouples, which indicate temperature history of 
the tested material. The second experimental stand is used for the design of the cooling sections which can 
obtain a desired heat treatment procedure and final structure of a real sample. 

Keywords: Heat treatment, spray cooling, heat transfer, tube 

1. INTRODUCTION 

The microstructure and nature of grains, grain size and composition determine the overall mechanical 
behaviour of steel. Heat treatment provides an efficient way to manipulate the properties of steel by controlling 
the cooling rate. The method of heat treatment depends on many parameters. One of the most important 
parameters is the amount of production. Another important parameter is the size of products. We focus on 
large productions, such as cooling of tubes at the exit of a rolling mill. This treatment is called in-line heat 
treatment of materials and has become quite common in hot rolling plants. However, many of the topics 
discussed can be applied to smaller-scale production as well. 

The design procedure for cooling sections which obtain the desired structure and mechanical properties is an 
iterative process involving several important steps [1]. It begins with the Continuous Cooling Transformation 
(CCT) diagram for the selected material. Next, numerical simulation of the cooling is used to find the 
appropriate cooling intensity and its duration. With this information, a new cooling section is designed and 
tested under laboratory conditions. From laboratory experiments, boundary conditions are obtained and tested 
using a numerical model [2]. When the optimal solution is found, it is tested on a real sample and the resulting 
structure is studied. In most cases, the process must be repeated as the CCT diagram is aimed at a different 
sample size and the cooling rate in the designed section is changed. 

2. EXPERIMENTAL DETERMINATION OF SPRAY COOLING INTE NSITY AND THE CREATION OF A 
DATABASE OF NOZZLE SPRAY COOLING INTENSITIES  

Sprays are commonly used for product cooling in metallurgical industry nowadays. There are several types of 
nozzles like full cone, flat fan or mist nozzles, which produce wide range of sprays. The cooling intensity of a 
spray is a function of several parameters, including nozzle type, flow rate [3], [4], pressure, water temperature 
[5], surface temperature of a material, and velocity of a material movement  under the spray [6]. There is no 
function available which describes cooling intensity using all of the aforementioned parameters and so 
measurement is the only way to determine the spray cooling intensity. Measurements of the cooling intensity 
for different nozzles types, pressures and positions of nozzles headers lead to creation of a database of 
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nozzles cooling intensities. This database is useful for the suitable choice of a size of the nozzles, feeding 
pressure and positions of nozzle headers for next step, the quenching tests. 

The determination of the spray cooling intensity consists of several steps: preparation of the experiment, 
experimental measurement, calculation of boundary conditions and evaluation of computed results. 

2.1. Experiment 

The experimental procedure starts with the manufacture of the test sample and the embedding of 
thermocouples within the test sample. The test sample is mounted to the experimental apparatus (Fig. 1 ) and 
is then heated to the desired temperature. Once the test sample is heated, the spray is started. When the 
cooling conditions are adjusted the data-logger begins to record temperatures at the thermocouples and the 
sample, which is mounted on a trolley, passes through the cooling section repeatedly. When the sample is 
cooled, recorded data is transferred to a computer and evaluated. After measurement, the inverse heat 
conduction problem is used to compute time-dependent boundary conditions: the heat transfer coefficient 
(HTC), heat flux and surface temperature. Beck’s sequential approach is used ([7], [8]). This method uses a 
sequential estimation of the time-varying boundary conditions and future time steps.  

    

Fig. 1 Laboratory test bench and a photo of a tube running to the cooling section 

2.2. Results 

The measured time-dependent temperature is 
used as input for the inverse heat conduction 
problem and the time-dependent surface 
temperature, heat flux and heat transfer 
coefficient are obtained (Fig. 2 ). Furthermore, 
the dependence of the heat transfer coefficient 
on the surface temperature and position in the 
cooling section is obtained. The average value 
of the heat transfer coefficient along the position 
(between first and last nozzle) is shown in Fig. 3 . 

Fig. 2 Example of measured temperature, computed 
surface temperature and heat transfer coefficient (HTC) 

depending on time 
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Fig. 3 The dependence of the average heat transfer coefficient on the surface temperature 

3. FINDING THE OPTIMAL COOLING REGIME 

It is necessary to achieve the desired cooling regime to obtain the required mechanical properties of the final 
product. The numerical prediction of hardness and microstructure can serve as initial information about the 
required cooling regime. Tests using industry conditions are ideal for validating the predicted hardness and 
microstructure. However, tests using industry conditions are very expensive and therefore it is more suitable 
to conduct tests with smaller samples in a laboratory. The scale factor is important and the sample should 
have the same thickness and shape as the final product. The type of nozzle and feeding pressure are the 
parameters used to define the resulting cooling intensity which will create the required material structure. The 
experimental apparatus is able to cool the sample across a wide range of regimes. The cooling regime can be 
modified until an optimal material structure is achieved. 

3.1. Numerical prediction of hardness and microstru cture 

With chosen nozzles configuration and information about its cooling intensity the prediction of hardness and 
microstructure after quenching can be done by the CCT diagram or software QTSteel [9]. This software can 
be used to numerically predict the metallurgical processes running during cooling regimes. It is an off-line tool 
for calculating the microstructure and mechanical properties of various samples after hardening and 
subsequent tempering. If the CCT diagram of chosen material is unknown, the quenching tests must be done 
to obtain the information about the hardness and microstructure. If the prediction of the hardness and 
microstructure is possible, the quenching experiment should be done to validate the prediction.  

3.2. Experimental apparatus and experimental proces s 

A test bench was built to find the optimal cooling strategy for a given steel sample (Fig. 4 ). It was composed 
of an electric furnace, a nozzle, a rail with a moveable steel sample and a deflector. A steel sample with 
dimensions 50 x 50 x 62 mm was embedded with four thermocouples positioned at 3, 12, 21 and 50 mm 
beneath the cooled surface. The steel sample was heated to an initial temperature in an electric furnace with 
an inert atmosphere to avoid oxidation. The heated sample was then moved into the cooling position under 
the nozzle, a pneumatically-driven deflector was opened and cooling of the hot sample was started (Fig. 4). 
Temperatures at the given positions were measured using thermocouples and recorded by a data-logger 
during the experiment.  
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Fig. 4 Diagram of the experimental apparatus and photos of the test sample after removal from the furnace 
and during cooling by the nozzle 

3.3. Measured hardness and microstructure 

The sample was cut after cooling and the hardness and microstructure were measured in the axis of the 
sample. The quenching significantly increases hardness and increases the content of the martensitic structure 
near the surface (Fig. 5 ). The martensitic structure was observed to a depth of 15 mm.  Bainite, ferrite and 
pearlite were observed deeper in the material. The prediction of the CCT [8] diagram with cooling curves is 
shown in Fig. 6 . 

 

  

Fig. 5 Measured hardness (quenched material - HV30, original material - HV 20) and prediction by the 
QTSteel software [9] (left) and measured microstructure composition (right) 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

263 

 

Fig. 6  Predicted CCT diagram [9] with cooling curves measured 3, 12, 21, 50 mm below cooled surface 

4. DESIGN OF THE COOLING SECTION 

A cooling section can be designed based on previous measurements of nozzles cooling characteristics (HTC), 
microstructure tests with small samples and numerical simulations of various cooling strategies. An important 
factor which should be considered in the design of the cooling section is the homogeneity of the cooling. 
Inhomogeneous cooling can lead to inhomogeneous material properties and deformation of the final product.  

Water distribution is the main factor influencing the cooling intensity and homogeneity. An example of the 
computed water distribution of the cooling unit used for tube cooling is shown in Fig. 7 . Water distribution was 
computed by software developed in the Heat Transfer and Fluid Flow Laboratory. 

     

Fig. 7  Visualization (left) and computed water distribution (right) of the cooling unit used for tube cooling 

5. FINAL FULL-SCALE EXPERIMENT 

A laboratory test bench (Fig. 1 ) is used for the experiment with full-scale material sample. The full-scale 
material sample of a tube is implanted with thermocouples and the cooling by the designed cooling section is 
tested. The length of the laboratory test bench is limited, therefore the sample must be accelerated to a velocity 
normally used in a factory before entering the tested cooling section, and after leaving the cooling section the 
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direction of movement is reversed. In this way, the sample moves several times through the cooling section. 
This process of cooling is controlled to simulate running through a long cooling section normally used in a 
plant. The full-scale material sample is cooled by designed cooling section and then cut to test material 
properties and structures. The design of the cooling section and the pressures used are modified until the 
required temperature regime, microstructure and hardness are obtained with full-scale material sample. 

6. CONCLUSION  

The design of cooling sections used for heat treatment of tubes requires very extensive work. It utilizes 
numerical modelling, laboratory measurements and pilot mill tests. The first step is the identification of the best 
cooling regime for steels, which is not yet known. The second step is to obtain a selection of technical means 
in order to guarantee obtaining of the prescribed cooling rates. Nozzle configurations and cooling parameters 
are selected and controllability of the cooling section is checked. The final step of the design is a laboratory 
test using a full-size sample simulating plant cooling. A design based on laboratory measurement therefore 
minimizes the amount of expensive experimentation performed directly at a plant.  
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Abstract  

Steel production is connected with high temperatures at which the steel reacts with oxygen in the surrounding 
atmosphere, creating scales on its surface. Scales are eliminated by row of high pressure flat jet nozzles. The 
flat jets overlap in an overlapping area. This area is dramatically overcooled during the typical configuration of 
the nozzles with an offset angle of 15° and an inclination angle of 15°. For this paper, both the typical and a 
new configuration with an offset angle of 0° were measured. Cooling homogeneity measurements were made 
to see the improvement in cooling homogeneity with the new configuration. Spray impact pressure distribution 
measurements were made to observe the size and shape of pressure distributions in the overlapping area for 
both the configurations. Obtained results are presented and improvements achieved with the new configuration 
are discussed.  

Keywords: Steel, scales, hydraulic descaling, cooling, homogeneity 

1. INTRODUCTION    

During the production of hot rolled steel plates the semi-finished casting products (slab, bloom, ingot,..) are 
heated to a high temperature and fed into a rolling mill. At high temperatures, the material reacts with 
atmospheric oxygen and various types of oxides are formed. These oxides form a thin layer on the surface of 
a product and are called scales. Scales affect the quality of the rolled material and have to be eliminated before 
the material enters rolling operations.  

One of the most effective and widely-used technologies for removing these scales is hydraulic descaling. A 
row of high-pressure flat jet nozzles is used for descaling, and the feed pressure ranges from 10 to 40 MPa. 
In order to descale the entire width of the product, individual nozzles must overlap along the direction of 
movement. The steel surface where the scales are sprayed away by two adjacent nozzles is called the 
overlapping area. The main objective of descaling is the elimination of all the scales on the surface of the 
product. Running counter to this is the requirement to maintain a temperature range during the full hot-rolling 
process; otherwise the operation could result in a less than desired quality of steel product. Cooling 
homogeneity along the width of the product during descaling is therefore important for the quality of the finished 
steel product.  

The degree of overlapping depends on the system pressure, pitch between adjacent nozzles, their inclination 
angle and standoff. Study [1] states that the overlapping area must take less than 15 % of the spray width, 
otherwise the descaling becomes inefficient due to overcooling of the product. The overlaps also cause spray 
interference and reduce the effectiveness of the descaling. This could be a serious problem, for example, for 
electrical steels where the scales are very difficult to descale. The typical configuration of the descaling nozzles 
is with an offset angle of 15° and an inclination angle of 15°, which can cause this unnecessary overcooling. 
This paper compares this configuration with a new configuration which has a 0° offset angle and a 15° 
inclination angle and in which the water streams from adjacent nozzles collide. The goal of this paper is to 
show that the offset angle has a significant effect on the cooling homogeneity of the product. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

266 

1.1. Current state of the art 

In recent years, development and new trends in high pressure water descaling have become more focused on 
smaller types of nozzles that are arranged closer to each other in a row. This allows manufacturers to decrease 
the distance between the nozzles and the steel product and makes descaling even more effective than before. 
This forces researchers to pay an increased attention to heat losses during descaling. Studies which track this 
issue have been published for several years.   

Heat loss is mainly a function of nozzle type, descaling time (velocity of the specimen), descalability of the 
scales and impact pressure [1]. It is not an easily-described or studied phenomenon. Articles [2] and [3] 
examine the heat loss from the experimental point of view. Article [2] computes the heat transfer coefficient for 
impact pressures from 0.4 MPa up to 0.8 MPa from a series of experiments and estimates the values of the 

heat transfer coefficients in a range from 270 kW / m2⋅K to 430 kW / m2⋅K. Article [3] computes the average 
heat transfer coefficient from a series of eight measurements and without any specification of the impact 

pressure in a range from 17.65 kW / m2⋅K to 19.9 kW / m2⋅K. Article [4] deals with this issue through a series 
of simulations for different settings of billet surface temperatures, water jet speeds and distances between the 

billet surface and nozzle and obtains the values of heat transfer coefficient within the range from 10 kW / m2⋅K 
to 110 kW / m2⋅K. This illustrates the variability of the outcomes from different research teams. 

The intention of our laboratory research is not just to determine the heat transfer coefficient but also the 
reduction of the variability of heat loss along the width of the strip. The experiments described in this article 
focus primarily only on impact pressures and corresponding cooling homogeneity measurements.  

 

Fig. 1  Principal layout of the laboratory test bench: 1) cooling medium (water), 2) pressure gauge,  
3) nozzle, 4) moving deflector, 5) nozzle manifold, 6) test plate, 7) moving trolley,  

8) data logger, 9) roller, 10) electric motor, 11) hauling wire rope, 12) girder [5] 

2. EXPERIMENTS SETTING AND LABORATORY EQUIPMENT 

The experiments were performed for two settings of a pair of descaling nozzles. Both nozzles were of the 
same type, producing 58 l / min at 40 MPa and with a 45° spray angle. Tested configurations were as follows: 
55 mm spray height, 43 mm nozzle pitch, 40 MPa water pressure, and 15° inclination angle. The first 
configuration had a 15° offset angle, and the second had a 0° offset angle (see Fig. 2 ). The tested specimen 
was a stainless steel plate with dimensions 320×300×25 mm, which was heated up to 900 °C. 

The measurements of impact pressures distributions were made using a laboratory measuring device. The 
nozzle sprayed a moving plate which was equipped with a pressure sensor and the diameter of the sensor 
was 1 mm. For a given nozzle configuration, the pressure was measured as a position-dependent value while 
the plate with the sensor was slowly moving under the spraying nozzle.  
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Cooling homogeneity measurements were made on the laboratory test bench (see Fig. 1) by a line infrared 
scanner. The heated specimen was moving along the bench at 0.5 m/s. The line infrared scanner scanned the 
surface temperature of the heated test plate 350 mm after the descaling section, i.e. 0.7 second after 
descaling.  

 

 

 

 

 

 

 

 

 

Fig. 2  The layout of spray nozzles  
The upper configuration is for a 15° offset angle and bottom configuration is for a 0° offset angle 

3. IMPACT MEASUREMENTS 

The pressure distributions from both the configurations were measured and a maximum value in a direction 
perpendicular to the width (the spray depth direction) was taken. The results are in Fig. 3 . The first 
configuration in red color shows the profile of the distribution from the left and right nozzle. It clearly illustrates 
the fact that due to the positive inclination angle the water from the right nozzle is reflected from the surface of 
the specimen and in the overlapping area causes interference with the water spray of the left nozzle. The 
reflected water from the right nozzle collides with the water from left nozzle just above the specimen in almost 
perpendicular angle and decrease the speed of the water from left nozzle in the direction of the spray. This 
interference is so significant that the impact pressure of the left nozzle is reduced to less than 50% in the 
overlapping area (see Fig. 3 ) and even affects a small part of the impact distribution that is outside of the 
overlapping area. In the second configuration, the water jets collide in a parallel fashion from both nozzles. 
This collision creates an increase in impact pressure in the overlapping area and forms a peak that is 2.5 times 
higher than the average impact pressure outside the overlapping area. The collision also increases the spray 
depth from 3 mm to approximately 4 mm.  

  

4 mm 

12 mm 

3 mm 

3 mm 
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Fig. 3  Impact pressure measurements 

 

 

Fig. 4 Cooling homogeneity measurements with indicated corresponding configuration of the nozzles 
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4. COOLING HOMOGENEITY MEASUREMENTS 

The cooling homogeneity measurements showed the temperature distribution at the time of 0.7 seconds after 
the descaling section. The small size of the specimen caused unwanted heat loss on the border during the 
experiments. The measured temperature distributions were additionally corrected and this undesirable effect 
was eliminated. The results presented in Fig. 4 show the corrected temperature distributions.  

Both the experiments show a large decrease in the temperature field in the range where the nozzles sprayed. 
At the edge of the spray width outside the overlapping area the first experiment, indicated in red, clearly 
corresponds to the second experiment, indicated in purple. The biggest difference occurs right in the 
overlapping area in the middle of the spray width and in the vicinity of the overlapping area. The affected area 
is approximately 20 mm wide. The temperature difference in the peak for the first configuration, with respect 
to the area outside the overlapping area, reaches up to 38 °C, for the second configuration it reaches up to 
14 °C, making the difference of the temperature between the first and the second configuration in this peak 
approximately 24 °C.   

It should be noted that sharp edges in the temperature profiles develop immediately after the descaling 
operation and are smoothed in time by the heat conduction and by the infrared camera that has a measurement 
area of 10 mm. The temperature drop immediately after descaling is much more significant than 0.7 s after the 
descaling, where the measurements were taken. The difference is partially blurred and the affected 
overlapping area increases. The impact measurements show that the affected area of the first configuration 
should not be greater than 15 mm, where approximately 9 mm is the actual spray overlapping area and 6 mm 
is so-called washout area, where the impact pressure of the left nozzle is still reduced by the water spraying 
out of the right nozzle. 

5. DISCUSSION 

The impact pressure measurements, together with cooling homogeneity measurements, show very interesting 
results. The evidence suggests that the relevant parameter affecting the intensity of cooling of the hot billet is 
the spray depth of the descaling section in the direction of movement rather than the magnitude of impact 
pressure. The spray depth of the descaling section in the overlapping area in the first configuration is 
approximately 18 mm (including the green area shown in Fig. 2 ); however, in case of the second configuration 
it is only 4 mm. This is illustrated in Fig. 2 . 

In the case of the first configuration the descaling section in the direction of movement in overlapping area can 
be split into three main parts as shown in Fig. 2 . This includes two sections (blue) where the water directly 
impacts the surface of the specimen and a third middle section (green) where the water moves along the 
surface. The blue sections each have a depth of 3 mm and the middle section is approximately 12 mm wide. 
The water from the right nozzle moves in the overlapping area through the green section, which contributes to 
significant heat loss in this area and collides with the water from the left nozzle. The collision slows down the 
water stream and intensifies the cooling in the green middle section. The heat transfer coefficient in this area 
increases as the water is trapped between the sprays and partially evaporates at the heated plate. Due to the 
greater depth of this area the intense cooling lasts longer. Unfortunately, the intense cooling of the specimen 
forgoes the main descaling operation in the overlapping area, which is ensured by the unaffected left part of 
the right nozzle. Such an effect of precooling before descaling might cause a significant change of the physical 
characteristics of the scales and could reduce the descalability of the scales due to the reduction of the 
temperature of the surface and scales. 

In the case of the second configuration, a short intensive cooling impulse leads to higher heat loss in the 
overlapping area, yet doubling the impact pressure in this area does not mean doubling the heat flux. This 
statement is also supported by article [2], where the heat transfer coefficient depends linearly on impact 
pressure but with a nonzero constant regression coefficient. The higher heat loss is reflected in the temperature 
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drop in the middle section of the cooling homogeneity measurement. The depth of the descaling section is 
small, almost no precooling occurs and it is more likely that the thermal shock is developed and contributes to 
better descaling of the scales.  

6. CONCLUSION 

This research paper has shown that cooling homogeneity during descaling operations of hot rolled products in 
the spray overlapping area might depend on the depth of the descaling section in the direction of movement 
rather than on the impact pressure from the sprays. For the current presented configurations, the results imply 
that the bigger the depth of the descaling section in the overlapping area, the greater the variability of the 
temperature along the strip. This suggests that the currently widely-used nozzle configuration is not optimal 
from a cooling point of view. Together, these results provide important insights into the descaling process and 
reveal a new perspective in the issue of descaling optimization. The current study was limited by the absence 
of any measurements from the thermocouples and determination of the heat transfer coefficient. Yet it seems 
that this study was beneficial and further research should be conducted to determine the heat transfer 
coefficients in the overlapping area and corresponding surface temperatures right under the descaling section.  
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Abstract 

During recent years, deformation technologies based on the severe plastic deformation (SPD) developed 
extensively. SPD methods are effective for refining microstructures of different materials, which lead to a 
significant improvement in strength properties. In this case, the researchers had the important task of improving 
the quality of workpieces with minimal material and energy costs. During a deformation process, carried out 
with the aim of structure refinement, large macroscopic deformation has a great influence. Currently, we are 
actively developing innovative ways of forging based on large macroscopic deformation, which can intensify 
the strain imposed into inner layers of an ingot. The work is aimed at solving the problem of improving quality 
of preforms produced by fullering with the implementation of severe plastic deformation. Carry out computer 
simulation of fullering technology and studied stress-strain state metal by deformation. 

Keywords: Fullering technology, Computer simulation, Stress-strain state, Severe plastic deformation 

1. INTRODUCTION 

In recent years intensively developed methods metal forming, based on severe plastic deformation (SPD). 
Methods of severe plastic deformation effective for refining of microstructures of different materials, which 
leads to a significant improvement in strength properties under sufficient plastic level [1-3]. Improving the 
mechanical properties of workpieces with improved metal structure causes high adaptability of its further 
processing, which reduces costs and increases the cost of the demand for this type of product from 
manufacturers, thus ensuring greater competitiveness in a market economy. Improving the complex of 
mechanical properties of workpieces in reducing its cost in mass production allows you to create a new high-
tech products, including those used to create a variety of new types of hardware [4-5]. In [6] on the basis of 
numerous works of local and foreign researchers analyzed the factors influencing the parameters of the forging 
of large forgings. It was revealed that the quality of forgings has a great influence of the stress-strain state 
(SSS). All factors affecting SSS workpiece during forging can be divided into three groups: the shape factor, 
which includes the shape of the tool and the workpiece, and kinematic factor temperature factor. When the 
deformation of the metal with the aim of crushing the structural components has a great influence makroshift 
deformation. Macroshift positive role in the elaboration of the deformation structure is the appearance 
microlines slip (microshears) in a large number of grains with different crystallographic orientation, for which 
the grain boundaries are not an obstacle. Such changes in the metal microstructure promote grain refinement 
and positively affect the level of mechanical properties may be achieved by utilizing new forging device, 
providing a high level of shear deformation in the workpiece. Currently, there is an active development of 
innovative methods of processing forming, which can intensify the elaborate preparations, and the main ones 
are related to the implementation of the shear deformation of the workpiece material [7-11]. 

2. MATERIALS AND METHODS 

Research fullering of cylindrical workpieces carried by the finite elements method in the environment of 
software DEFORM 3D, allows the construction of three-dimensional models that have the properties of objects, 
modeling that is done. To create models of the workpiece and device used software KOMPAS 3D. Creating 
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models was carried out taking into account the geometric similarity with the scale factor = 1. After building 
models imported to the software DEFORM 3D. One of the main parameters that characterize the accuracy of 
the calculation, a finite element mesh. Deformable body models was determined in the tetragonal grid finite 
elements distributed in the bulk of the preform. The total number of finite elements is chosen to be 50000, 
which allows the calculation with a sufficient precision. Device of model has the properties of a rigid body. The 
mechanical behavior of a deformable body in plastic deformation of the described model of behavior. Device 
and workpiece material is given a choice of database software. For device used tool steel. As a model of the 
material used for construction steel AISI 1035. The simulation was carried out taking into account the heat 
exchange (heat transfer) between the workpiece, tooling and the environment under normal conditions 
(ambient temperature shall be equal to 20 °C). For tool selected room temperature. The temperature of the 
workpiece was set in accordance with the forging interval and chosen equal 900 °C. Terms of friction at the 
interface largely determine the course of the process of deformation and, accordingly, power settings, and the 
stress-strain state in the deformation zone. In this study, the coefficient of friction of 0.3 is selected on the basis 

of previous studies [9-11]. When all the conditions set deformation process of calculating the total number of 
steps with step by relating to the time or movement, then the model is defined by the calculation. In this paper 
it was investigated fullering cylindrical workpieces flat dies, dies combined (top die flat bottom engraved), as 
well as having a movable work surface to optimize the stress-strain state. In the study made an assumption 
that the length of the workpiece is equal to the width of the pins, tight ends were not considered. He was 

considered a single stroke tool, workpiece dimensions ∅ 20 x 60 mm. 

3. RESULTS AND DISCUSSION 

A specific feature of forging cylindrical workpieces is the stress-strain state in the deformation process. 
When forging cylindrical workpieces is very dangerous intensification of tensions in the central part of the 
workpiece. Typically, the line of action of maximum shear stress in a cross shape disposed at an angle to each 
other 90° and 45° to the axis of load application. The appearance of the forging cross can cause loosening 
and cracking of the workpiece in the central part. In addition, when the fullering cylindrical workpieces in cross 
section a large gradient stresses and strains. Further, compared to the stress-strain state in the fullering 
cylindrical workpieces flat and combined dies (top die flat bottom engraved). To use the angle cutout pin cut-
out equal 120°. 

Fig. 1  shows the average hydrostatic pressure, i.e. mean stresses acting in the cross-sectional samples in 
during fullering by flat dies and combined dies. There is significant run values for a flat die forging and forging 
a combined dies. Shown is significant heterogeneity of stress and strain states. The conditions in which the 
peripheral layers of metal are fundamentally different from those for the central layer, it follows unevenness 
deformation of metal over the cross section of the sample different layers of billet from the center to the 
periphery. 

Similar changes are also characteristic of the workpiece deformed in combined dies. When forming a cone 
and the displacement of the metal layers in the cutout dies average stress goes to tensile stress, which is 
unfavorable. Stress gradient is high in both cases. The consequence of this is the high strain effective of the 
deformation gradient in both cases. For deformation by flat die strain effective gradient is 0.5. The use of one 
of the die engraved shape gradient is 0.68. 
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    a)      b) 

   c)      d) 

Fig. 1  Distribution stress mean (a, c) and strain effective (b, d) by cross section during fullering in flat dies  
(a, b) and combined dies (c, d) 

 

To solve the problem of heterogeneity of the stress-strain state decided to replace one of the dies (flat) on the 
die moving to constituents. The device is configured so that at the initial time camber components equal to the 
angle of the engraved die, as motion of the die towards each other of the composite angle of the die gradually 

increases and the end motion becomes 180°, i.e. its shape becomes similar to the shape of a flat die. In Fig. 2  
shown distribution stress mean and strain effective by cross section during fullering in new dies 
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a)      b) 

Fig. 2  Distribution stress mean (a) and strain effective (b) by cross section during fullering in new dies 

Use the new design of dies provides a macroshift in the volume of the workpies. In addition, the area of 
occurrence of maximum stress is constantly changing in the process of crimping by changing the angle of the 
compound of the die, which excludes areas undergoing shear tensile stresses. Considering that one of the die 
is its engraved, part of the metal workpiece as well as during the deformation under the combined dies is under 
tensile hydrostatic pressure, but its numerical values are minimal and do not exceed 30 MPa. Stress are more 
homogeneous as compared to the above configuration both dies. More intensively worked out the blank area, 
located close to the engraved die. Using the new design of dies allowed to completely eliminate tensile stresses 
in the central layers of the workpies. The area is experiencing tensile stresses, leaving only the area shifted to 
the corner engraved die. Span values of strain effective decreased by 15 % compared to conventional 
combined dies. Maximum damage for the section under consideration amounted to 0.07, which effectively 
eliminates the loosening of the workpiece during the deformation. 

4. CONCLUSIONS 

During carrying out researches the following main results were received: 
1) Carry out simulation fullering process. 
2) Revealed significant heterogeneity in the fullering in flat dies and combined dies. 
3) Study stress-strain state by fullering in new dies. 
4) Span values of strain effective decreased by 15% compared to conventional combined dies. Maximum 

damage for the section under consideration amounted to 0.07, which effectively eliminates the loosening 
of the workpiece during the deformation. 
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Abstract  

The paper presents preliminary results of the studies of the aluminum alloy sheet formability in the process of 
Incremental Sheet Forming (ISF). For tests was used aluminum alloy sheet 2024 series. The paper presents 
laboratory stand and measurement method that have been used to analyze the process. The first studies 
consist of the mathematical modeling, selection of the optimum process parameters, determining the forces 
generated in the process and thickness distribution analysis with the photogrammetric method. 

Keywords: Single Point Incremental Sheet Forming, Aluminum Alloys, Photogrammetry, FEM 

1. INTRODUCTION 

Incremental sheet forming (ISF) is a new approach to the problem of the metal alloys forming as well as the 
composite shell structures. This method is a combination of two extremely different metal shaping techniques: 
stamping and machining [1], [2]. 

Incremental sheet forming in the first version called „dieless forming” has been patented [3] in 1967 by Edward 
Leszak. It consisted on a point sheet metal stamping (single point) using a mandrel or roller, without die. The 
essence of the method is shown in Fig. 1 . 

 

Fig. 1  Essence of single point incremental forming 

There are many modifications Leszak’s method based on advanced multi-axis CNC machine and robots [4]. 
The mechanism of deformation remained unchanged, modifications were only tools, dies and holders.  

Single point incremental forming with faceplate on a real example is shown in Fig. 2.  Rotating mandrel deforms 
the metal sheet in the so-called three-dimensional shape with the so called backfilling. 
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Fig. 2  Single point incremental forming with the faceplate (SPIF) - real view 

Another variation of the process is incremental sheet forming with the counter tool that moves along the path 
of the forming tool and supports a sheet from below [4].   

There are solutions that use partial or full die and a movable metal holder. However, such techniques, 
introduces additional tensile stress due to metal sheet stretching on the die [5].  

The aim of the research was preliminary analysis of the aluminum alloys formability in the incremental sheet 
forming.  

2. METHODOLOGY 

Preliminary studies realized on 2024 aluminum sheets with a thickness of 1mm in T3 condition (solution heat 
treatment and ageing). The study of the chemical composition of metal sheet was carried out by Hitachi TM 
3000. From the metal sheet was cut samples for tensile test, using a static testing machine Zwick/Roell Z050, 
equipped testXpert® II program, used for control and data acquisition. Then the sheet was cut into smaller 
samples with dimensions 250mm X 250mm, for the ISF process. Tool for the ISF process made from powder 
steel VANCRON 40. Working part of the tool was made in the spherical shape with a diameter of 18mm. In 
order to verify the shape and size realized measurement using a photogrammetric scanner ATOS III Triple 
Scan from GOM company (Fig. 3 ).  

 
Fig. 3  Digital model of the tool 
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By using Catia V5 program was designed CAD model of the part. This model was used to generate the tool 
path in the Edge CAM software (Fig. 4 ) 

 

Fig. 4  The digital part model in the program Catia V5 

ISF process was carried out on a laboratory stand built on the three-axis CNC machine, controlled by Fanuc 
software (Fig. 5 ).  

 

Fig. 5  Laboratory stand to the ISF 

Metal sheet was fixed with a steel platen and screws. Feed rate of the forming tool was 600 rpm, rotation 
speed was 300 rpm, embossing depth was 1mm and the distance from the path of 1mm. The study used 
lubricant Iloform PN 142. In the process tool pressure force was recorded. During the tests, also recorded 
temperature distribution on the surface of the formed metal sheet using thermovision camera FLIR to 
determine thermal effects occurring in the process (Fig. 6 ). 

 

Fig. 6  Laboratory stand to the ISF with thermovision camera 

Due to the failed first laboratory tests (cracking of the shaped material) decided to modeling ISF process using 
commercial Abaqus UFEA software, this allowed to choose optimal parameters for forming. In addition, batch 
sheets were heat treated by solutioning in 493°C.  

In order to verify numerical simulations was carried out laboratory tests again with the changed process 
parameters, as shown in the test results. 

thermovision 
camera FLIR 

tool 

metal sheet 

hold-down 
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3. RESULTS 

The results of the 2024 aluminum alloy chemical composition are shown in Table 1 . 

Table 1  Chemical composition of the 2024 aluminum alloy 

Element Cu Mg Si Mn Zn Fe 

% 4.880 1.6 0.081 0.609 0.103 0.201 

The mechanical properties results of the metal sheets in T3 condition are Rm = 430MPa, R02 = 320MPa,  
A = 22%. 

The results of preliminary trials of forming metal sheets were unsuccessful. There was a cracking on the metal 
sheet (Fig. 7 ) after 11% of the forming in accordance with the program. 

a) b) 

  

Fig. 7  Damaged product by crack of the material; a) crack in the corner of the part, 
b) crack along the edge of the part 

The next step was numerical analysis of the ISF for selection optimal parameters and to determine the 
maximum value of stress during deformation. Fig. 8  shows first step in the process of the tool depth in the 
metal sheet of 1mm and the tool offset about 20mm. During single step in the forming material are reaching 
locally stress value of 500MPa.   

a) b) 

  

Fig. 8  The results of numerical simulation of the first step of the process; a), b) the next steps tool movement 

The results of the numerical analyzes also indicate that the material is pulled out from the platen with a force 
of approx. 43N (Fig. 9 ). 

 

Fig. 9  Forces analysis the ISF 
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The results of measuring the deformation force in ISF is shown in Fig. 10 .  

 
Fig. 10  Force in function of time in two axes of tool movement  

The diagram shows two curves. Blue curve shows the course of force in an axis parallel to the axis of the tool, 
which is, the depth of the tool in the metal sheet. This force is approximately 150 N. The red curve represents 
the course of force in an axis perpendicular to the tool axis. The movement of the tool in a recessed plate 
produces a much lower strength. 

Based on the results, decided that it should significantly improve conditions for deformation in the ISF. The 
first step was to increase the formability of metal sheet through solution heat treatment. As a result of this 
treatment substantially reduced the strength properties of material to the level of Rm = 300 MPa; R02 = 150 
MPa and an increase in plastic properties to the level of A = 25%. 

Furthermore, the depth of the tool during each pass, and the distance between paths was 0.5mm. The 
rotational speed of the tool and the feed rate was chosen as much as possible to minimize friction between 
the tool and the material. The rotational speed was 11 rpm and tool feed speed of 300 mm/min. With such a 
tool speed matched, tool is rolling on the metal sheet, thus eliminating efface of the material. 

During the process, the temperature was recorded using a FLIR thermal imaging camera. This study is justified 
by the fact that the solutioned 2024 alloy very quickly naturally ageing in room temperature. The part forming 
from solutioned alloy in room temperature is possible after 20 minutes after solution heat treatment. The 
process temperature can accelerate the aging process. The study showed that in the final phase of the 
process, which is about 11 minutes, the maximum local temperature sheet is about 80ºC. Fig. 11  shows the 
thermographic photo at the beginning and the final stage of the process.  

a) b) 

  

Fig. 11  Thermographic photos of the process; a) elevated temperature at the point of contact metal sheet 
with the tool, b) the temperature distribution of the forming part 

37°C 

80°C 
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The final product is characterized by an acceptable surface quality assessed visually (Fig. 12 ). 

a) b) 

  

Fig. 12  The product obtained in ISF; a) isometric view, b) plan view 

The resulting product has been photogrammetric scanning to identify the wall thickness distribution. Fig. 13  
shows the map of the wall thickness distribution. Analysis showed that the maximum thinning is 30% and is 
highest in the periphery of the bottom of the stamping. 

a) b) 

  

Fig. 13 Wall thickness distribution of the product; a) isometric view, b) plan view 

4. CONCLUSION 

Preliminary studies of the process have shown that the formability of aluminum alloy 2024 can be increased 
significantly by providing a tool for minimizing the friction material by adjusting the rotational speed to the feed 
so that the tool went through the material. Furthermore, studies have shown that a major problem in this 
process is non-uniform change in wall thickness. Further study of this process will be aimed at identifying 
critical parameters to change the thickness of the wall and the search for such a construction solution to 
minimize this effect to an acceptable level. 
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Abstract 

During the thermal processes in metallurgy, it is important in many cases to know the exactly particularities of 
heat transfer in a complex system. In the case of steel semi-finished products heating, the most of the models 
refers to the heat exchange by convection and radiation or to the heat transfer by conductivity inside the 
material. The heat transfer by radiation has two important components: the value of the heated surface by 
radiation and the values of the radiation coefficient. The aim of this analysis is to establish the basic relations 
for a model in order to evaluate the parameters of the heat transfer and energy consumption in the case of 
some metallurgical heating furnaces. The article refers also to "the equivalent surface of heat transfer" (a new 
term proposed by the authors), connected to the modality of billets disposal in various types of heating 
furnaces. Starting from the considerations regarding the burning process of the fuels, there were established 
relations between the heat exchange coefficients, energy and metallic material saving. We are considering 
that it is an important difference between various types of continuous operating furnaces: while in the pusher-
type furnace the billets may be disposed only one near the other, without free spaces between them, the 
walking-beam furnace or the rotary hearth furnace allows the disposal of the billets at the required distances. 
Modifying this distance, it is the possibility of acting upon: the billets stationary time in the furnace, the 
temperature distribution in the section of the billets and the oxidation and decarburization decrease. Saving 
energy and metal consumption due to the oxidation process means to have a cleaner environment.  

Keywords: Heat transfer, plastic deformation, billet, mathematical model, furnace 

1. THE OBJECTIVES OF THE ARTICLE 

When a billet or an ingot is heated in view of forming, we have to take into consideration the main phenomena 
which occur in the thermal space. In Fig. 1  there are presented the phenomena we have to take into 
consideration. 

 

Fig. 1 The main thermal phenomena which occur in the furnace thermal space; GAS R+C: radiation and 
convection due to the flow gases; R: radiation from the thermal isolation; contact conductivity includes the 

effect of the steel oxides 
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The interaction between the heat exchange phenomena is very complex and we have to take this into 
consideration if we are expecting to obtain a good quality of heating and an energy reduction. The material 
saving will influence the decrease of the industrial ecological footprint.   

2. THE RADIATION HEAT EXCHANGE BETWEEN THE FURNACE THERMAL ISOLATION AND THE 
STEEL BILLET 

The computation of the radiation heat exchange between the thermal isolation components may be calculated 
using the angular coefficient of radiation,ϕ, recommended by Heiligenstaedt [1]. 
 

( )( )
   

B+1

L
arctgB+1

B

2
+

1
1

2
)(

2
)(

2

1

11
ln

11
2

2

2

2
22

22










+
++−−

++
++⋅

⋅
=

L

B
arctgL

L
Barctg

L
Larctg

BLB

LB

LBπ
ϕ

                    (1) 
For the equation (1), it is noted: h - height of the heating space; b - width and l - length of the heating space; Ò = ℎ/Ü  and P = �/Ü (Fig. 1 ). In the case of heat exchange between the thermal isolation and the billets, the 
coefficient ϕ is [2]: 
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If all the thermal energy radiated by the isolation, Qpm, is receipted by the heated metal, it is possible to write: 

( )sppmpmpm SQ θθεα −⋅⋅⋅=
                                                                                                                       (3) 

θs: temperature of the metallic billet at the surface, oC (Fig. 2 ) 
S: heated surface of the metallic material (billets); here it is necessary to calculate the „equivalent surface of 
heat exchange“, m2 [3] 
θp: temperature of the thermal isolation inside the furnace, oC 
αpm: radiation heat exchange coefficient between the thermal isolation and the billet, kJ.m-2.h-1.K-1 

εpm : thermal emissivity coefficient for metal and refractory isolation 

A part of this radiation is absorbed by the flue gases. The absorption process depends on the partial pressure 
of CO2 and H2O. The absorbed thermal energy by radiation, Qabs, is equal to the quantity of the energy that 
the metal could receive from the flue gases, if the temperature of the gases is equal with the temperature of 
the thermal isolation: 

( )sppgpmabs SQ θθεα −⋅⋅⋅=                                                                                                                         (4) 

αgpm: coefficient of the heat exchange from the gases to the metallic material, if it is considered that the 
temperature of the gases is equal with the temperature of the thermal isolation, kJ.m-2.h-1.K-1 
εp: coefficient of the thermal emissivity of the isolation 

The real value of Qpm is: 

( ) ( )sppgpmpmpmpm SQ θθεαεα −⋅⋅−⋅=                                                                                                      (5) 

It is possible to write: 

( ) ( ) ( ) ( ) expsppgpmpmpmpgcpgpp qSSS ⋅+−⋅⋅−⋅⋅=−⋅+⋅⋅ θθεαεαθθαεα                                            (6) 

Sp: surface of the thermal isolation 

θga: temperature of the flue gases on the exit of the furnace, oC  
αgp: coefficient of the radiation heat exchange between the gases and the thermal isolation, kJ.m-2.h-1.K-1 

εp: coefficient of the thermal emissivity of the isolation (refractory material) 

αc : coefficient of convection heat exchange between the gases and the thermal isolation, kJ.m-2.h-1.K-1 

θg: temperature of the flue gases, oC 
qex: thermal flow through the furnace isolation, kJ.m-2.h-1 
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If it is noted the ratio between the „equivalent surface of heat exchange” and the surface of the thermal 

isolation, � = s spÝ , the equation (6) will be: 

( ) ( )
( ) expgpmpmpms

pgpmpmpmcpgppcpgpg

q+⋅−⋅⋅−

−⋅⋅−⋅⋅++⋅⋅=+⋅⋅

εαεασθ
εασεασαεαθαεαθ

                                 
               (7) 

It is clear that together with the value of the emission coefficients, the equivalent surface of heat exchange 
has also an important impact on the value of the heat transmitted to the metallic body (billet). 

3. RADIATION HEATING SURFACE OF THE STEEL BILLETS 
In order to analyse the radiation surface of the billets (the equivalent surface of heat transfer), there were taken 
into consideration some frequent cases for the heating furnaces [3]. In Figs. 2  and  3 there are presented the 
cases of the square and rectangular sections. In Table 1  it is a comparison between the two cases. 

Table 1  Comparison between the evaluation of the equivalent surface of heat transfer for the square and 
              rectangular sections of the billets 

Fig. 2  Heating of the billets with square section on the 
hearth of the furnace; q - thermal flow; φ - angle of 
radiation; θs - temperature of the upper surface; θi - 

temperature of the inferior surface of the billet;                    
l - length of the billet 

s = < ∙ � + 2 ∙ < ∙ � ∙ Þ�LÕ = < ∙ �(1 + 2Þ�LÕ)                 (8)    
The difference of the temperature between the hot and 
cold surface, ∆θ, will be: 

                                 (9) 

λ - thermal conductivity of the steel 
 
If the billets are stuck, as in case of the pusher-type 
furnace with heating by the upper face, then sin ϕ = 0. 
If the billets are distanced one to each other, (e<<e.tg φ), 
then lim(sin φ) =1. In this situation it was obtained a better 
uniformity of the temperature on the billet section than in 
case of the both faces heating in the pusher-type furnace. 
The heating mode equivalent to the situation of the both 
faces heating in the pusher-type furnace is obtained for 
the case of the walking beam furnace, when φ = 60°. 
The most favourable situation from the thermal point of 
view, in the case of the heating square billets, would be 
when φ = 60°. Having in view the requirement to provide 
a high degree of furnace hearth charging, as well as the 

Fig. 3  Heating of billets with rectangular section on the 
hearth of the furnace (same notation as for 2); K ÜÝ = H 

 
( )S l b j t g= ⋅ ⋅ ⋅ +ϕ ϕ2 s i n

          
(14)    

j = 2 ÷0.4, depending on the distance between the billets 
 
Examples: 

x=0.5.a :  S=l.b.(2.tg φ+e.sin φ) 

x=2.5.a :  S=l.b.(0.4.tg φ+2.sinφ) 
 
Analyzing the obtained data, we can remark: 
- the maximal values of equivalent surface in the conditions 
of a = ct, there are obtained at an incidence angle of the 
thermal radiation of 30°; from these, the biggest value is 
obtained in the case of x = 2.5a, for ratio of a/b = 0.25 
-the smallest values of the coefficient of optimum distance, 
z, are obtained for a distance between billets of x = 
1.5a........2a and for the values of the incidence angle of 
thermal radiation of 45......60°; in these conditions, the 
optimum value of the ratio between the section sides of 
billet must be 0.6.......1.2; at the distance of x > 2.5a, the 
coefficient „z“ may be considered constant. 
- the specific time of heating is first of all influenced by the 
shape of the billet section: the minimum value is obtained 
for flat billets (f = 5.5; I = 0.05 ); for similar values of the 

∆θ θ θ
λ

ϕ= − = ⋅ +s i
q

( sin )1 2
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same productivity, it must be taken into consideration the 
case when φ = 45°. This represents, on the basis of 
established data, practically the optimum supposed 
situation from the point of view of the heating uniformity, 
the heating time and furnace productivity. 
To analyze easier the heating mode of the billets, it will be 
introduced the notion "specific time of internal heating - 
STIH", representing the necessary time to heat a billet 
with effective thickness (which corresponds to the 
geometric thickness and is different from the thermal 
thickness which is reported to the Biot criteria; in the case 
of square section billets, X = e), reported to the thermal 

diffusivity, "a0", suitable to the heating temperature: 

Á = ß0
"Ö = ß0 ∙w∙à

á                                                              (10) 

For modelling the heat transfer by radiation, we propose 
to use the main relations (Table 1.1 ), in the case of 
square section. 

Table 1.1  Functions for modelling the heat transfer by 
radiation for the square section billets 

function of equivalent 
surface of heat exchange 

ÐQ = 1 + 2Þ�LÕ 

function of heating 
duration 

 

function of the specific 
time of internal heating 

 

criteria of optimum 
distance between billets 

 

specific time of internal 
heating 

Á = Ê' ∙ �K� 

 
The specific time of internal heating:  

                                                  (11) 

The heating duration: 

                                     (12) 

The productivity P can be calculated using the relation: 

8 = �∙Z∙∆ã
!∙ä0 ∙-ãå�ãæ6 = �∙çè∙∆ã

!∙ä0 ∙-ãå�ãæ6∙                                        (13) 

where Lc is the length of the furnace  

ratio, the value of the  STIH decreases by the increase of 
the distance x; 
- for the interval considered optimum (x = 1.5a.......2a ), i  
has the value (0.3....0.4) for f =(0.6....0.5 ), (φ = 45°) and  ( 
0.18....0.22 ) for  f = (1.1....0.9 ), (φ = 60°) 
-for x > 2a, the STIH for the same values of the incidence 
angle is not very modified. 
For modelling the heat transfer by radiation, we proposed 
to use the main relations presented in Table 1.2  for the 
case of rectangular section: 
STIH - represents the time necessary to heat  a billet with 
effective thickness (which corresponds to the geometric 
thickness and is different from the thermal thickness which 
is reported to the Biot criteria; in this case, the section 
X = b), reported to the thermal diffusivity "a0", suitable to the 

heating temperature is the same as in the equation (10). 
For modelling the heat transfer by radiation, we are 
proposing to use the main relations (Table 1.2 ), in the case 
of rectangular section. 

Table 1.2  Functions for modelling the heat transfer by 
radiation for the rectangular section billets 

function of equivalent 
surface of heat 
exchange 

 

function of heating 
duration 

 

function of the specific 
time of internal 
heating 

 

criteria of optimum 
distance between 
billets 

 

specific time of 
internal heating 

Á = Ê' ∙ �K� 

 
The heating duration: é = Á ∙ ãå�ãæ∆ã ∙ ê∙!c0ë1��`Z0ë

ê∙!cë1'�`Zë                                        (15) 

θf and θi: final and initial average temperatures of the 
heated material 

The productivity P will be calculated in this case using the 
relation: 

8 = �∙çè∙∆ã
!∙ä0 ∙-ãå�ãæ6∙ì∙S                                                    (16) 

4. HEAT EXCHANGE BY CONVECTION AND RADIATION OF THE  FLUE GASES  

The equation (7) correlates the temperature of the flue gases, the temperature of the thermal isolation and the 

temperature of the billets (θs). However, the establishing of the values of the heat exchange coefficients put 
yet some dificulties. 
The thermal flow sent to the metallic material (billets) includes: 
• radiation thermal flow from the thermal isolation 
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( )( )sppgppmpmpmq θθεαεα −⋅−⋅=     [kJ.m-2.h-1]                                                                                      (17) 

• radiation and convection thermal flow from the flue gases 

( )( )sgcmgmgmq θθαεα −+⋅=                                                                                                                      (18) 

• the conductive thermal flow from the furnaces hearth to the heated metal (it is important especialy at the 
beginning of the heating process) [4], when the billet or the ingot is introduced in the thermal space of 
the aggregate (Fig. 1 ). 

The total thermal flow received by the billets is: 

vmgmpm qqqq ++=                                                                                                                                      (19) 

There were obtained the following expressions regarding the complex heat exchange by radiation and 
convection in the analysed furnace:  

1) The heat exchange coefficient between the thermal isolation and the billets: 
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2) The heat exchange coefficient between the flue gases and the billets: 
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3) The heat transfer coefficient between the furnace hearth and the billet: 
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 and Ð+ = í2î"2 = îï+ ∙ ð+ ∙ e+ (refers to the hearth properties) [5, 6] 

5. THE OXIDATION PROCESS AND THE OUTPUT OF THE FURNACE 

In the case of the heating process in furnaces using the combustion, the source of energy can be analysed 
from two points of view: 

a) as component which can reduce the material looses due to the oxidation process 

b) as component which assures the technological conditions for the heating process 

The presence of the oxides layers on the surface of the billets or ingots influences the transfer of the heat by 
contact conduction. In Fig. 4  are presented the values of the thermal conductivity of the ferrous oxides [4]. The 
values of the thermal conductivity of the oxides, together with the value of the thermal conductivity of the 
refractory material of the hearth, influences the transfer coefficient, κ (equation 22). 

The values of the thermal flow, q, which determinates the value of Δθ [Fig. 1  and equations (13) and (16)] and 
by this the furnace’s output are presented in the Fig. 5. 
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Fig. 4  Values of the thermal conductivity for ferrous 
oxides obtained using experimental data 

 

Fig.  5 Thermal flow, statistics (function of Δθ, 
thermal conductivity and temperature of the 

refractory hearth 

 
6. CONCLUSIONS AND DISCUSSIONS 

Using the proposed general solutions for the remodelling of the thermal regime, it can be obtained a better 
control of the temperatures in each heating zone of the furnace and to correlate it with the necessary 
temperatures of the billets. It is also possible to control the temperature of the thermal isolation, and by this, to 
save thermal energy. By the established equations, it is possible to control the flue gases temperature in each 

heating zone of the furnace, in correlation with the temperature of the billet or ingot. The coefficients α1, α2, κ, 
as well as the function Φ(n) and the disposal mode of the billets or ingots are at the basis of the control process 
of heat exchange between the flue gases, metallic material and the thermal isolation.  

For the next steps of studies we have in view to establish some correlations between the heating technology, 
the energy consumption and the ecological footprint of the thermal aggregates on the environment. 
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Abstract  

In this work is described the effect of pre-heat-treatment on the microstructure and mechanical properties of 
different grades of steel before equal-channel angular pressing. Nomograms with mechanical properties of 
different grades of steel till and after annealing were obtained. It was found that the annealing of the second 
kind is an appropriate operation began before pressing. 

Keywords:  Heat-treatment, equal-channel angular pressing, microstructure, severe plastic deformation 

1. INTRODUCTION 

Development of methods of preparation, study of structure and properties of ultrafine-grained (UFG) metals 
are the actual area of solid-state physics and physical science. This is because this type of material has a 
unique set of physical and mechanical properties. In particular, UFG metals have changed, compared to 
coarse-crystalline, higher utility properties, improved machinability, as well as fundamental, usually structure-
insensitive properties, among which are elastic modules, saturation magnetization and others. As a result, 
these metals become very attractive for wide use in industry. The development and use of UFG materials 
having high mechanical properties, is of great importance for the rapid development of metallurgical, machinery 
and other industries. 

Promising methods of forming in metal UFG structures are methods of severe plastic deformation (SPD). The 
main advantages of the latter include the possibility of obtaining massive UFG samples of various metals and 
alloys, full absence of porosity. 

One of the most effective methods SPD is equal-channel angular pressing (ECAP), the principle of which is 
the repeated punching of the workpiece in a special snap-through two channels with the same cross sections, 
intersecting generally at an angle of 90° [1-4]. 

However, when studying the effect of this method SPD on the structure and properties of samples of the steels 
was found that after conducting this process can obtain only partially microcrystalline structure with grain size 
of ~300 nm depending on the initial state. Along with grain there is sub-grain, oriented structure. 

Getting products not only high precision but also with excellent mechanical properties is achieved through a 
combination of processes of deformation with heat treatment, as the use of pressing separately without heat 
treatment leads to embrittlement of the material and obtaining a heterogeneous, partially UFG structures. 
Ensuring the formation of a uniform UFG structure-tour across the workpiece by the pressing method requires 
a large number of passes (usually eight or more) [5]. To avoid this, the pressing is used in conjunction with 
heat treatment, which will prepare the original structure stood before this process, much will solicit grain, so 
will help to avoid brittle fracture of the product during extrusion due to give it greater toughness and plasticity, 
will relieve the internal stress and thereby facilitate subsequent deformation. The combined use of heat 
treatment with pressing will allow you to obtain a homogeneous ultrafine-grained steel structure with high 
complex mechanical properties. 
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2. MATERIALS AND METHODS 

As the material for the study samples were made from carbon and low-alloyed constructional steel. Billets 
15x15 mm were subjected to preliminary heat treatment.  

For the formation of fine grain steel requires complete phase recrystallization. Therefore, as a preliminary heat 
treatment is advisable to use full steel (steel 60) and isothermal (steel 55H, 35HM) annealing, which consists 
of heating the steel at 30-50 °C above the line AC3, extract and subsequent slow cooling with the oven. 

The main objectives of the selected annealing were as follows:  
1) eliminate defects of the patterns that emerged in the previous processing (metal casting, hot forming, 

welding, heat treatment);  
2) obtaining a homogeneous fine-grained structure; 
3) exemption from the internal stresses;  
4) reducing hardness, improving the ductility, softness and viscosity, that is, the softening of steel before 

subsequent pressing operation.  

The experiment consisted of determining the structure and mechanical properties of the steel before and after 
heat treatment. 

The initial mechanical properties of the investigated steel grades have been determined on a universal tensile 
testing machine MI-40KU and listed in Table 1 . 

Table 1  The initial mechanical properties of the investigated steel grades 

Steel grade Yield strength, MPa 
Tensile strength, 

MPa 
Contraction, % Elongation, % 

60 866.1 1082.7 9.3 2.2 
55H 649.6 824 30.6 4.4 

35HМ 687.7 982.4 21 4.4 

The microstructure of each sample was studied in several fields under the microscope, and then visually 
compared with the scale for the determination of grain size according to GOST 5639-88. It was determined 
score grains of each sample. The microstructure of the Central part of the investigated steels, the original hot-
deformed condition, are presented in Figs. 1 - 3  (a - in longitudinal direction; b - in transverse direction). 

 

 
а)                                                                    b) 
Ferrite and pearlite. Score grain 7-8 (31-22 µm), ×100 
Fig. 1 The initial microstructure of the steel grade 60 
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3. RESULTS AND DISCUSSION 
The preliminary heat treatment was carried out according to the standard for the investigated steel grades 
modes (Table 2). Heating of the samples was conducted in an electric furnace NABERTHERM with automatic 
temperature control, located in university laboratories. 

Table 2  Modes of preliminary heat treatment of steels 

 

 
а)                                                                    b) 
Ferrite and pearlite. Score grain 8-7 (22-31 µm), ×100 
Fig. 2  The initial microstructure of the steel grade 55H 

 
а)                                                                    b) 

Ferrite and pearlite. Score grain 8 (22 µm), ×100 
Fig. 3  The initial microstructure of the steel grade 35HM 

Steel 
grade 

Operation 
Heating temperature, 

°С 
Time, 
min 

Cooling 

60 Full annealing 790 15 With furnace 

55H 
Isothermal 
annealing 

1st stage 
850 20 With open furnace till 650 °С 

2nd stage 
650 25 With open furnace 

35HМ 
Isothermal 
annealing 

1st stage 
860 20 With open furnace till  650 °С 

2nd stage 
650 25 With open furnace 
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The mechanical properties of the samples obtained after annealing listed in Table 3. 

Table 3  The mechanical properties of the samples obtained after annealing 

Steel grade Yield strength, MPa 
Tensile strength, 

MPa 
Contraction, % Elongation, % 

60 554.7 951.8 60.9 7.6 
55H 433.8 713.4 37.7 5.4 

35HМ 409 680.4 54.4 12.3 
 

After carrying out annealing was carried out the manufacturing process of metallographic sections for holding 
microstructural analysis. The microstructure of samples after conducting heat treatment are presented in 
Figs. 4 - 6  (a - in longitudinal direction; b - in transverse direction). 

 

 
а)                                                                        b) 

Ferrite and pearlite. Score grain 9-8 (15-22 µm), ×100 
Fig. 4  Microstructure of the steel grade 60 after annealing 

 

 
а)                                                              b) 

Ferrite and pearlite. Score grain 9 (15 µm), ×100 
Fig. 5  Microstructure of the steel grade 55H after annealing 
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 а)                                                                b) 

Ferrite and pearlite. Score grain 9 (15 µm), ×100 
Fig. 6  Microstructure of the steel grade 35HM after annealing 

As a result, after carrying out the above operations in the steel clearly observed fine structure. The size of the 
resulting grains after annealing is less in contrast to the original structure and is located within the № 8 and № 
9 on a scale to determine the magnitude of the grain according to GOST 5639-88. It should be noted that after 
annealing the steel microstructure became more homogeneous in comparison with the initial state. 

Steel with a grain size № 6-14 according to GOST 5639-88 are fine. This suggests that these samples have 
an inherent fine grain, which is determined by different melting of steel containing different amounts of tiny 
impurities, carbides, oxides, sulfides and nitrides, stable at high temperatures, evenly distributed, and 
providing, when passing through the critical point, during the heating of steel, formation of a uniform small 
grains of austenite, as well as preventing the amalgamation of neighbouring grains. Therefore, the tendency 
of steel to the grain growth when heated depends not only on its composition on the core components, but 
also from the metallurgical quality of the production technology.  

While cooling, the austenite transforms into other phases, the size of the grain is an important characteristic 
of steel. This is due to the fact that all structural components with slow and rapid cooling of the steel are formed 
within each austenite grain. The smaller austenite grains, the smaller the grid excessive ferrite in their borders, 
less than the size of the pearlite colonies [6]. 

The main transformation that occur during cooling after the annealing of steel is the eutectoid decomposition 
of austenite to a mixture of ferrite and pearlite. Thus, the final structure of steel after carrying out annealing is 
ferrite and pearlite. 

To compare the mechanical characteristics of the steel in the initial state and after heat treatment were 
constructed nomograms (Fig. 7 ). 

Built nomograms can be judged from the decrease of the strength performance after carrying out annealing. 
Annealing of the 2nd kind increases the plasticity of the material due to the decrease of tensile strength and 
yield strength of steel, thereby to facilitate the further deformation of the material. In addition, the annealing of 
steel significantly grinds grain that will further contribute to obtain a homogeneous sub-ultrafine-grained 
structure with a minimum number of ECAP passages, therefore, will reduce energy costs to the pressing force. 
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Fig. 7  Nomograms of strength and plastic parameters of steel in the initial state and after annealing 

CONCLUSIONS 

In the course of the research found that the annealing of the 2nd kind is an appropriate operation began before 
pressing. When considering the microstructure of the steel samples after the preliminary heat treatment 
revealed that achieves the required task is getting fine-grained structure. The resulting structure has a score 
of grain equal to 8-9 by GOST 5639-88, which speaks to its hereditary fineness. As a result of annealing the 
second kind of steel is released from the evils of the structure obtained in the previous stages of processing. 
Obtaining fine patterns is a very important task, because the steel has high strength, which makes it impossible 
for further machining. Further milled grain will help to obtain a homogeneous sub-ultrafine-grained structure 
with a minimum number of ECAP passages, therefore, will reduce energy costs to the pressing force. By 
selecting and holding the correct pre-heat treatment is a significant increase of the resistance of the steel brittle 
fracture, due to the increase of plasticity that is required for suitability of the material for further cold plastic 
deformation, that is, equal-channel angular pressing, and as a consequence, a significant increase in product 
quality. 
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Abstract 

The effect of preliminary heat treatment and equal channel angular pressing in step die on the microstructure 
and properties of steel grade 45 are analyzed. There is revealed that the grain size after equal channel angular 
pressing depends little on the preliminary heat treatment, however, annealing reduces the hardness of steel, 
which helps to reduce the effort of pressing on the first passes. Ultra-fine grained structure in steel of grade 45 
is retained at heating up to 400 °C, and only at heating up to 500 °C, the recrystallized grains appear, 
substantially free of dislocations, with balanced triple grain junctions. 

Keywords: Equal channel angular pressing, heat treatment, microstructure, steel grade 45 

1. INTRODUCTION 

One of the priorities of modern materials science in the last decade is the creation of materials with high 
strength, wear and corrosion resistance. The problem is that it is often high strength accompanied by 
increasing the brittleness material and during operation brittle fracture occurs. It is known that formation of 
nano-and sub ultra fine-grained structure results in a significant change in the materials properties. This 
problem can be solved by deformation processing. There are various methods of deformation processing, the 
existing methods are improved and new processing techniques based on physical methods are developed. 
The easiest and most effective way to structure refinement is severe plastic deformation (SPD) [1].  

The most successful method of intensive plastic deformation is by far the equal channel angular pressing 
(ECAP) method [2]. This process has a great potential to obtain ultra fine-grained structure with a uniform 
equiaxed structure with grain boundaries, in which high-angle misorientation is dominated. In this method, 
workpiece retains the original sizes suitable for tensile testing. When implementing the ECAP uniform 
compression scheme is provided, excludes the formation of micro-and macro material discontinuities in the 
deformation that will provide obtaining the high-quality workpieces. 

This paper is devoted the influence of severe plastic deformation is implemented by the pressing of steel 
workpieces of grade 45 in a equal channel step die (Fig. 1 ) [3], as well as the study of the influence of 
preliminary and subsequent thermal treatment on microstructure evolution of steel. Choice of this direction 
research is stems from the fact that just equal channel angular pressing is not always fully provides the metal 
with an ultra fine-grained structure for a small number of cycles and for this it is advisable to use a preliminary 
and final heat treatment. 

Initial state of the material has a great influence on the process of creating the dislocation structure, its 
thermomechanical stabilization and after the subsequent treatment on the properties of the material. The role 
of pre-treatment, preceding SPD is to obtain the equilibrium structure, changes in hardness, strength, 
toughness, ductility, machinability, grain shape and size, alignment, chemical composition, removal of internal 
stresses. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

295 

 
Fig. 1 Equal channel step die for pressing 

 

By increasing the number of passes of pressing intensity dispergation the structure increases, but at the same 
and the work hardening increases, which in turn leads to destruction of the sample after 5-6 cycles ECAP. To 
reduce redundant density of dislocations, samples must be subjected to heat. During heating (annealing) the 
deformed metal recrystallizes, resulting in a qualitatively new structure with specific mechanical properties is 
created, for this final heat treatment requires. 

2. MATERIAL AND EXPERIMENTAL TECHNIQUE 

Research material is quality structural carbon steel grade 45 with ferrite-pearlite structure. Until ECAP in step 
die samples were subjected to preliminary heat treatment: annealing, quenching and normalizing by the 

standard mode. Samples of square section 15×15×70 mm were subjected to ECAP in equal channel step die 
with an angle of junction channels 125° on the route Вс with tilting the workpiece by 90° around the longitudinal 
axis [2]. The friction between the tool and the workpiece is decreased using palm oil as a lubricant. 

When the ECAP temperature increases process of strain-stimulated grain growth may develop during 
deformation. In order to eliminate the effect of strain-stimulated growth of the grains, it is necessary to carry 
out the deformation at temperatures lower than the temperature of the onset of recrystallization of the material 
(0.5÷0.6)Tmelt. [4]. Therefore the choice of temperature mode based on the fact that, during the hot deformation 
primary recrystallization took place completely, but collective was suppressed. One of the features of nano-
and microcrystalline materials obtained by severe plastic deformation is significant instability of their structure 
when heated. In particular, the recrystallization temperature in the nano-and microcrystalline materials is 
substantially lower than the usual recrystallization temperature of pure metal, and is Т1=0.275÷0.35Tmelt [2]. 
Based on the studied data, it was proposed the deformation of samples at temperatures for steel 45            
(0.55·(1530+273))-273=718 °С 

With an increasing number passes at the ECAP plasticity resource is lost and further deformation and the use 
in industry of such metal is impossible because of its destruction. To increase the ductility resource such metal 
must be subjected to heat treatment. It is known that heating above the recrystallization onset temperature 
leads to a strong grain growth, and a sharp decrease in strength, so it is necessary to determine the 
temperature of the onset of recrystallization. Have calculated the approximate temperature of the onset of 
recrystallization on accepted formulas [2] a laboratory experiment was carried out. Samples after ECAP were 
cut into thin plates of 5 mm thickness and were heated at temperatures in the range 400 - 550 °С with exposure 
time of 1 hour. Cooling of samples is carried out in water. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

296 

The treated samples were studied using an optical microscope and a transmission electron microscope. 
Pressed samples were also tested for torsionally tensile testing machine in the tension test and compression. 
The resulting samples were considered in two sections: transverse and longitudinal. 

Preparation of thin sections for metallographic investigations carried out by the standard method for the study 
an optical microscope Leica, equipped micro durometer was used. Electron microscopic studies were 
performed on the raster scanning microscope JSM 5910 at an accelerating voltage of 25 kV in the mode of 
secondary and elastically scattered electrons. 

3. RESULTS AND DISCUSSION 

On the Fig. 2  the optical microstructure photos of steel 45 after preliminary heat treatment are shown: 
annealing, quenching, quenching+tempering and normalizing. 

  

  
a - annealing, b - quenching, c - quenching+high tempering, d - normalization 

Fig. 2 Optical photos of microstructure steel grade 45 after preliminary heat treatment, x200 

After annealing hypoeutectoid steel 45 acquires ferrite + pearlite structure, which is shown in Fig. 2a  and 
corresponds to grain size № 7 (31 microns). On the photo light grains - ferrite, dark - pearlite. Grains are 
appeared homogeneous. 

After quenching the steel structure grade 45 consists of martensite needles. Dimensions of needles depend 
on the carbon content in steel and the original austenite grain size, from which martensite is formed. As already 
noted, quenched on martensite steel has increased fragility. This is due to the fact that having never succeeded 
stand out during the rapid cooling carbon is forcibly detained in formed from austenite a bcc-lattice and deforms 
it, creating enormous internal stresses.  

Therefore, quenching usually is used in combination with tempering. Tempering is designed to reduce the 
brittleness and improve toughness and ductility after quenching. At high temperature tempering further 
disintegration of martensite with the isolation and coagulation of particles of cementite and form ferrite-a) b) 
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cementite mixtures occurs. With increasing tempering temperature dispersion of ferrite-cementite mixtures 
decreases, sorbite structure of tempering is formed (Fig. 2c ). This structure for the phase composition is similar 
to homonymous quenching structure, but differs from the latter in that cementite particles have granular but 
not lamellar form. The structure of sorbite over the section of workpiece is more uniform, compared with the 
initial state. In accordance with GOST 5639-88 grain size corresponds to № 8-9 (17.5 micron on average). 

For hypoeutectoid steel normalization mode differs from the mode of annealing only higher cooling rate, which 
is provided in the conditions of cooling in the air. As a result of normalization ferrite + pearlite structure obtains 
similar to the structure of annealed steel, but with even more dispersed structure of pearlite (Fig. 2d ). 

To evaluate the effectiveness ECAP steel microstructure necessary to compare before and after deformation. 
Photos of the microstructure obtained in the study steel 45 after pressing are shown in Fig. 3 . 

  

  
a - annealing, b - quenching, c - quenching+high tempering, d - normalization 

Fig. 3 Optical photos of microstructure steel 45 after 6 cycles of ECAP in step die, x500 

Metallographic analysis of the steel after ECAP showed that at the initial stage of pressing the initial grains are 
oriented at an angle to the axis of the sample, but the initial grain substructure is not etched. After the third 
cycle structure is a partial cellular, partly polygonized structure. Light microscopy was unable to identify an 
ultra fine-grain structure therefore electron-microscopic studies were performed on the raster scanning 
microscope JSM 5910. 

By electron-microscopic method the formation of substructure at ECAP was revealed. 

During research of the microstructure of steel samples it was revealed that after each cycle of deformation 
grain significantly crushed. The resulting structure is much smaller than the initial, and is almost identical with 
the microstructure obtained at different preliminary heat treatments. Intensive milling of the structural 
components occurs until the 6th cycle of deformation in which succeeded in obtaining a relatively uniform 
grains and subgrain structure with a size 0.26-3.5 um. Cementite particles sizes from 3500 to 200 nm have a 
nonspherical shape. After eight cycles of deformation the grain size is the same as after the six cycles. 
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As a result of ECAP in steel of grade 45 grinding structural components the initial ferrite-pearlite structure 
occurs due to crushing of perlite and "smearing" in the deforming ferrite matrix in the form of small isolated 
grains size of 1 ... 3 microns. 

The minimum grain size obtained during the pressing of steel in equal channel step die is within 0.5-0.26 um 
and attained after 6 cycles of deformation and preliminary heat operation - annealing. 

  

  
a - annealing, b - quenching, c - quenching+high tempering d - normalization 

Fig. 4  Microstructure of steel 45 after 6 cycles of ECAP in step die,  
obtained by a scanning electron microscope 

A significant disadvantage of most severely deformed metals and alloys is an almost complete lack of ductility. 
Observed at this significant fragility prevents further plastic metal processing. To make the plastic properties 
of the metal is necessary, as saying reduce stress, which is achieved by annealing, aging and tempering the 
metal. In order to select the required final heat treatment is necessary to know the temperature of the onset of 
recrystallization. 

Structure, formed during ECAP and the preliminary annealing obtained most fine-grained, so for determining 
temperature of the onset of recrystallization samples after annealing + pressing 6 cycles are using. 

Microstructure after heating of samples from ultra fine-grained steel grade 45, received as a result of the joint 
operation of preliminary heat treatment - annealing and ECAP is shown in Fig. 5 . Microanalysis showed that 
the structure over the section of samples in all cases has a grainy character, is sufficiently uniform and rather 
disperse. Reveal features of structural changes using light microscopy method was not possible, so 
investigations were carried out only on the scanning electron microscope. 

For research the thermal stability the analysis of changes metallographic parameters is carried out (dimensions 
of ferrite-pearlite areas). 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

299 

By scanning microscopy, it was found that the ultra fine-grained structure steel of grade 45 is maintained even 
at heating to 400 °C, and only at heating to 500 °C, the recrystallized grains occur, substantially free of 
dislocations, with the equilibrium triple grain junctions (Fig. 5c ). 

Analysis of the microstructure of steel of grade 45 after heating showed that heating up the temperature 400 0С 
accounts for temperature range of return, which is characterized by a gradual decrease in the dislocation 
density and decrease concentration of excess defects, the redistribution of dislocations leading to a decrease 
in the level of microdistortions. 

   

 

Fig. 5  The microstructure of the steel of grade 45 after heating at 300 °C (a) 400 °C (b), 500 °C (c),  
obtained on a scanning electron microscope 

With further increase in the annealing temperature to 560 °C in the samples after ECAP collective 
recrystallization occurs rapidly, which coincides with the observations of S.S. Gorelik [4] for small grains      (d 
≤ um) magnitude of the driving force of collective recrystallization has the same order as the magnitude of the 
driving force of the primary recrystallization. 

4. CONCLUSIONS 

The main conclusions as a result of the research: 
1) As a result of ECAP in step die there is a noticeable decrease in the grain size after each cycle of 

deformation, such as for steel grade 45 after preliminary annealing from 31 microns to 0.26 microns for 
6 cycles of deformation on the route Вс. 

2) There is revealed that the grain size after ECAP depends little on the preliminary heat treatment, 
however, annealing reduces the hardness, which helps reduce the effort of pressing on the first passes 
and resulting in obtain more fine-grained structure. 
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3) It has been established that the ultra fine-grained structure of steel of grade 45 is maintained even at 
heating up to 400 °C, and only at heating up to 500 °C, the recrystallized grains occur, substantially free 
of dislocations, with the equilibrium triple grain junctions. 
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Abstract   

The effects of rotational and travelling speeds and down force on the torque in Friction Stir Processing (FSP) 
process are presented. The relationship between the rotational speed and torque was modelled by an 
exponential function. The dependence of the travelling speed and down force affecting the torque was 
successfully approximated by the linear functions. To find a dependence combining the spindle torque acting 
on the tool with the rotational speed, travelling speed and the down force, the RSM methods was applied. 
Studies have shown that the increase of the rotational speed causes decrease of the torque and the increase 
of the travelling speed causes the increase of the torque at the same time. Tests were conducted on casting 
aluminum alloy AlSi9Mg. The experimental results and calculation were compared. 

Keywords: Friction Stir Processing, cast aluminum alloy, response surface methodology. 

1. INTRODUCTION      

A few modification techniques to refine the microstructure of cast aluminum alloys are available. The first group 
of methods is based on the modification of the morphology of Si particles. In these technologies, modification 
of chemical composition and thermal treatment can be adopted to modify the coarse acicular Si particles to 
fine, globular shapes. The second group of techniques refine the coarse primary aluminum phases. Heat 
treatment at a high temperature for a short time substantially refines the aluminum dendrites in a semisolid 
processed Al-Si alloys. These modification and heat-treatment techniques, however, cannot effectively 
eliminate the porosity in Al - Si, nor redistribute the Si or others particles uniformly into the aluminum matrix 
[1]. Other processes such as squeeze casting [2] or vibration [3] are also useful in improving the cast aluminum 
properties. The refinement of the microstructure can also be obtained by electromagnetic stirring [4]. However, 
a more effective modification technique for microstructural modification of cast aluminum alloy is friction stir 
processing (FSP), which was developed on the basis of friction stir welding (FSW). 

During the FSP process, a rotating tool which consists of a pin and a shoulder is used. Sometimes the tool 
without pin can be applied. The rotating pin plunged into the modified material, is traversing in the desired 
direction, while the shoulder is acting on the surface and generating enough heat (remains solid state) to soften 
the material under the tool. The mechanical stirring caused by the plunged rotating pin forces the softened 
material to undergo intense plastic deformation yielding a processed zone characterized by dynamically 
recrystallized fine grain structure [5]. It should be noted that the friction processes can be used to joining the 
metallic martials as well as thermoplastics composites [6-8].    

The research into the FSP of surface layers, so far has been focused mainly on the metallurgical analysis of 
microstructural changes in modified aluminium alloys [9]. However, from a practical point of view it is important 
to determine the impact of FSP conditions, i.e. a tool rotational speed, travelling speed, down force as well as 
the shape and type of tool on the moment acting on the tool, temperature in the stirring area, and the amount 
of heat generated in the stirring area. The heat generated in the area being processed and the level of plastic 
strain are factors having a decisive effect on microstructural changes, and, consequently, on the mechanical 
and functional properties of newly formed areas [9, 10]. 

Many different methods can be used to analyse the FSP process. Among other experimental techniques [11], 
analytical modelling [11, 12], finite element analysis [13, 14] and neural network techniques [15] are applied. 
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One of the most interesting way is to use the response surface methodology [16]. The goal of the presented 
work is to estimate the relationship between FSP parameters such as rotational and travelling speed, down 
force, and spindle torque. The experimental results are compared with results obtained from the response 
surface methodology models. 

2. EXPERIMENT 

The FSP was conducted on a welding machine built on the base of a conventional vertical milling machine. 
The machine was equipped with an appropriate device for measuring torque and forces (down force and 
travelling force). The mean value of the spindle torque was measured by the LOWSTIR head and calculated 
from 100 points in the area of the fully stabilized FSP process. The cylindrical FSP tools was made of HS6-5-
2 high speed steel. The first tool was without a pin and the diameter of a shoulder was 20 mm. The second 
tool was machined to have a shoulder diameter of 20 mm, pin diameter 8 mm, and pin depth 4.5 mm. 
In addition, the pin had a spiral groove. The roughness and surface quality of test plates were like after milling. 
The plates were not cleaned. To control the quality of the modified surface, the direct visual testing was carried 
out. The workpiece was clamped tightly to an 8 mm thick plate made of plain carbon steel which served as a 
reinforcement, and then fixed to the machine table. In the present investigation, a cast AlSi9Mg material was 
processed using 30 different combination of tool rotation (in the range of from 112 to 1800 rpm) and travelling 
speed (in the range of 112 to 1120 mm·min-1). The maximum travelling speed of the milling machine was 1120 
mm·min-1. The minimum speed below 112 mm·min-1 was too low due to the efficiency of FSP process. Each 
of these processes involved a traverse approximately 180 mm in length. The tool tilt angle was kept constant 
at 1.5°. 

3. RESULTS ANS DISCUSSION 

It should be noted that the signals recorded during FSP are depended on tool geometry, parameters of the 
process, parent material, measurement system as well as cooling and clamping system. The influence of the 
rotational and travelling speeds on the torque acting on the tool is shown in Fig. 1  and Fig. 2 , respectively. 
The data for rotational speed have been least square fitted with semiempirical relation: 

M = K ∙ exp l− òÜ o + ð 
                                                                                   (1) 

Function M(ω) is presented in Fig. 1 , the results of calculations with equation (1) are given in Tables 1  and 2. 
The data for travelling speed have been least square fitted with linear empirical relation. The results are 
presented in Fig. 2  and calculations in Tables 3  and 4. The fitting is rather good. 

  
Fig. 1  Influence of rotational speed on the spindle torque acting on the tool, a) without pin, b) with pin 

a) b) 
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Fig. 2  Influence of travelling speed on the spindle torque acting on the tool, a) without pin, b) with pin   

Table 1  Fitted values of the exponential dependence of spindle torque and rotational speed for the selected 
              travelling speed, the function is presented in Fig. 1a  

Parameter 
Travelling speed, mm/min 

112 224 560 710 900 1120 

a, Nm 159.38±0.16 166.02±13.68 174.33±0.99 141.92±1 .53 148.69±4.00 417.45±5.03 

b, mm·min-1 290.60±0.67 242.69±42.27 353.71±5.14 408.06±11.80 336.68±22.45 268.23±1.61 

c, Nm 3.39±0.05 5.85±3.03 9.16±0.44 9.84±0.83 17.19 ±1.63 15.20±0.07 

R2 1.00 0.99 0.99 0.99 0.99 0.99 

Table 2  Fitted values of the exponential dependence of spindle torque and rotational speed for the selected  
              travelling speed, the function is presented in Fig. 1b . 

Parameter 
Travelling speed, mm/min 

112 224 560 710 900 1120 

a, Nm 186.42±15.11 192.74±23.54 225.97±24.39 241.61±30.16 278.71±19.92 312.58±16.49 

b, mm·min-1 344.19±69.91 416.39±137.85 438.33±131.15 491.98±178 .97 342.78±61.28 310.14±39.28 

c, Nm 7.20±6.41 9.53±13.27 17.35±14.80 16.57±21.49 27.23±8.39 34.14±39.28 

R2 0.98 0.94 0.95 0.94 0.98 0.99 

Table 3  Fitted values of the linear dependence of spindle torque and travelling speed for the selected rotational  
  speed, the function is presented in Fig. 2a  

Parameter 
Rotational speed, rpm 

112 560 900 1400 1800 

a, Nm·mm·min-1 0.02±0.01 0.04±0.01 0.02±0.002 0.02±0.003 0.01±0.0 02 

b, Nm 111.05±8.79 17.66±5.53 10.36±1.46 3.54±2.13 1 .46±1.19 

R2 0.09 0.83 0.94 0.84 0.93 

Table 4  Fitted values of the linear dependence of spindle torque and travelling speed for the selected 
               rotational speed, the function is presented in Fig. 2b . 

Parameter 
Rotational speed, rpm 

112 560 900 1400 1800 

a, Nm·mm·min-1 0.11±0.0 0.05±0.0 0.04±0.0 0.03±0.0 0.02±0.0 

b, Nm 131.04±0.83 30.52±2.21 16.75±3.81 9.95±1.76 7 .08±1.07 

R2 0.99 0.98 0.92 0.96 0.98 

b) a) 
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As can be seen the spindle torque acting on the working tool strongly depends on the rotational speed and 
weakly depends on the travelling speed. This is due to the fact that the rotational speed stimulates the 
process’s temperature [8] as well as volume of modified material [6]. Temperature increases linearly with the 
increase of the rotational speed, especially for tool with pin [10]. Hence, the friction coefficient can be lower. 
However, it should be noted that for higher temperature (typical for FSP process) at a higher friction velocity, 
the friction coefficient can be constant. It would be expected that this decreases the torque. The second issue 
is that increase of the temperature causes the increase the plasticity of the material. So, higher temperature 
causes a decrease in the material resistance for the travelling tool. However, the torque is less affected by the 
change in the travelling speed. Such behavior can be rationalized when assuming that for a constant rotational 
speed and decreasing travelling speed, the volume of material being processed per each tool revolution 
decreases, hence the heat is generated in a smaller volume, and this in turn may lead to rise in the temperature 
and decrease in the flow stress. Modest influence of the travelling speed on the torque is likely caused by a 
weaker relation between the travelling speed and temperature compared to the influence of the rotational 
speed on temperature. During the experiments, the penetration depth was kept constant (control by the 
machine operator). Hence, the value of the down force depends on rotational and travelling speeds and also 
machine operator.  

The value of spindle torque is influenced by rotational speed, travelling speed, down force, type and shape of 
the tool, and the kind of modified material. The response surface methodology (RSM) has been applied in 
order to find a dependence combining the torque acting on the tool with the rotational speed in a wider range 

(112÷1800 rpm), the travelling speed in the range of 112÷1120 mm·min-1 and down force. RSM has been built 
in Statistica software. Rotational and travelling speeds and down force were introduced as independent 
variables. A first order response surface models were used during mathematical modeling. The interactions 
between the independent variables were assumed in the model.  

In order to determine the relationship between parameters and torque based on RSM, a linear model was 
assumed as: 

� = Ò� + ÒQ ∙ ò + Ò' ∙ ó + Ò+ ∙ ;ô + Ò� ∙ ò ∙ ó + Ò> ∙ ò ∙ ;ô + Òõ ∙ ó ∙ ;ô                         (2) 

The calculation results of the regression coefficients for the linear model are shown in Table 5 . The calculation 
results indicate the significance level p where linear main effects are statistically significant (p <0.05), 
suggesting that a linear model containing the interaction is sufficient. The comparison between experimental 
results and calculation are presented in Fig. 3 .  

Table 5  Results of calculation of regression coefficients for linear model (rounding of the number) 

The regression 
coefficients 

Results for tool No 1 without pin Results for tool No 2 with pin 

Values Probability - p Values Probability - p 

B0 34.9501 0.1001 -13.3548 0.0 

B1 -0.0191 0.1372 -0.0019 0.0 

B2 -0.0153 0.6070 -0.0428 0.0048 

B3 4.25299 0.0024 6.6789 0.0001 

B4 0.00003 0.1057 0.0000 0.0179 

B5 -0.00423 0.0043 -0.0031 0.0017 

B6 -0.000002 0.9987 -0.0013 0.0106 
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Fig. 3  Comparison between experimental results and calculations, a) tool without pin, b) tool with pin  

The typical light microscope microstructure of the processed material is shown in Fig. 4 . Two well-defined 
regions could be easily distinguished: the parent material and the FSP area. The parent material was 
characterized by the coarse grained structure with pores, while the microstructure in the processed zone was 
modified by the tool action. The result of modification in the processed area was refinement of the 
microstructure. Further, the porosity in the as cast AlSi9Mg sample was nearly eliminated by FSP. The principal 
microstructural components of this alloys in as-cast state are (Al) dendrites and (Al)+(Si) eutectic. The light 
microscopy examination revealed characteristic dendrites in the base material (Fig. 5a ). In the FSP area 
(Fig. 5b ), the broken Si particles have a size ranging from submicron to more than ten micrometers.  
 

 

Fig. 4  Typical cross-section of the processed surface area; light microscope, (ω=560 rpm, v=560 mm/min) 

  

Fig. 5.  Micrograph of a) parent material, b) modified material,  

4. CONCLUSION 

The present study has examined the relationship between parameters of FSP process and spindle torque, and 
microstructure of a modified AlSi9Mg alloy. The conclusions are as follows: 

• the increase in the rotational speed decreases the torque acting on the tool, 

• the increase in the travelling speed increases the torque acting on the tool, 

b) a) 

a) b) 
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• the relationship between rotational speed and spindle torque can be fitted by the exponential function, 
while for travelling speed by the linear one,    

• the response surface methodology is a useful technique to determine the impact of the parameters of 
the process on the spindle torque. In this study, a linear models with interaction were used for   fitting,  

• friction stir processing of the cast AlSi9Mg aluminum alloy resulted in a significant change in 
microstructure. Fracturing of coarse acicular Si particles and primary aluminum dendrites and 
elimination of cast porosity produced a homogeneous microstructure. 
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Abstract 

The aim of this paper is to determine the impact of heat treatment of steel pre-treated thermo-mechanically 
using Gleeble 3800 simulator on the structure and mechanical properties of investigated high-manganese 
austenite Fe-Mn-(Al, Si) steel, containing 25% of Mn, 3% of Si, and 3% of Al. Applying thermo-mechanical 
treatment using Gleeble 3800 simulator allow to obtain the conditions for a gradual grain refinement controlled 
mainly by dynamic recrystallization and also by a dynamic recovery in a whole temperature deformation range. 
The high-manganese TWIP steel after hot-deformation is characterized by a mixture of fine, recrystallized 
grains and some fraction of dynamically recovered grains with a mean diameter of about 5-7µm. Solution heat 
treatment of the specimens from a temperature 850 °C cause that steel possesses fine-grained microstructure 
of austenite with grain sizes about 10µm. Increasing solution temperature from 850 to 1000 °C results in a 
rapid grain growth up to about 17µm. Specimens were annealing at time 900 s, increasing solution time also 
cause a growth of austenite mean grain size in high-manganese Fe-25Mn-3Si-3Al TWIP steel. The new 
developed high-manganese TWIP steels provide an extensive potential for automotive industries through 
exhibiting the twinning induced plasticity (TWIP) and transformation induced plasticity (TRIP) mechanisms. 
TWIP steels not only show excellent strength, but also have excellent formability due to twinning, thereby 
leading to unique combination of strength, ductility, and formability over conventional dual phase steels or 
transformation induced plasticity TRIP steels. 

Keywords: High manganese steel, TWIP mechanism, Gleeble simulations, mechanical properties, structure 

1. INTRODUCTION 

The dynamic development of technologies, observed in recent years, creates an increased demand for 
innovative engineering materials with very high functional properties, which will be attractive both economically 
and ecologically. Steel and iron alloys meet these criteria very well, but an increasing development direction 
is also revealed in the case of light metal alloys. While recently relatively high interest was associated with 
aluminum alloys, now more and more hopes are connected to the usage of thin steel plates and other structural 
elements of small thickness with very high properties. The growing demands of car manufacturers concerning 
the currently used steels, affect continuing efforts on development of new steel grades that will combine high 
strength with excellent ductility and thus the steels will be characterized by a high energy absorption capacity 
in the case of a collision of road vehicles. One of the latest group of steel used in the automotive industry, 
created with the aim of meet these requirements, it is the high-manganese steel of the austenitic type TWIP 
(Twinning Induced Plasticity). The TWIP steel due to its homogeneous structure, without inclusions, which 
creates possible sources of cracking, has a very high of strength to ductility ratio.  

Extensive researches over this group of high manganese austenitic steels have been pursued in the recent 
years for this reason. Such steels contain between 20 to 30% of manganese, and 1-3 % of aluminium and  
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1-3% of silicone, introduced primarily to lower the density of about 7.3 g/cm3 for this group of steels. A profitable 
array of mechanical properties achieved by such steels, i.e. Rm~800-1100 MPa, Rp0.2=250-550 MPa,  

εun=35-90 % is completely dependent on chemical composition, and mainly a concentration of Mn. The purpose 
of Si and Al consists of solid solution hardening of steel while carbon is an element stabilising austenite [1-5]. 
The thermo-mechanical treatment applied to refine the microstructure of austenitic TWIP type steels used by 
car companies has to be done in controlled conditions. Appling high deformation, or very long isothermal 
holding times of specimens after the last strain can results in excessive grain refinement of austenite up to 
about 2 mm. It has an influence on increasing strength properties in special increasing the Rp0.2 by about 150-
200 MPa and also tensile strength increase to 1100 MPa [2-14]. Whereas too large value for the average grain 
diameter of about 70 mm can improve plastic properties, especially elongations that can achieve value about 
80-90 % at relatively low strength properties. Therefore, the main objective of the application of thermoplastic 
deformation is the determination of parameters of the process to achieve optimal value for the average grain 
diameter [1-7, 13-19]. 

It is also possible to apply heat treatment prior to the thermo-plastic treatment consisting of isothermal holding 
of the TWIP steels at temperatures above the recrystallization temperature for this group of steels for a suitable 
time and therefore a controlled growth of the austenite grain size. In this study were performed investigations 
for the reason  to determine the effect of temperature (1000°C, 950°C, 900°C and 850°C) and heat treatment 
time on the austenite grain size of the TWIP steels, previously thermo-mechanical treated using a Gleeble 
3800 simulator. It was also examined the impact of particle size on the mechanical properties of the 
investigated steel after the thermo-mechanical treatment as well as after the heat treatment with various 
process parameters [15-25]. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

Tests were carried out on new developed high-manganese steel TWIP type steel - X13MnSiAlNbTi25-3-3. The 
chemical compositions of steel were given in Table 1 . For the investigated melt, Nb and Ti microadditions were 
added in order to refine the structure and achieve precipitation hardening. Investigated steel is characterized 
by high metallurgical purity, associated with low concentrations of S and P contaminants and gases. Melt was 
modified with rare earth elements. 

Table 1 Chemical composition of new developed high-manganese TWIP-type steel, mass fraction 

Steel designation 
Chemical composition, mass fraction 

C Mn Si Al Nb Ti P max S max Ce La Nd 
X13MnSiAlNbTi25-3-3 0.13 25.1 3.5 3.3 0.050 0.018 <0.002 0.003 0.013 0.003 0.005 

Fig. 1  shows a view of the ingot with marked areas of the ingot top and bottom. After cutting out of the ingot 
top on the high of the shrinkage cavity pipe as well as the ingot basis on a height of about 3 cm from the 
bottom, the remainder part of the ingot was subjected to free forging at high speed Kawazoe manual hydraulic 
press with a pressure of 300 tonnes. Forging was carried out in a temperature range of 1200-900 °C. The ingot 
was forged to the flat dimensions of about 20x220 mm, from which in the next step the test samples were 
prepared in the form of parallelepipeds with dimensions of 20x15x35 mm. In order to obtain fine-grained 
structure the samples were subjected to hot plastic deformation using an universal thermo-mechanical Gleeble 
3800 simulator as equipment of the Institute of Engineering Materials and Biomaterials, Silesian University of 
Technology, in Gliwice, Poland. 

Thermo-mechanical treatment involves heating of the sample to a temperature of 1120 °C at a heating rate of 
3 °C/s. At this point the sample was hold for 30 seconds, in order to homogenise the temperature in the entire 
volume of the sample, and then the temperature was lowered to 1100 °C and the first deformation of the 
sample was carried out. Subsequent deformation have followed at temperatures 1050, 950 and 850 °C. At 
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each deformation, the specimens were deformed with a deformation degree of 30 %. Scheme of the thermo-
mechanical treatment, which is a projection of the hot rolling process, and scheme of the sample shape in 
subsequent stages of the process are shown in Fig. 2 and 3. Before performing the heat treatment, the sample 
were cut into smaller parts having a thickness of about 2 mm (Fig. 3e ). 

 

  

Fig. 1  Ingot scheme of 
investigated steel 

Fig. 2  Scheme and parameters of the multi-stage compression test 
carried out on Gleeble 3800 simulator, as equipment of the Institute of 

Engineering Materials and Biomaterials, Silesian University of 
Technology, in Gliwice, Poland 

The heat treatment of austenitic high-manganese steel samples was carried out in a Nabratherm company 
furnace, model HTCT 03/16. The samples were heated to a temperature of 1000 °C, 950 °C, 900 °C  
and 850 °C and then isothermally annealed at this temperature for 300 s and 900 s. After removing the samples 
from the furnace, the samples were quickly immerged in water for cooling at a temperature of about 18 °C. 
Static tests were performed using tensile testing machine Zwick/Roell Z020 in order to investigate mechanical 
properties. Metallographic examinations were carried out using the Axio Observer.Z1m ZEISS light microscope 
with software AxioVision LE64. Qualitative X-ray analysis of the sample in the as-cast state, after thermo-
plastic treatment and after static tensile test was performed using X-ray Philips XPert diffractometer, which 

was equipped with a copper anode lamp, emitting after filtration, the X-ray line of Kα1 with a wave length of 

λ=1,54056 nm. The resulting diffraction patterns were analyzed based on the data contained in the database 
of the International Centre for Diffraction Data (ICDD). 

a) b) c) d) e) 

 

Fig.  3 Change the sample shape during thermo-mechanical treatment on the simulator Gleeble 3800 
simulator: a) the tested sample with dimensions of 20x15x35 mm; b) the shape of the sample prior to 

application of the loading force; c), d) the shape of the sample after thermo-mechanical treatment 
according to the scheme shown in Fig. 2 ; e) hot-deformed sample with a marked cutting line - sample for 

mechanical properties testing 
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3. RESULTS AND DISCUSSION 

Investigated steel is characterized by the homogeneous microstructure of austenite with a mean grain size in 
the range from 50 to 60 μm, in which numerous annealing twins can be identified (Fig. 4a). Single-phase 
microstructure of the steel in the initial state was confirmed by X-ray diffraction pattern (Fig. 4c ). Application 
of thermo-mechanical treatment using Gleeble 3800 simulator allowed to decrease austenite mean grain size 
up to 5.9 μm (Fig. 4b ). True strain equal 0.36 during each compression stage creates excellent conditions for 
a gradual grain refinement of austenite in investigated steel controlled by the course of dynamic 
recrystallization in a whole temperature deformation range.The use of both the heat treatment and thermo-
mechanical treatment does not cause a phase change of the investigated high-manganese austenitic 
X13MnSiAlNbTi25-3-3 TWIP-type steel, as confirmed by the carried out X-ray investigations (Fig. 4c ). 

a) b) c) 

   

Fig. 4  Austenitic structures of high manganese X13MnSiAlNbTi25-3-3 TWIP-type steel; a) in initial stage  
b) obtained after four-stage hot- compression test with a true strain equal 4x0.36 and cooling in water after 
final deformation at temperature 850 °C; c) X-ray diffraction pattern investigated steel after the initial stage  

and thermo-mechanical treatment 

In the next step, the samples with a thickness of 2 mm were subjected to heat treatment, consisting of 
annealing at a temperature between 850 and 1000 °C, for 300 and 900 seconds. The application of this process 
was due to a small but significant for further tests increase of the mean austenite grain size. Fig. 5  shows a 
representative structures of the steel at various stages of annealing. Based on the structure and image analysis 
it was found that the temperature, as well as the annealing time increase, causes an increase in the average 
diameter of the austenite grains to a value of 17 µm. Detailed results of the carried out image analysis of the 
investigated steel structures were presented in Table 2 . 

a) b) c) 

   

Fig. 5  Austenitic structures of high manganese X13MnSiAlNbTi25-3-3 TWIP-type steel obtained after four-
stage hot compression test followed by heat treatment at: a) temperature 850°C for 300s; b) temperature 

950 °C for 900 s; c) temperature 1000 °C for 900 s 
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Table 2  Influence of parameters of heat-treatment on austenite mean grain size of high-manganese 
               X13MnSiAlNbTi25-3-3 TWIP-type steel 

State of investigated steel Austenite mean grain size, µm 
After thermo-mechanical treatment 5.9 

After thermo-mechanical treatment followed by heat treatment: t = 300 s t = 900 s 
850 °C 9.9 10.5 
900 °C 11.7 12.1 
950 °C 12.9 13.7 

1000 °C 15.1 16.6 

In the next step of the investigation, static tensile tests were performed in order to investigate mechanical 
properties of high-manganese austenitic steels, with various austenitic mean grain size after their thermo-
mechanical and heat treatments. On Fig. 6a  is presented representative austenitic structure with mechanical 
and micro twins obtained after four-stage hot compression test with a true strain equal 4x0.36 followed by 
annealing at temperature 850°C for 900s and after static tensile tests. 

a) b) c) 

   
Fig.  6 a) Mechanical and micro twins obtained after static tensile tests; b) Uniform Elongation (UE) and c) 

Ultimate Tensile Strength (UTS) vs. the inverse square root of grain size d-0.5 

The dependence of ultimate tensile strength on the mean grain size of samples was examined by plotting the 
strength at yielding and instability strains against the inverse square root of grain size. Ultimate tensile strength 
increases with decreasing mean grain size of austenite according to Hall-Petch relationship as given on 
Fig. 6c . Additionally, the effect of mean grain size on uniform elongation of samples were shown in Fig. 6b . It 
can be noticed that in this condition, the Hall-Petch relationship is also useful for expressing the relation 
between the uniform elongation and mean grain size of austenite in investigated high-manganese TWIP-type 
steel.  

4. CONCLUSIONS 

Heat treatment after prior thermo-mechanical treatment, consisting of an appropriate chosen parameters such 
as temperature (in the range of 850 to 1000 °C) and annealing time (300 and 900 s) allows a controlled growth 
of the austenite grains and a change of the mechanical properties of austenitic high-manganese 
X13MnSiAlNbTi25-3-3 TWIP-type steel. The main mechanism of the structure shaping of the investigated steel 
during cold plastic deformation is mechanical twinning. Qualitative X-ray phase analysis revealed that the 
tested steel in both cases in initial state and after the heat and thermo-mechanical treatment, as well as after 
cold plastic deformation has a homogeneous austenite structure. 
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Abstract  

In the paper the analysis of the gas turbine forging process made from highly alloyed steel NiCrMoV to power 
engineering application was done. Numerical analysis of material flow in following stages of forging process 
also effective strain distribution in forging was introduced. Industrial technology of forging process with 
numerical calculations results was compared. 

Keywords: Gas turbine shaft, degree of forging, numerical modeling 

1. INTRODUCTION  

Primary stock to the process of open die forging and semi-open die forging are ingots cast in the traditional 
way. Forging of large masses - the order of tens of Mg, such as: rolls for rolling mills, marine shaft lines, rotors 
of turbogenerators, components for nuclear power - stock is almost exclusively forging ingots [1]. Forging ingot 
structure (Fig. 1 ) forces the use of high-grade forging respectively, so as to achieve the required level of the 
product properties. Typical structure of the ingot consists of a thin layer of fine-grained at the surface, zone of 
columnar oriented dendrites, an intermediate zone containing columnar oriented dendrites and randomly 
oriented dendrities and area of equiaxed crystals at the center of the ingot [2]. Central zone is formed in the 
final stage of crystallization and has a high segregation of elements. It also contains non-metallic inclusions 
which quantity and distribution is subject of the steel purity. The size of this zone can be greatly improved by 
electromagnetic stirring during casting [3]. 

 

 

Fig. 1 Structure of ingot: 1 - positive 
segregation; 2 - V segregation; 3 - small 
equiaxed grains; 4 - columnar grains; 5 - 

dendritic grains; 6 - inverse V segregation 
(external lines); 7 - A segregation (internal 

lines); 8 - negative segregation; 9 - 
sedimentational cone; 10 - oxide deposit [4] 

The problem of hydrogen cracks in forgings of high weight is an integral part of the forgings production. It 
occurs to a greater or lesser extent despite the vacuum degassing of the steel. It is observed with the high 
intensification particularly in the production of forgings such as shafts of wind turbines, hypereutectoid steel 
rolls with about 1% C with chromium as well as in the classic forgings - rings - produced from steel with 
increasing metallurgy purity. These defects result in the forging waste practically at the end of manufacturing 
process thereby affecting a significant increase in production costs [5]. Devices in the energy industry are 
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subjected to the influence of high temperature and pressure. Occurring in these conditions processes of 
materials degradation are a potential cause of failure or destruction of machines and installations [6]. 

Labor issues in changing conditions occupy an important position in the design and operation of gas turbines 
and mathematical and numerical modeling has now become the primary research technique [7]. The gas 
turbine is a heat engine that retrieves the driving energy of flowing exhaust gas or other carrier gas called the 
thermodynamic factor or working. The term gas turbine relates to a machine consisting of a compressor and 
turbine (usually connected with a common shaft) and the combustion chamber positioned between them [8]. 
Fig. 2  shows the ingot, forging of finished shaft and its location in a gas turbine type MS9001E. 

a) b) c) 

   

Fig. 2  Ingot (a), the forging (b) and shaft location in gas turbine (c) [9] 

Materials used in the energy industry operate under the influence of complex and variable thermal and 
mechanical loads and environmental impact because of that strict requirements are placed to them [10]: 
• stability of microstructure and mechanical properties (especially creep) at elevated and high 

temperatures, 
• high ductility and fracture toughness, 
• high resistance to thermal and thermo-mechanical fatigue, 
• high resistance to oxidation in an exhaust gas enviroment, 
• good weldability. 

Material of shafts and rotors during operation moves the stresses of its own weight, torque and centrifugal 
force and is subject to the combined action of high temperature changing along the refrigerant flow and the 
temperature difference along the radius. The most loaded part of the shaft should be made from the bottom of 
the ingot. Steel for shafts and rotors should be killed and well-degassed, melted in electric furnaces. Thus 
obtained ingot is subjected to multiple forging in order to obtain uniformity of metal. Heat treatment of the rotor 
consists mostly of normalization or quenching and tempering and mechanical processing (turning, milling, 
drilling, grinding) [11]. 

2. TECHNOLOGICAL FORGING PROCESS OF GAS TURBINE - N UMERICAL MODELING [12]  

The paper presents an analysis of issues related to the technology of carrying out the gas turbine shaft of 
elongated shape and variable cross section, which is produced in the CELSA group. Numerical calculations 
were performed for the process of multi-stage shaft forging produced from ingot Q16 with commercial program 
QForm3D based on the finite elements method. Numerical calculations were performed for two cogging 
variants: 1) the beginning of the forging process from the top of the ingot - in line with the technology (Fig. 3a ) 
and b) the beginning of the forging process from the bottom of the ingot - proposed change of forging scheme 
(Fig. 3b ). The casted ingot of 15 Mg mass in the grade of steel NiCrMoV and delivered to the press shop is 
heated in a car bottom furnace to forging temperature 1200 ± 20 °C. 
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a) 

 

b) 

 

Fig. 3 Forging process schedule: a) forging from the top of the ingot, 
 b) forging from the bottom of the ingot 

Then on the 32 MN press from the top of the ingot a porter is forged and rounded it to the diameter of 950 mm. 
Another technological operation is ingot heating up to the temperature of 1200 ± 20 °C in the hearth furnace 
and his upset at the 80 MN press to the height of 1100 mm. The ingot is forged to circle ∅ 1000 mm by the 
square of 1000 x 1000 mm in flat anvils with a width of 800 mm. Again reheating of turbine shaft in hearth 
furnace and selects the length of the individual shaft shoulders. All shaft shoulders are carried out according 
to the same pattern reforging consecutively on the square, hexagon, octagon and circle. Forging is cogged in 
flat anvils to obtain the respective shaft shoulders. The first shoulder is forged at the diameter of 1000 mm, 

second to ∅ 820 mm and the following at ∅ 680 and ∅ 520 mm. After forging all shoulders allowances are cut 
off from the top and the bottom of the ingot which uses a press with a pressure of 32 MN. Forging is reheated 
and then on 80 MN press performs the last operation which is die forging of the turbine shaft flange. The study 
shows the effective strain distribution maps in formed material for specific steps in the process of gas turbine 
shaft forging. In order to determine the degree of forging on the basis of the effective strain results the following 
equation is used (1) [13] 

ik ε⋅+= 3.11             (1) 

where: k  - degree of forging and iε  - effective strain. 

The obtained information are the basis of the selection of the correct forging technology to the minimum 
required degree of forging. For the numerical calculations boundary conditions were adopted in accordance 
with the used in the industry of CELSA "Huta Ostrowiec" Sp. z o. o. Forging is forged in the grade of high alloy 
steel NiCrMoV at 1200 °C. The steel composition is shown in Table 1 . The forging processes were performed 
on a hydraulic press. In the program a hydraulic press with parameters corresponding to industrial conditions 
was bulit. Adopted tool temperature of 300 °C and a press cross-bar speed of 10 mm/s. 

Table 1  Chemical composition [9] 

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

0.25÷0.33 0.20÷0.80 max 0.35 max 0.012 max 0.010 1.30÷2.00 2.50÷3.50 0.20÷0.70 max 0.35 

%V %Al %Sn %Sb %As %Ca O, ppm N, ppm H, ppm 

0.07÷0.15 max 0.025 max .015 max .003 max .020 max 0.010 max 75 max 100 max 2.0 

3. ANALYSIS OF RESEARCH RESULTS  

In Figs.  4 ÷5 the effective strain distributions for the following operation of the gas turbine shaft forging process 
are shown. Fig. 4  shows the effective strain distribution for the upsetting operation. On it three zones of 
deformation can be distinguished. Zones adjacent to the anvils front surfaces deform at least which is caused 
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by friction forces on these surfaces. Values of these deformations are in the range 0.25 ÷ 0.65. The maximum 
strain in both directions (axial and radial) occurs inside of the ingot and are equal 1. Medium deformation zone 
occurs in the side area, unrestricted by the tool. 

 

Fig. 4  Effective strain distribution in upsetting process 

Fig. 5a  shows the effective strain distribution in subsequent operations of cogging to square, hexagon and 
octagon regular realized in flat anvils. Introduced distribution retains overall deformation upward trend. The 
use of different variants of the cogging process (forging from the top and the bottom of the ingot) gives different 
effective strain distributions. Comparing the first cogging operation it can be observed that in a variant of forging 
from the bottom of the ingot occurs greater strain values than in the forging from the top of the ingot. Until the 
forging to a circle with a diameter of 1000 mm effective strain values for the forging from the bottom of the 
ingot are higher then in the technology used in industrial conditions. In Fig. 5b  effective strain distribution for 
the following cogging operations to obtain a second shoulder to the diameter of 820 mm are shown. After 
forging to circle the individual variants differs in size and values of strain. When forging from the top of the 
ingot zone of deformation is smaller but has a higher value than the forging from the bottom of the ingot. 
Effective strain distributions after the third shoulder forging the diameter of 680 mm are shown in Fig. 5c . Both 
distributions and values of deformation are similar. Slightly higher values are obtained by forging from the top 
of the ingot which is in accordance with the technology. Comparing the deformations in Fig. 5d  it can be seen 
that the slightly higher values are obtain during forging from the bottom of the ingot. Fig. 5e  shows the view of 
the forging after cut-off process from the top and the bottom of the ingot and the last operation which is flange 
die forging. After the aforesaid operations deformation have increased. Obtain favorable strain distribution for 
the forging from the bottom of the ingot. 

a) 

  
b) 
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c) 

  
d) 

  
e) 

  

Fig. 5  Effective strain distribution in following shaft forging operations: a) first shoulder cogging, b) second 
shoulder cogging, c) third shoulder cogging, d) fourth shoulder cogging, e) flange die-forging 

Left: forging from the top of the ingot, right: forging from the bottom of the ingot 

4.  SUMMARY AND CONCLUSIONS 

Studies on the forging process of the gas turbine shaft forging was directed toward the analysis of the 
technology used in industrial and efficient method for finding a new forging in comparison with the previous 
solution. Forging qualified for this study as a product which improve the technology can bring the greatest 
benefit to Celsa "Huta Ostrowiec". This selection was based on the criterion of the volume of production is 
expected to increase as the demand for the product and the criterion of significance for the activities of the 
forge - a new assortment. Forging process of a gas turbine shaft forging technology include very complex due 
to the shape and the way the execution. The shape of the forging determine different degrees of deformation 
while the method of execution (flange die forging) allows to obtain a suitable effective strain distribution and 
the degree of deformation of the forging. 

Numerical modeling of a gas turbine shaft forging process allowed to verify the technology used in industrial 
conditions (forging from the top of the ingot) and propose alternative technology (forging from the bottom of 
the ingot). In both variants of the technology the same absolute feeds and similar relative deformation were 
used. That allows to interpret the results of calculations under comparable conditions of plastic forming. The 
characteristic stages of deformation having a decisive influence on the effective strain distribution and forging 
ratio were analyzed. 

In the upsetting process of the stock there is a traditional strain distribution in the axial section of the forging. 
The maximum value of the effective strain occurs in the central portion (εi = 1.05). Minimum deformation zone 
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is located in the forging axis, wherein penetrates deeper into the porter side. Cogging process of the ingot to 
the circle, carried out in the flat anvils taking into account forging to square, hexagon and octagon, increases 
effective strain to an average of approx. 4.25. Locally at the surface effective strain is on average even 4.75. 
However in the forging axis does not exceed 3.75. After taking into account equation (1) the minimum degree 
of forging (calculated numerically) in the axis of forging exceeds 5.9. Analysis of the effective strain distribution 
after forging of the last shoulder and flange die forging allowed to indicate more favorable effective strain 
distribution for the proposed technology (forging from the bottom of the ingot). Based on the results of effective 
strain can be concluded that both technologies provide comparable quality forgings for the shape, dimensions, 
structure and mechanical properties, as well as going forward - productivity. 
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Abstract  

Alloys that have lamellar structures, e.g., pearlitic steel, are widely used in practice. Nowadays, perlitic steel 
wires for tyre cords, springs and ropes are studied extensively at our laboratory of wire drawing. In the 
metallographic analysis of pearlite, the interlamellar spacings observed are not true spacings because the 
lamellae usually are not oriented perpendicular to the observation planes. The measured interlamellar spacing 
is called apparent. Evaluation of true interlamellar spacing from microstructural observations is based on the 
assumption of a uniform distribution of the probability of the angle between lamellae and the observation plane. 
As the lamellae change their orientation during cold wire drawing, this assumption no longer applies. This 
paper deals with evaluation of numerical characteristics of true interlamellar spacing in drawn pearlitic steel 
wire. We analyzed wires from C78D steel for ropes upon varying degrees of deformation. 

Keywords: Interlamellar spacing, pearlite, wire drawing, steel  

1. INTRODUCTION 

1.1. Undeformed Pearlite  

Alloys that have lamellar structures, e.g., pearlitic 
steel, are widely used in practice. Nowadays, pearlitic 
steel wires for tyre cords, springs and ropes are 
studied extensively at our laboratory of wire drawing. 
The microstructure of pearlite is described using three 
parameters: interlamellar spacing (IS), the size of a 
pearlite colony and the volume fraction of cementite. 
The most important of these is the IS defined as the 
perpendicular distance across two consecutive 
lamellae, e.g., ferrite and cementite. In the 
metallographic analysis of pearlite, the IS observed is 
not true spacing because the lamellae usually are not 
oriented perpendicular to the observation plane [1, 2]. 
The measured IS is called apparent (see Fig. 1 ). The 
question then arises as to how to determine the true IS 
from the measured spacing values? The answer lies in 
mathematical statistics. We have used two 
assumptions: 1) the pearlite colonies in our specimen 
have random orientations which means that the Θ angle is a continuous random variable with a uniform 
probability distribution. 2) true IS λ0 is a continuous random variable that obeys a normal (Gaussian) probability 
distribution. Based on the first assumption, Pellisier [3] derived an equation for the probability density function 
of apparent IS λ:  

Fig. 1  Definition of the angle between a normal 
vector of lamellae and the observation section Θ, 

true interlamellar spacing λ0 and apparent 
interlamellar spacing λ 
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8á = ï�'ï' ∙ îï' − ï�'
 [-] (1) 

The probability density of true IS λ0 is given by the known expression: 

8áÖ = 1
� ∙ √2Ñ ∙ <-áÖ�áÖ,ö÷ø6'∙ù0  [-] (2) 

where λ0, Avg  is the average and σ is the standard deviation of true IS. 

On the basis of these two equations, Ikeda [4] derived a relationship for the relative frequency F of the lamellae 
with apparent IS between λ1 and λ2: 

;(ïQ, ïQ) =
» 1ï+ ∙ ú» <�-áÖ�áÖ,ö÷ø60

'∙ù0á� ∙ ï�'îï' − ï�'
∙ Mï�û ∙ Mïá0á/

» 1ï+ ∙ ú» <�-áÖ�áÖ,ö÷ø60
'∙ù0á� ∙ ï�'îï' − ï�'

∙ Mï�û ∙ Mïü�
 [-] (3) 

Using this equation, we can construct a theoretical histogram of apparent IS and, by comparison with the actual 
histogram based on measured data, determine the λ0, Avg and σ values for true IS. 

1.2. Deformed Pearlite 

During wire drawing, IS decreases with increasing amount of strain. The deformation of pearlite occurs in three 
stages. In the first stage, deformation takes place in ferrite lamellae. In the second stage, cementite lamellae 
bend and rotate. Finally, the cementite lamellae deform and break up. These stages can be identified in the 
tensile strength vs. accumulated reduction diagram. In the second stage, the slope of the curve is considerably 
less steep than in stages 1 and 2 [5 - 7].  

The amount of change in IS upon the deformation process depends on the initial orientation of the lamellae, 
i.e. on angle Θ (provided that the observation plane is parallel to the drawing direction), as well as on angle Ψ 
(as defined in Fig. 2. ). Changes in lamellae orientation and IS within the three colonies from Fig. 2  are 

  

Fig. 2  Definition of the angle between lamellae and the 
direction of wire drawing Ψ. The sketch shows three 

types of spatial arrangement of pearlite lamellae: 
inclined (red), parallel to the wire axis (green) and 

perpendicular to the wire axis (blue) 

Fig. 3  A sketch of changes in lamellae orientation 
and IS within the three colonies from Fig. 2  
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schematically shown in Fig. 3 . Theoretically, the smallest resulting IS is obtained when Θ = 0° and, at the 
same time, Ψ = 0°. As these angles increase, the IS diminishes more slowly during deformation. At Θ = 90° 
and Ψ = 90°, the IS remains practically constant during the process. The lamellae bend extensively and then 
fracture. Some authors have reported that beyond certain amount of deformation, lamellae in all colonies 
became aligned to the drawing direction [8, 9]. However, this applies to true strain levels of more than el = 2.5 
which are not normally encountered in practice. In our experiment which is based on practical experience, the 
true strain achieved is el = 1.64. 

In the previous paragraph, we discussed the theory of changes in lamellae orientation and IS. In practice, their 
development is affected by the drawing process conditions, such as one-pass reduction, pass schedule type 
[10] and the coefficient of friction of the drawing die. In the experiment described in the present paper and in 
follow-up experiments, we discuss whether the comparison between theoretical frequencies of IS and 
measured frequencies can be employed to describe the effect of processing parameters on the microstructure 
of pearlitic steel. 

2. DESCRIPTION OF EXPERIMENT 

2.1. Material  

The experimental material was a drawn 
and patented wire of 3.4 mm diameter of 
C78DP steel, the composition of which is 
given in Table 1 . Its microstructure 
consisted of lamellar pearlite (see 
Fig. 1 ) and a small amount (up to 2 %) of upper bainite (see Fig. 2 ). The occurrence of bainite is due to out-
of-standard patenting temperature. Wires of small diameters require higher lead bath temperatures which are 
difficult to achieve in practice. The wire was pickled and its surface was coated with lubricant carrier. 

  

Fig. 1  Initial microstructure of the steel (SEM) - 
diverse orientations of lamellae with respect to the 

etched surface plane 

Fig. 2  Initial microstructure of the steel (SEM) - 
region with upper bainite 

2.2. Wire Drawing 

The wire was drawn from the 
diameter of 3.4 mm to 1.5 mm using 
straight-through single-block KOCH 
KGT 25 - E wire drawing machine 
with a drawing block diameter of 600 mm and a water-cooled rotating drawing die holder. The total reduction 

Table 1  Chemical composition of the steel examined (wg. %) 

C Mn Si P S Cu Ni Cr 

0.79 0.63 0.20 0.010 0.014 0.04 0.02 0.05 

 

Table 2  Drawing pass schedule 

Pass number  0 1 2 3 4 5 
Wire diameter (mm) 3.4 2.9 2.45 2.1 1.75 1.5 

Reduction (%)  27.2 28.6 26.5 30.6 26.5 
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was 80.5 % (el = 1.64). The drawing speed was approximately 1 m/s. The WC drawing dies had an approach 
angle of 8°. The lubricant used was a commercial Condat 3T hard soap-based grade with an addition of 
lubricant carrier. The pass schedule used is described in Table 2 . Following each pass, a length of wire 
sufficient for metallographic analysis and mechanical testing was taken from the drawn stock. 

3. DISCUSSION OF RESULTS 

  

  

  

Fig. 3  Micrographs of wire upon individual passes: d1, d2, d3, d4 and d5. The detail of the microstructure 
after the last pass is an example of bending of the lamellae which are perpendicular to the drawing 

direction 

Metallographic analysis was conducted on scanning electron micrographs (SEM) of the wire axis area. A total 
of 10 photographs were taken on each specimen, using the magnification of 10000×. The micrographs were 
taken in a consecutive sequence of adjacent locations so that the selection of the area did not affect the 
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subsequent analysis. Microstructures obtained upon individual passes are shown in Fig. 3 . The micrographs 
reveal that there are substantial differences among the rates, at which IS decreases in various pearlite 
colonies, and that the most severe decrease in IS occurs in the last two passes. 

Fig. 4  compares histograms constructed using measured data (in each specimen, between 85 and 215 
colonies were measured) and theoretical frequencies calculated using equation (3). For the initial specimen of 
the steel, i.e. for patented microstructure, a very good agreement was found between calculated and measured 
data. In this case, the assumption of random orientations of pearlite colonies holds (as the red curve intersects 
the tops of the blue columns approximately in the middle of their width). With increasing amount of deformation, 
there are more and more readings that deviate from the theoretical assumptions (green areas in Fig. 4 ).  

Fig. 4  Comparison between histograms constructed from measured data and theoretical relative 
frequences calculated using equation (3) for the initial wire diameter d0 and wire diameters upon each of 

the five passes: d1, d2, d3, d4 and d5. In the green columns, the frequencies are higher than theoretical 

d0 = 3.4 mm  d1 = 2.9 mm  

d2 = 2.45 mm  d3 = 2.1 mm  

d4 = 1.75 mm  d5 = 1.5 mm  
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IS continues to diminish but the rate of decrease depends on initial orientation (i.e. the Θ and Ψ angles). 
Hence, there must be some amount of colonies whose orientation and IS do not change substantially, which 
then causes the discrepancy between the calculation according to equation (3) and the measured relative 
frequencies. It is these discrepancies that will help us - in the future - to describe the impact of the drawing 
process conditions on the microstructure of the wire. 

Thanks to the above analysis, we have been able to determine the average value λ0, Avg and the standard 
deviation σ of true IS. The values are given in Table 3 which also compares the average and the median of 
apparent IS. If we compare all three numerical characteristics, we find not only absolute differences between 
values but also variations in their response to increasing deformation. The average of apparent IS shows 
almost no development (the IS fluctuates around 117 nm). By contrast, the median of apparent IS has been 
able to reflect the decrease in IS in the last two passes. However, it is only the average true IS that reflects the 
development of IS across all passes. This fact stands out if we compare its values with tensile strengths after 
individual passes (see Fig. 5 ). Fig. 5  shows that there is a strong correlation between IS and tensile strength. 
Each of the curves comprises three regions (with different slopes) reflecting different plastic deformation 
mechanisms operating in pearlite. Fig. 6  shows correlation between IS (both Average of true IS and Average 
of apparent IS) and tensile strength. 

Table 3  Numerical characteristics of IS 

Pass number  0 1 2 3 4 5 

Wire diameter (mm) 3.4 2.9 2.45 2.1 1.75 1.5 

Average of true IS (nm) 86 80 77 76 70 62 

Standard deviation of true IS (nm) 12 15 15 16 16 14 

Average of apparent IS (nm) 115 112 123 115 118 121 

Median of apparent IS (nm) 104 105 114 104 99 91 

 

Fig. 5 Development of IS and tensile strength 
4. CONCLUSION 

In the present paper, we have used a specific example of drawing a wire of eutectoid steel to demonstrate the 
potential of evaluation of numerical characteristics of IS of pearlite. This evaluation procedure is based on the 
work by Ikeda [4]. Here, we compared theoretically calculated frequencies with histograms constructed from 
measured data. The theoretical calculation is based on the assumption that the lamellae have random 
orientations and that the true IS is a random variable with a normal probability distribution. As the drawing 
process continues, the first assumption ceases to apply. Despite that, the present method can be deployed 
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and even provides remarkable information which can be useful in comparing various pass schedules (with 
different one-pass reductions and configurations e.g. - decreasing one-pass reduction vs. constant one-pass 
reduction schedules). 

 

Fig. 6 Dependence of tensile strength on IS expressed by different numerical characteristics 
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Abstract  

Intensity of structural changes during forging is usually determined in dependence on the forging ratio. Forging 
ratio at elongation is most often calculated with use of simple relations, which are based on the change of 
cross-section of the forged pieces. The intensity of structure development is influenced not only by the simple 
change of cross-sections, but also by relative length of the stroke, magnitude of deformation in individual 
passes, manner of edging, temperature, friction and shape of anvils. The paper gives an analysis of influence 
of the relative length of the stroke on the forging ratio.  

Keywords: Forging, relative length of the stroke, forging ratio  

1. INTRODUCTION 

The quality of large forgings is influenced not only by metallurgical factors of forging, such as the use of ingot, 
heating, forming temperatures, forging ratio etc., but also by technological factors, the significance of which 
not only in their impact on the quality of forgings, but mainly on economy issues. Especially in the case of 
forgings with complicated shape it is important to determine the optimal technological principles for their 
production, so that the required shape of the forged piece is achieved together with good quality with optimal 
consumption of metal and at economic production costs [1]. 

In many cases it is in the case of forgings with complicated shape more advantageous to manufacture a forged 
piece with technological material allowance with larger metal consumption and lower processing costs, rather 
than laboriously manufacture forged piece with complicated shape accompanied by large capacity loss of the 
forging shop and by high production costs [2]. 

So far published guidelines for the optimal shape range for production of large forgings are very limited and 
they do not provide the necessary picture of the optimal shape of the forged piece. Production possibilities of 
forging are then usually often overestimated and production costs are higher than in the case, when a forged 
piece of simpler shape is manufactured with technological material allowance [3]. 

The following technological principles are an attempt to express mathematically the major factors, according 
to which it is appropriate to carry out production of open-die forged pieces. Majority of those principles was 
prepared on the basis of operational experience of Czech forging shops and also of international literary 
references [4, 5]. 

Mathematical expression of technological principles is based especially on empirical experience of forging 
shops and it therefore makes no demands to the exactness of expression. Each of the presented principles 
would require for exact expression a deeper theoretical analysis and particularly numerous industrial 
measurements and model experiments and mathematical simulations. 
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2. SHAPE OF ANVILS 

The anvils used at forging can be basically divided into: straight, angular and shaped. At manufacture of large 
forged pieces by direct elongation of the ingot it is the most advantageous to use straight anvils, while the 
elongation should be performed by re-forging of the multi-edge ingot into an octagonal forged piece followed 
by gradual change of its shape into the square. Forging of circular forged pieces of cross-sections by direct 
elongation from the ingot should also be performed by re-forging of the ingot into a square forged piece 
followed by its final shaping into a circular cross-section [6]. This last operation, i.e. the change of the square 
cross-section into a circular one, should be performed with a minimum elongation. 

At forging of circular cross section forgings it is not appropriate to use only straight anvils, since tensile stresses 
are formed in the central part of the forged piece, which may contribute to crack formation. When docking the 
circular cross sections, it is advantageous, especially in steels with low formability, to use angular or shaped 
anvils. For steels less susceptible to cracking it is possible to use a combination of anvils in such a way that 
the upper anvil is straight, the bottom is angular or shaped. This combination of anvils is most commonly used 
in forging shops at forging of circular rods from large ingots. 

The shape of anvils affects the uniformity of deformation in cross-section of the re-forged blank. Longitudinal 
deformation at cross section of the forged piece is significantly uneven when straight anvils are used, while it 
is much more uniform when angular anvils are used. The optimum forming procedure takes place under 
conditions when the maximal deformation in the forged piece axis is and there are no cracks formed on its 
surface. This condition is best met by angular anvils with the angle of 110 °. When shaped anvils are used for 
forging of circular rods, the ratio of the radius Rv to the radius of curvature of the cut-out of the shaped anvil 
Rko is very important. An ideal situation occurs when Rv = Rko. 

When this condition is met, the contact surface of the anvil with the forged piece is the largest, the spreading 
is minimal and formation of tensile stresses on the surface and in the axis of the forged piece is restricted [7]. 
An unfavourable state of stress occurs when Rko > Rv. The contact surface of the anvil is minimal and forging 
approaches adverse ratios at forging of forged pieces of circular cross sections on straight anvils. That's why 
it is advisable to select the size of the shaped anvil at the start of forging in such a way that Rv ≈ Rko, and to 
complete the forging at the ratio Rv ≥ Rko. The largest diameter D of the initial blank that can be forged in 
angular anvils with the radius equal to the half of curvature r and a with the vertex angle β is limited by the 
relation: 

ý = 2þ_�∙R
Ø                                                (1)    

where  Sk  is the area of the anvil cut-out;  sä = �'  l2ÁÎ�
' + Ñ − �o, K is the degree of elongation in one pass;   r  

is the radius of the anvil curvature, β is the vertex angle between the tangents to the radius of the cut-out r 
curvature, So is the initial cross-section, Si  is the forged piece cross-section after elongation. 
2.1. Width of anvils, length of stroke and forging ratio  

Used width of anvils at elongation influences the evenness of deformation, thickness reduction ratio of steel in 
the forged piece axis and the intensity of elongation. When narrow anvils are used, Fig. 1a , although the 
spreading is small, elongation is effective, but there is the danger of imperfect penetration of deformation in 
the ingot axis. When very large anvils are used, Fig. 1b  (or at elongation with large relative length of the stroke) 
the penetration of deformation in the forged piece axis is indeed guaranteed, however, in the case of straight 
anvils the spreading is considerable and intensity of elongation is small. 
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Fig. 1  Influence of the width of anvils on thickness reduction ratio of steel in the forged piece axis: 
a) shape of the deformation zone at elongation with use of narrow anvils,  

b) at elongation with use of broad anvils 
 

It has been proven experimentally that the optimum width of straight anvils should be within the range from 0.5 
to 0.7 of the initial height of the forged piece, which can be described by the so-called relative length of the 
stroke by the relation: #� . = 0,5 − 0,7            (2) 

where  lz  = length of stroke;  ( lz  ≈  0.8 B; B is the anvil width), h is the initial height (or diameter D) of the 
forged piece. 

At bigger anvil width a considerable unevenness of deformation along the forged piece cross-section takes 
place, when true strain in the forged piece axis is significantly bigger than the average strain determined 
from the relation: 

Ã� = ����/.�                                                               (3)  

where ho  is the height of the forged piece before the deformation, h1 is the height after deformation.  

For calculation of the forging ratio by elongation it is possible to use two well known relations, based on the 
change of cross-section of the elongated forged piece. The first relation, used most frequently in the forging 
shops, can be described by the following equation: K = ���º = ï                                                                                                    (4) 

In dependence on the magnitude of the applied strain and on the relative length of stroke it is possible to use 
for determination of the forging ratio by elongation also this relation: 

A = QQ�Ç	  (Q�S)                               (5) 

where εh  is the magnitude of deformation, f is the coefficient of spreading at elongation. 

The coefficient of spreading depends on the relative width stroke lz/bi (Fig. 2 ). The coefficient of spreading in 
dependence on the relative stroke at forging in angular anvils with the angle β = 120° is given in the second 
row, at forging on straight anvils it is in the third row of Table 1 .  

Table 1  Dependence of the coefficient of spreading f on the relative width of stroke lz/bi 

lz/bi 0.3 0.4 0.5 0.6 0.7 0.8 1.0 1.2 1.4 

fangular - 0.01 0.025 0.04 0.06 0.75 0.11 0.12 0.16 

fstraight 0.13 0.17 0.20 0.24 0.25 0.27 0.32 0.36 0.41 

For calculation of relative spreading β* at elongation on straight anvils it is possible to use the relation: �∗ = ìæ�ìæ�/ìæ�/ = Qá(Q�Ç	) − 1                           (6) 
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where bi is the blank width in the zone of deformation after applied strain, bi-1 is the blank width in the zone of 
deformation before the applied strain  

                                                                

Fig. 2  Diagram of the forged piece elongation: a) anvil width B and length of stroke lz,                                   
b) change of the cross-section  

3. STRAIN PENETRATION AT ELONGATION  

The relative length of stroke lz/hi affects the depth of strain penetration during elongation. The influence of the 
relative length of stroke lz/h and the influence of the forging ratio on development of structure in the steel 
1.5710 at elongation on straight anvils was experimentally verified. 

The experiments were performed on 15 kg laboratory ingots. Average dimensions of the ingot cross-section 
were 90 x 90 mm. Chemical composition of steel is given in Table 2 . 

Table 2  Chemical composition of steel 1.5710, mass%  

C Mn Si Cr Ni V Al 
 

0.38 0.65 0.30 0.80 1.25 0.001 0.006 
 

The relative length of stroke was approx. 0.6. The forging ratio was determined according to the relation (5) 
and it was within the interval from 1 to 4. The forging was carried out in the temperature range from 1050 to 
950 °C. The forged pieces were after docking annealed at 600 °C for 2 hours, they were cooled down on air, 
and samples for metallographic analyses were taken from them. The samples for metallographic analyses 
were taken perpendicularly to the forged pieces longitudinal axis. Due to small size of the experimental forged 
pieces no analysis of structure size carried along the height of the elongated samples was made. Development 
of structure in the forged pieces axis in dependence on the forging ratio is shown in Fig. 3 . Although 
considerable attention is paid to investigation of the influence of forging ratio on the structure and mechanical 
properties of forged pieces resulting from it, we currently see also discussing works concerning the influence 
of the forging ratio on the structure and properties of forged pieces, as well as those concerning the calculation 
of the forging ratio. All the studies conducted so far clearly evidenced that it is possible to refine the structure 
by the better (not higher) forging ratio and thus improve also the properties of forged pieces, such as ductility, 
thinning and notch toughness. 

It is evident from Fig. 3  that the forged piece structure gets significantly refined from the forging ratio around 
the value of 4 (Fig. 3d ), although the forging shops operate mainly with the value of 3. If an upsetting operation 
is included into the technology of forging of longitudinal forged pieces, it has been unequivocally proven that 
the upsetting effect on the development of structure and thus also on en enhancement of the mechanical 
properties is not equivalent to the impact of the thickness reduction ratio achieved by elongation of the forged 
piece, it means by reduction of the cross-section of the forged piece in respect to the ingot cross section. 
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a)                                     b)                                     c)                                      d)                                                

Fig. 3  Development of structure of the steel 1.5710 in dependence on the degree of thickness reduction 
ratio:  a) K = 1; b) K = 2; c) K = 3; d) K = 4. 

4. CONCLUSIONS 

Due to the fact that for the assessment of production technology the forging shops got used to determination 
of the forging ratio, while for the pieces forged by elongation the minimum value is set to 3, it is necessary also 
for the pieces produced with use of upsetting operation to determine such a calculation of the total degree of 
forging ratio, which would correctly take into account the effect of upsetting. It is only natural that for 
determination of this calculation it is necessary to use simplified assumptions, since calculation of the forging 
ratio gives only an average value due to an unevenness of deformation in the formed forged piece. 
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Abstract  

Metal forming processes are continually being modified and enhanced in order to obtain products with 
improved functional properties and to gain new production opportunities and economical benefits. Novel 
incremental bulk metal forming techniques provide the potential to achieve both these goals. There has been 
a number of innovative processes developed relatively recently that are based on the incremental forming 
approach. The paper presents several examples of such processes developed and currently investigated in 
Polish universities and institutes: KOBO extrusion, forging and rolling aided by additional shear stress, cyclic 
extrusion-compression as well as forging with a segmented punch. The main features of these forming 
methods, their benefits and possible application areas have been described.  

Keywords: Incremental, forming, SPD, KOBO, CEC, shear stress, strain path, extrusion, forging, rolling 

1. INTRODUCTION 

A characteristic feature of incremental metal-forming processes is obtaining a required deformation of specific 
regions in a workpiece through multiple individual deformations caused by pressure (static application of load) 
or impact (dynamic application of load) of one tooling set within one production stage. There is a number of 
more or less commonly used processes of this kind, such as some open-die forging operations (e.g. drawing 
out, spreading, blacksmith forging), swaging, orbital forging, incremental ring rolling, flow forming, etc. [1]. The 
paper is aimed to present the innovative incremental forming methods, recently developed and tested 
intensively by Polish scientists. Innovations in these processes consist in modifications of classic metal forming 
processes through the introduction of additional forces in order to change the stress and strain states in a 
workpiece and to trigger supplementary material flow. KOBO extrusion and based on the similar principle 
forging and rolling aided by additional shear stress as well as cyclic extrusion-compression (CEC) represent 
incremental forming methods that permit to obtain the so called severe plastic deformation (SPD) and in 
consequence the ultrafine-grained microstructure. The results of various experiments prove that SPD 
processes significantly expand opportunities to control the microstructure and functional properties of a product 
in comparison to corresponding conventional processes [2-4]. Some of them, moreover, permit to reduce the 
press load and the deformation work required to obtain the required effective strain [4,5]. A radical reduction 
of press load in comparison to equivalent conventional process can be obtained by forging with a segmented 
punch which is also further shortly described.  

The presented incremental forming methods exhibit longer cycle times and require more complex control and 
machinery than their conventional equivalents. However, they provide a number of benefits which make them 
an interesting alternative to manufacturing processes of specific product groups. Their main benefits and 
application potential are collected in a summary. 

2. PRINCIPLES OF THE SELECTED INCREMENTAL FORMING P ROCESSES  

2.1. KOBO extrusion 

A principle of the method is to introduce additional deformation of a material through cyclic torsion while it flows 
out through a die opening. Two variations of this extrusion method have been developed (Fig. 1 ): direct 
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extrusion (already being applied industrially) and lateral extrusion [6]. A specific, ribbed die is used to conduct 
the cyclic torsion. Repetitive changes of the strain path cause visco-plastic material flow that enables to obtain 
very large effective strain in the extruded products in the presence of very advantageous triaxial compressive 
state of stress [7]. These beneficial features allow for stable performance of the cold extrusion process even 
for materials considered to be "brittle" under conventional forming (hot extrusion) conditions. Ultra-fine or even 
nano-crystalline, homogeneous products with improved functional properties can be achieved this way. The 
process parameters that allow for controlling the strain path and total effective strain to be obtained are: 
extrusion rate, extrusion ratio and frequency and amplitude of the die torsion angle. 

a) 

 
 

b) 

 
 

Fig. 1 A schematic representation of KOBO direct extrusion (a) and KOBO lateral extrusion (b) as well as 
selected extrusions with butts; 1- punch, 2 - container, 3 - billet, 4 - ribbed rotating die, 5 - product, 6 - lock 

2.2. Forging aided by additional shear stress 

a) b) 

Fig. 2  A schematic representation and photographs of the device for forging with reverse torsion, mounted in 
the material strength testing machine (a) and the device for forging with transverse motion of a punch, 

mounted in the working space of a hydraulic press (b): 1 - upper punch, 2 - billet, 3 - lower punch 
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A principle of this method is similar to KOBO extrusion. Introduction of the oscillatory motion of a punch in the 
transverse direction to the press load causes additional shear stress in a material. As a result, the significant 
increase of effective strain can be obtained and lower press load is required in comparison to conventional 
forging. Two variations of this method have been developed: compression with oscillatory torsion [4,5] and 
compression with cyclic transverse motion of a punch [8] (Fig. 2). Strain path and the total effective strain can 
be controlled by changing proportions of the process parameters: the compression velocity and the frequency 
and the amplitude of torsion angle or the frequency and the amplitude of a punch transverse motion, in respect 
to the method variant. 

2.3. Rolling with transverse motion of rolls 

The concept presented in previous sections has been adapted also for the rolling process [9,10]. A developed 
laboratory rolling stand (Fig. 3 ) consists of two rolls, a power unit and a specific eccentricity mechanism to 
control cyclic motion of both rolls that is transverse to the rolling direction. The mechanism is driven by gear-
motor controlled by an inverter, that allows to adjust the frequency of transverse rolls motion. The rolling 
velocity, the amplitude of rolls transverse motion and the reduction in height can be adjusted as well.  

  

Fig. 3 A photo and a schematic representation of the laboratory rolling mill with transverse motion of rolls:  
1 - billet, 2 - rolls 

2.4. Cyclic extrusion-compression 

Cyclic extrusion-compression (CEC) (named also by the authors as reciprocating extrusion [11]) along with 
e.g. ECAP method belongs to the group of such SPD (severe plastic deformation) processes that are aimed 
at radical refinement of the microstructure while the geometric features of a billet remains in fact unchanged. 
Cyclic deformation is performed by reverse extrusion through a die constriction combined with compression 
behind the constriction (Fig. 4 ).  

 
Fig. 4 A schematic representation of cyclic extrusion-compression (CEC);  

1,6- rams, 2,5 - dummy blocks, 3 - die, 4 - billet 

Two rams are used during every deformation cycle. One of them pushes a billet while the second - located on 
the opposite side of a die - provides the counter-pressure. By adjusting the counter-pressure, it is possible to 
control the strain path and the stress state in a billet. The most favorable load pattern is achieved when a 
material completely fills the space behind the die constriction and the hydrodynamic friction conditions occur. 
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The effective strain in an individual cycle can be calculated from the ratio of the billet cross-section area to the 
cross-section area of a die constriction. The total, accumulated effective strain depends on the number of 
extrusion-compression cycles.  

2.5. Forging with segmented punch 

This incremental bulk forming method can be defined as a process during which indentations of a relatively 
large area and a big depth are obtained by accumulation of small indentations made consecutively by individual 
segments of a relatively small working surface. The concept was initially utilized to develop a device for 
incremental forging of ribbed round-countoured parts (Fig. 5a ) on the orbital press [12,13]. Based on the 
experience gained during these experiments, a new laboratory device for producing rectangular-contoured 
panels (Fig. 5b ) has been developed [14]. Punch in the device are divided into a number of segments which 
are collected in several sectors of a punch retainer (Fig. 6 ). The segments are consecutively pressed by 
working rolls that move horizontally in the reciprocating manner. Only a few punch segments are pressed 
against a workpiece at the same time. Hence, it enables to decrease substantially the press load required to 
execute plastic deformation. The indentation depth in an individual pass depends on a press load applied and 
the flow stress of a material formed. As the press load is gradually increased in subsequent passes, the 
segments penetrate deeper and deeper into a workpiece causing a material flow to the gaps between the 
neighbouring punch sectors and the die walls. A ribbing is formed this way while an advantageous, 
uninterrupted grain structure is preserved (Fig. 5b ). A number and distribution of ribbs depends on geometric 
features of the tooling. Significant reduction of the press load is the most important advantage of the method 
because the process can be performed even on presses with relatively small maximum press load.  

a) 

 

b) 

 

Fig. 5 Round- (a) and rectangular-contoured parts (b) obtained in experimental trials of incremental forging 
with segmented punch as well as grain structure revealed on the selected sections 

 

 

 

Fig. 6 A schematic representation of the device for incremental forming with segmented punch mounted in 
the working space of a hydraulic press and typical features of a product; 1 - press punch, 2 - working rolls,  

3 - segmented punch, 4 - punch retainer, 5 - billet, 6 - die 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

336 

3. CONCLUSIONS 

The presented bulk incremental forming processes provide a number of important advantages over the 
equivalent, conventional manufacturing methods. Beneficial deformation of a material is achieved by 
implementing additional forces that act cyclically on a billet and the effective strain increases in the incremental 
manner. Thanks to their specific advantages, the methods exhibit a great application potential, especially for 
the low series production. They can be particularly interested for companies having a limited press load at their 
command and willing to manufacture products with unconventional set of functional properties. 

KOBO extrusion method can be applied to form a number of materials treated as hard-workable or even non-
workable in conventional processes, such as composites [15] or magnesium alloys [16]. The method can be 
also adopted to recycle metal shavings after machining processes [17]. Huge extrusion ratios permit to 
radically refine the microstructure. 

Forging with cyclic, reverse torsion and forging or rolling with reciprocating, transverse motion of dies offer the 
significant increase of local strains, press load reduction, better die filling [18]. As a result, manufacturing of 
products with complex shape and the UFG microstructure is possible.  

In the CEC process, a shape of the workpiece practically remains unchanged, and the process itself should 
be treated as a method for manufacturing of UFG stock for subsequent, finishing forming operations. It can be 
used also, just like the previously mentioned methods, to consolidate porous materials, ie. powders [11], and 
for eliminating voids in a stock material.  

Incremental forming with a set of segmented punches allows for radical press load reduction in comparison to 
the conventional forging. It provides also the significant materials saving and preserving the uninterrupted grain 
structure which is not possible after machining. The method is particularly beneficial for manufacturing of the 
ribbed parts with high surface/thickness ratio e.g. aircraft integral panels [14]. 
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Abstract 

The paper presents results of steel 23MnB4 and C70 plasticity tests meant for rolling wire rods on modern 
continuous rolling mill. Plasticity assessment was conducted in hot torsion test performed on swing plastometer 
in temperature range of rolling wire rode from 850 to 1150°C and deformation speed of 0.1; 1 and 10 s-1. The 
basis for plastic 

ity assessment was the dependency between flow stress and deformation achieved on the basis of registered 
torsion moment in function of the number of sample torsions. On such basis the characteristic values were 
determined: peak flow stress, deformation value which corresponds with peak stress and deformation to 
failure. Those values are dependent on deformation parameters and certain dependencies between peak flow 
stress and corresponding deformation with activation energy of the deformation process and Zener-Hollomon 
parameter were elaborated. 

Keywords: Hot torsion, flow stress, plasticity of steel, wire rod 

1. INTRODUCTION 

Development of computer technology which enables the analysis of plastic treatment processes urged the 
need to formulate equations which describe the values of the plastically deformed material and at the same 
time plastometric tests which are the basis to prepare constitutive equations. Achievement of the correct 
description of the plasticity of given material, particularly in flow stress function, is connected with mathematical 
form of function as well as methodology of experimental determination of flow stresses. Most often used 
methods of technological assessment of plasticity are: tension tests, compression tests, torsion tests, impact 
value tests and model boosting up and rolling tests. Applied plastometric test methods bring the conditions of 
tests performance close enough to real conditions of the processes of plastic treatment. This paper presents 
results of plasticity tests for two chosen types of steel 23MnB4 and C70 which are representative for the rolling 
process of wire rod in continuous rolling mill [1]. Torsion tests were conducted on torsion plastometer which is 
owned by the Institute of Metals Technology at Silesian University of Technology [2]. Assessment of 
susceptibility to plastic deformation was determined for chosen steel types in temperature range from 850 to 

1150°C and deformation speed from 0.1 to 10 s-1 on the basis of dependency of flow stress σp from deformation 

ε.   

2. METHODOLOGY 

The amount of the basic chemical elements included in steel types 23MnB4 and C70 chosen for plasticity tests 
are presented in Table 1 . Hot torsion tests for those two chosen steel types were conducted for temperature 
range for rolling wire rod: 850°C, 900°C, 950°C, 1000°C, 1050°C, 1100°C, 1150°C and with turn of rotation of: 
5 turns/min., 50 turns/minute and 500 turns/min., which equal strain rates of  0.1 s-1, 1 s-1 and 10 s-1. Samples 
were heated to a temperature of 1150°C, annealed in this temperature for 30 seconds and next cooled to 
deformation temperature and twisted till damage. The course of the torsion tests is shown in Fig. 1 . 
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Table1  Chemical composition of tested steels: 23MnB4 and C70 

 

Grade 

Content of chemical elements, [mass %] 

C Mn Si P S Cr Ni Cu B 

23MnB4 0.21 0.97 0.10 0.014 0.009 0.26 0.07 0.17 0.0030 

C70 0.71 0.57 0.22 0.010 0.011 0.05 0.06 0.13 0.0002 

 

Fig. 1  Diagram of the conducted hot torsion tests 

The basis for marking the dependency of flow stress (σp) from strain (ε) from hot torsion test was the data from 
measurements written into an Excel program in columns which included the values of the torsion moment M 
[Nm], axial force F [N], temperature T [°C], number of sample torsions N [rotation] and time t [s]. Data 
processing though filtration, cutting, thinning and smoothening was conducted in Matlab program. Flow stress, 
true strain and strain rate was calculated with the use of traditional formulas in the torsion theory, flow stress 
(1): 
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In order to describe the influence of process parameters on the properties in mathematical values the Zener-
Hollomon Z parameter was calculated in a dependency (4): 
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on the basis of activation energy Q marked in a constitutive equation (5) [3]: 
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where: C, α, n - coefficients. 

Activation energy was marked with the use of the program ENERGY 4.0 [3]. Peak flow stress σpp in parameter 

Z function was calculated from transformed dependency (5): 
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Deformation εp corresponding with peak flow stress in function of parameter Z was marked in exponential 
dependency (7) [4]: 

W
p U Zε = ⋅             (7) 

where: U and W are material constants.  

In programs used for simulations of plastic processing (i.e. Forge, FormFEM) there are often various forms of 
Hansel-Spittel function applied. In this paper the following dependency was applied (8): 
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where: ε - equivalent deformation, ε& - strain rate [s-1], T - temperature [°C], A, m1, m2, m3, m4 - function 
coefficient. 

Function coefficients (8) were marked on the basis of presented results of plastometric tests. Newton method, 
implemented in Solver (addition to Excel calculation sheet), was applied. The method uses iteration algorithm 
of searching the minimum and peak for set objective function. The idea behind marking the coefficients of 
function (8) was to find such values for which the norm of mean-square error between the values of flow stress 
marked with the use of such function and the experimental results reaches minimum. Assumed error norm had 
the form of (9): 
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21 σσφ           (9) 

where: σpci - value of flow stress calculated on the basis of chosen form of function for i-measurement point, 
σpmi - value of flow stress calculated on the basis of torsion tests results for i-measurement point, n - number 
of measurement points. 

3.  RESULTS 

General assessment of plasticity was conducted on the basis of dependencies and temperature and strain 
rate. The course of dependency of flow stress from deformation for steel 23MnB4 and C70Dfor different torsion 
temperatures and strain rate of 1 s-1 are shown in Fig. 2 a, b .  

    
a) b) 

Fig. 2  Flow stress (σp) in deformation function ε for investigatd steels  after hot torsion in temperature from 
850°C to 1150°C - 23MnB4 (a), C70 (b) 
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Tested steels are characterised with big deformability which reaches the value of deformation limit of ɛg above 
20, which is why the presented range of deformation was limited to the value equal 2.0. For both steel types, 
independently from the performed range of deformation parameters, the flow curves have characteristic course 

with distinctively marked peak of flow stress (σpp), next drop flow stress below peak and the range of constant 
value of flow stress which is typical for the appearance of the process of dynamic recrystallization. For both 
steel types, independently from the performed range of deformation parameters, the flow curves have 

characteristic course with distinctively marked peak of flow stress (σpp), next drop flow stress below peak and 
the range of constant value of flow stress which is typical for the appearance of the process of dynamic 
recrystallization. 

At the same time the regularity is maintained of the shift of peak towards smaller deformation values together 
with increase in temperature as well as increase of stress value with the increase of deformation speed. The 
location of the peak point of flow stress strictly depends on the deformation speed. For the smallest strain rate 
it can be found in the range from 0.16 - 0.72, and for the biggest strain rate from 0.53 to 1.55 and declines with 
the temperature increase. As it was mentioned before the tested steels are characterised with big deformability 
which reaches limit value of deformation ɛg equal 20 in the lowest deformation temperature and with constant 

increase of deformability with temperature increase. Comparison of the values of peak flow stress σpp 
depending on temperature and strain rate in shown in Fig. 4 . 

    

Fig. 3  Peak flow stress (σpp) (a) and deformation (εp)  depending on temperature T and strain rate for steel 
23MnB4 

      
Fig. 4  Peak flow stress (σpp) (a) and deformation (εp) depending on temperature T and strain rate for steel 

C70 
Marked constants for dependencies from (4) to (7) are presented in Table 2 , and the course of the dependency 

of peak flow stress (σpp) and deformation (εp) and Zener - Hollomon parameter Z was given for investigated 
steels in Fig. 5 . 
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Table 2  Material constants of tested steels determined in computer program Energy 4.0  

 23MnB4 C70 
Q [kJ·mol-1] 275.2 739.8 

n [-] 5.14 13.72 

α [MPa-1] 0.00934 0.00419 
C [s-1] 5.85×1011 2.28×1036 
U [-] 0.0031 0.0016 
W [-] 0.188 0.082 

 

   
a)  b) 

Fig. 5  Dependency peak flow stress (σpp) (a) and deformation (εp)  from Zener-Hollomon parameter Z for 
investigated steel a- 23MnB4, b- C70 

 

Values of function coefficients (8) for tested steels in temperature ranges from 850 to 1150°C, deformation 
from 0.05 to 2.0 and deformation speed from 0.01 to 10 s-1 and error value norms (9) are given in Table 3 . 

Table 3  Values of coefficients of assumed flow stress function  

Steel grade A m1 m2 m3 m4 Φ 

23MnB4 2148.8 -0.00332 -0.0247 0.1343 -0.0310 55.40 

C70 3276.6 -0.00367 -0.0109 0.1508 -0.0493- 137.97 
 
Comparison of the courses of marked functions with flow curves achieved in plastometric tests are presented 
in Fig. 6 . 
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a)              b)   

Fig. 6  Comparison of the courses of marked functions (full lines) with experimentation curves (broken lines) 
for steel 23MnB4 (a) and C70D (b) 

4. CONCLUSION 

Curves showing dependency of flow stress from deformation of steel types 23MnB4 and C70 in the range of 
tested deformation parameters have characteristic course with clearly marked peak of flow stress, next drop 
of flow stress below peak and the range of constant value of flow stress. The regularity is maintained of the 
shift of peak towards smaller deformation values together with temperature increase and the increase of stress 
value with the growth of deformation speed. The location of flow stress peak is strictly dependent from the rate 
of deformation.  

Tested steels are characterised with big deformability which reaches the value of limit deformation ɛg above 
the value of 20 and in the lowest temperature of deformation there is a constant increase of deformability 
together with temperature increase. Peak flow stress is differentiated to a small degree depending on steel 
type and is more dependent on temperature and the strain rate. Correlations between parameters of the 
deformation process and mechanical properties defined with the torsion test indicate that the influence of the 

Zener-Hollomon parameter on the peak flow stress σpp and corresponding εp for both the steels can be 
presented in the form of a power function such as austenitic steels [5, 6]. 

Flow stress function in the form of Hansel-Spittel dependency allows to determine with the accuracy up to a 
few percent the value of the flow stress depending on deformation, the rate of deformation and the temperature 
and it can be applied in programs for analysis of rolling processes of tested steel types. 
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Abstract 

The paper is aimed on appraisal of influence of preceding deformation on spring steel CCT diagrams, which 
were created on the basis on dilatometric analyses of cooling curves, using universal plastometer Gleeble 
3800, CCT and DCCT diagrams after austenitisation at the temperature of 850 °C, which were further 
supported by metallographic analyses and hardness measurements HV30. Dilatometric tests were performed 
at different cooling rates in the range from 0.16 to 12 °C/s. The diagrams prepared in this way were compared 
with the diagrams computed numerically by the specialised software QTSteel under the same conditions. The 
comparison of the experimentally obtained diagrams with the numerically computed ones confirms 
irreplaceability of physical experiments due to big differences between reality and numerically computed 
diagrams. The influence of preceding deformation on anisothermal disintegration of austenite was manifested 
at each phase transformation, but in case of pearlitic transformation it was the most outstanding due to 
significant acceleration. 

Keywords:  Spring steel 51CrV4, dilatometric tests, CCT and DCCT diagrams, plastometer Gleeble 3800 

1. INTRODUCTION 

Efforts aimed at optimisation of the existing processes and implementation of new technologies of cooling, 
connected with processes of controlled cooling of steel as such, cannot be put into life without knowledge  
of phase transformation kinetics [1, 2]. CCT and DCCT diagrams are suitable tool for description of exactly 
this kinetics of super-cooled austenite. Knowledge of those diagrams is very useful as control of steel structure 
at the phase of their cooling after hot forming, or at their heat treatment connected with phase transformations 
[1-6]. 

Classical CCT diagrams describe kinetics of austenite transformation in idle mode, this state is in practice, 
however, often influenced by the preceding deformation, which to certain extent affects kinetics of individual 
austenite transformations during cooling. This can be described by DCCT diagrams, which comprise  
the influence of preceding deformation [6-8]. DCCT diagrams can be constructed only on the basis  
of dilatometric tests with influence of preceding deformation with use of special dilatometers, or possibly  
by software specially developed for this purpose [5, 9-11]. 

The aim of experiment consisted in determination of CCT and DCCT diagrams for spring steel 51CrV4  
on the basis of dilatometric tests, which were performed on plastometer Gleeble 3800, installed at the Regional 
Materials Science and Technology Centre (RMSTC) at the VSB - Technical University of Ostrava (VSB-TU 
Ostrava) [12]. Thus obtained transformation diagrams were compared with diagrams obtained by numerical 
calculation in the program QTSteel 3.2. [9]. 

The steel 51CrV4 is slightly hypo-eutectoid low alloyed chromium - vanadium steel, which is characterised by 
high hardening capacity, and which is suitable for heavily loaded machine parts. In heat treated state it has 
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very favourable ratio of strength to yield point, but it has, however, lower toughness in comparison with Cr-Mo 
steels. It is characterised by high values of fatigue limits at cycling stressing, that's why it is suitable also for 
manufacture of heat treated springs [4, 13, 14]. 

2. EXPERIMENT DESCRIPTION 

For the experiment cylindrical samples of the type SICO with diameter of 6 mm and length of 86 mm were 
made from the spring steel 51CrV4, the chemical composition is which according to the norm EN 10083-3 [14] 
is specified in Table 1 . The length of heated zone of these samples was 20 mm [12, 15].  

Table1  Chemical composition of steel 51CrV4 according to the standard EN 10083-3 in wt. % [12] 

C Si Mn P S Cr V 

0.47 - 0.55 max. 0.40 0.70 - 1.10 max. 0.025 max. 0.035 0.90 - 1.20 0.10 - 0.25 

These samples were at first used for a study aimed at determination of suitable austenitisation temperature. 
This experiment was performed on dilatometric module of the plastometer Gleeble 3800, when the samples 
were heated at the heating rates of 1 and 10 °C/s. Temperatures of phase transformations Ac1 and Ac3 were 
determined form the obtained dilatometric curves. Determination of the values of transformation temperatures 
in dependence on the heating rate is illustrated in Fig. 1 . On the basis of the values determined from Fig. 1  
the optimal austenitisation temperature was set to be 850 °C. 

The same samples and the same instrumentation were afterwards used for dilatometric tests with and without 
influence of preceding deformation. In the case of dilatometric tests without influence of preceding deformation 
the samples were heated to the temperature of 850°C, which was followed by a dwell of 120 s  at this 
temperature. The samples were then cooled down at constant cooling rates ranging from 0.16 to 12 °C/s. The 
samples were cooled down by heat removal into copper jaws.  

In the next phase dilatometric tests with influence of preceding deformation were performed in a similar way, 
with the difference consisting in the fact that heating to the temperature of 850 °C with the dwell of 120 s at 
this temperature was followed by deformation by uniaxial compression. Magnitude of real strain was 0.35 at 
the strain rate of 1 s-1.  The samples were then again cooled down at constant cooling rates ranging from 0.16 
to 12 °C/s. 

All dilatometric tests were confronted with metallographic analyses and with measurement of hardness HV30.  

 

Fig. 1  Determination of transformations 
temperatures 

Fig. 2  Dilatation curves for cooling of the spring steel 
51CrV4 (without of preceding deformation) 
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3. DISCUSSION OF RESULTS 

3.1. Dilatometric tests without preceding deformati on 

Determination of optimal austenitisation temperature (850 °C) for the steel 51CrV4, was followed by 
dilatometric tests without influence of preceding plastic deformation. Fig. 2 presents an example of dilatation 
curves during cooling of samples at various cooling rates. 

From obtained dilatation curves a CCT diagram of the examined steel without influence of preceding 
deformation (Fig. 3 ) was constructed by the specialised CCT software, supplied by the company DSI together 
with the plastometer Gleeble 3800 [15]. In order to enable a comparison, an analogical CCT diagram was 
calculated for identical experimental conditions by the software QTSteel 3.2., provided by the company ITA 
s.r.o. (Fig. 4 ) [9]. 

  

Fig. 3  CCT diagram of steel 51CrV4 Fig. 4  CCT diagram of steel 51CrV4 constructed by 
using the software QTSteel 3.2. 

It is evident, that CCT diagram prepared by 
mathematical modelling (Fig. 4 ) significantly 
differs from experimental reality (Fig. 3 ). The 
most essential difference consists in the fact 
that mathematically constructed CCT diagram 
assumes on the basis of chemical composition 
a formation of considerable portion of ferrite 
during cooling. This assumption seems to be 
logical, as this steel is hypo-eutectoid [14], it is, 
however, in conflict with the reality ascertained 
by dilatometric tests. This fact is supported also 
by CCT diagram of equivalent steel 50CrV4 
(Fig. 5 ), which is similar to the examined steel 
by its chemical composition and utilisation [16]. 
This diagram in Fig. 5  is also formed only by 
curves of pearlitic, bainitic and martensitic 
transformation. Another substantial deficiency 
of the program QTSteel 3.2. is termination of 
the start of martensitic transformation at the 
point of contact with the curve of the start of 
bainite formation. The program QTSteel 
moreover does not accept an assumption of 
drop of temperature of the start of martensitic 

transformation with decreasing cooling rate, or with increasing time. It is evident from comparison of the CCT 

 

Fig. 5  CCT diagram of equivalent  
steel 50CrV4 [16] 
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diagram of the examined steel determined by dilatometry (Fig. 3 ) with the diagram of similar type of steel 
(Fig. 5 ), that both diagrams are quite similar from the perspective of the shape of curves and temperatures. 
Nevertheless, in case of diagram of the steel 50CrV4 the start of bainitic transformation is shifted more to the 
left, towards shorter times. 

Correctness of the CCT diagram prepared by dilatometry was verified by optical metallographic analysis. In 
the case of very small cooling rates the structure was formed particularly by pearlite with small islands of ferrite 
with toal share up to 5 %, which is below the limit of detection by dilatometry (Fig. 6a) ) [15]. Fig. 6b)  shows 
micro-structure of the sample after dilatometry without deformation after cooling at the cooling rate of 6 °C/s. 
The structure is in this case predominantly by martensite, while bainite is a minority component. 

  
a) cooling rate 0.16 °C/s b) cooling rate 6 °C/s 

Fig. 6  Examples of microstructure of the samples subjected to dilatometric tests (without deformation) 

3.2. Dilatometric tests with preceding deformation 

In the next step also a DCCT diagram was constructed experimentally on the basis of dilatometry - see Fig. 7 . 
In this case too, for the purposes of comparison a DCCT diagram was created by numerical calculation in the 
software QTSteel 3.2. - see Fig. 8 . 

  

Fig. 7  DCCT diagram of steel 51CrV4 Fig. 8  DCCT diagram of steel 51CrV4 constructed 
by using the software QTSteel 

It is obvious from comparison of Figs. 7  and 8 that calculated disintegration diagram with influence of 
deformation is untrustworthy. In comparison with the experiment it again contains a distinct area of ferrite 
formation, line of martensitic transformation is all the time constant and it does not reflect its real drop. In the 
case of bainitic and particularly pearlitic transformation this is a principal disagreement from the viewpoint of 
shape and coordinates. 

Optical metallographic analysis was performed in this case as well. Examples of structures of selected cooling 
rates after dilatometry with influence of preceding deformation are presented in Fig. 9 , while Fig. 9a)  shows a 
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micrograph of the sample cooled at the cooling rate of 1.5 °C/s, the structure of which is formed by a mixture 
of bainite, martensite and pearlite. In Fig. 9b)  the structure of the sample cooled at the cooling rate of 12 °C/s 
is formed solely by martensite. 

  
a) cooling rate 1.5 °C/s b) cooling rate 12 °C/s 

Fig. 9  Examples of microstructure of the samples subjected to dilatometric tests (with deformation) 

3.3. Influence of deformation on transformation dia grams and hardness 

For the purposes of transparent comparison of both experimentally obtained disintegration (CCT and DCCT) 
for the steel 51CrV4 a diagram presented in Fig. 10  was constructed. A distinct influence of deformation is 
evident in the case of pearlitic transformation, which is significantly accelerated by deformation and therefore 
shifted towards shorter times. The curve itself of the start of pearlitic transformation is in the case of DCCT 
diagram more flat. The start of bainitic transformation due to deformation was slightly shifted towards higher 
temperatures, and moreover a curve was formed, which delimits the termination of this transformation. 
Nevertheless, the so called bainitic nose remains at the same position. The curve of the start of martensitic 
transformation was due to deformation slightly lowered, particularly in the areas of higher cooling rates.  

  

Fig. 10   Comparison of CCT and DCCT 
disintegration diagrams determined by dilatometry  

of steel 51CrV4 

Fig. 11   Effect of cooling rate on the hardness of 
the samples after dilatometry of steel 51CrV4 

All the metallographically analysed samples were also subjected to measurement of hardness according to 
the Vickers HV30. Graphic illustration of hardness of the steel 51CrV4 as a function of the cooling rate (Fig. 11 ) 
shows clearly the basic trend, i.e. that hardness decreases proportionately to the cooling rate. The start and 
end of hardness cures is almost identical, which is given by identical structural composition at those rates. The 
deviation of the central part of curves is caused exactly by different structural composition and shares of 
individual components. Certain discontinuity of the course of curves appears at the rates  
of 1.5 - 3 °C/s (CCT) or 3 - 5 °C/s (DCCT). It is given by an almost leap change of the share of some present 
structural components. 
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4. CONCLUSIONS 

On the basis of dilatometric tests with heating rate of 1 and 10 °C/s the temperatures of phase transformations 
of the examined spring steel 51CrV4 were determined and then the temperature of austenitisation suitable for 
the next tests was determined to be (850 °C). CCT and DCCT diagrams for the steel 51CrV4 were prepared 
by combination of dilatometric tests, metallographic analyses and measurements of hardness. Thus 
constructed diagrams were compared with the diagrams calculated numerically by the software QTSteel 3.2. 
for identical conditions. Experimental construction of DCCT diagram after austenitisation at the temperature of 
850 °C evidenced a significant acceleration of pearlitic transformation due to preceding deformation. The start 
of bainitic transformation due to deformation was slightly shifted towards higher temperatures, and moreover 
a curve was formed, delimiting the termination of this transformation. Disintegration diagrams CCT and DCCT 
constructed by computer modelling in the program QTSteel 3.2. showed striking differences in comparison to 
the diagrams constructed on the basis of dilatometry. It has thus proved a irreplaceability of demanding 
physical experiments at exact description of kinetics of phase transformations in the course of cooling of 
specific steel at various cooling rates. 
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Abstract 

The paper presents analysis of plasticity characteristics and microstructure of magnesium alloy type WE43 
with yttrium, zirconium and rare earth elements. Susceptibility of magnesium alloy to cracking in high 
temperatures was tested on Gleeble3800 simulator. Zero resistance temperature and zero plasticity were 
determined. Tests were conducted for assessment of susceptibility of tested alloys to hot plastic deformation. 
A tensile test was performed in temperature range from 250 to 450°C. On the basis of the results, ultimate 
tensile strength and reduction of area were determined for tested samples. A varied plasticity of tested alloys 
was found depending on aluminium content. Tests results will be useful in development of forging technology 
for chosen construction elements which serve as light substitutes of currently used materials. 

Keywords: Magnesium alloy, tests of plasticity, microstructure, mechanical properties, cracking 

1. INTRODUCTION 

Designing the technology of plastic processing for construction elements requires a precise determination of 
the influence of process parameters on the plasticity and microstructure of alloys. It is especially important in 
case of designing products made of magnesium alloys meant for construction elements for aviation industry 
which replace the currently applied conventional materials [1-3]. Alloy WE43 belongs to the group of 
magnesium alloys which includes rare earth elements, mainly Y, RE and Zr.  This alloy is used as casting alloy 
and it is also shaped with the use of plastic processing. Alloy type WE43 has beneficial resistance properties 
and can be applied up to temperature of 300°C [4]. It is also characterised with better resistance to corrosion 
in comparison to classic alloys of magnesium with aluminium. Due to those factors it can be applied on such 
construction elements in aviation which are prepared with the use of forging or extrusion. However, plastic 
treatment is difficult because the alloy has low deformability. The paper presents tests of susceptibility to plastic 
forming of the tested alloy. In order to assess the susceptibility to plastic forming some plastometric tests were 
conducted with the use of hot compression method and tensile tests. Also the zero resistance temperature 
and zero plasticity temperature were determined on Gleeble3800 simulator. Tests of fracture character were 
conducted with application of scanning microscopy. On the basis of prepared characteristics the intervals of 
decreased plasticity were determined in which the alloy is susceptible to cracking. The assessment of 
microstructure of the alloy was also conducted. On the basis of conducted tension test the changes in plasticity 
were determined in temperatures from 250 to 450°C. Achieved results were compared with classic magnesium 
alloy AZ31. Such tests are vital in preparation of plastic treatment technology for this alloy with the use of hot 
forging method.    

2. METHODOLOGY 

Tests were conducted for magnesium alloys type WE43 [5] containing yttrium, zirconium and rare earth 
elements with chemical composition presented in Table 1 . In order to determine the susceptibility of alloy to 
cracking in high temperatures, the Gleeble simulator was used to assess: 

• the zero resistance temperature (NRT), which is the temperature determined through heating and where 
the resistance of sample drops to zero, 

• the zero plasticity temperature (ZPT), which is the temperature marked during heating and by which the 
sample loses the ability to be plastically deformed 
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• after determination of zero plasticity temperature a tensile test was conducted.  

For samples after tensile test the ultimate tensile stress was determined (UTS) as well as reduction in area 
(Z). Character of fractures of stretched samples was tested with the use of scanning microscope Hitachi S-
4200. 

Table1  Chemical composition of WE43 alloy [% mass] 

Grade 
Content of chemical elements, [mass %] 

Y RE+Nd Zr Mn Cu Ni Zn Mg 

WE43 4 3.4 0.4 0.15 0.03 0.005 0.2 balance 

Test results for marking the zero plasticity temperature (NDT) are shown in Fig. 3 . It is clearly visible that in 
case of alloy WE43 the temperature is lower in comparison with alloy AZ31 and equals 515°C. In lower 
temperatures the samples show reduction in area.   

3.  RESULTS 

Microstructure of tested alloy in initial state after annealing in temperature of 450°C with annealing time of 40 
minutes is shown in Fig. 1 . Before deformation the tested alloy WE43 was characterised with microstructure 

of α-Mg solution. The presence of intermetallic phase division Mg-Y, Mg-Nd was also found in the 
microstructure of this alloy. 

 
 
 

 

a) b) 
Fig. 1  Microstructure of investigated alloys in initial state after annealing at temperature 400°C with holding 

time 1 min. a - microstructure, b - X-ray diffraction 

Zero resistance temperature for alloy WE43 was determined at the temperature of 570°C. In comparison with 
classic alloy AZ31 the temperature is comparable is equals 580°C. Experiments to determine the zero plasticity 
temperature (TZP) were conducted in accordance with the model shown in Fig. 2 . First sample was heated to 
a temperature 15°C lower than the zero resistance temperature marked earlier. For next set of samples the 
temperature was lowered in order to achieve reduction in area of samples which signified plasticity. Zero 
resistance temperature for alloy WE43 was determined at the temperature of 570°C. In comparison with classic 
alloy AZ31 the temperature is comparable is equals 580°C.  

Results of fractographic tests are shown in Fig. 3 . Deformation of alloy WE43 samples in 515°C, in the 
experiment performed to determine the zero plasticity temperature, show cracking on grain boundaries with 
brittle transcrystalline fissile character (Fig. 4a ). In lower temperature crackings with intercrystalline ductile 
character are formed and in such temperature the sample shows reduction of area (Fig. 4b ). 
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Fig. 2  Diagram of realized experiment for determining zero plasticity temperature (NDT) 

 

Fig. 3  Influence of temperature on reduction of area (Z) based on assumption presented in Fig. 2 to 
determine zero plasticity temperature 

Results of fractographic tests are shown in Fig. 4 . Deformation of alloy WE43 samples in 515°C, in the 
experiment performed to determine the zero plasticity temperature, show cracking on grain boundaries with 
brittle transcrystalline fissile character (Fig. 4a ). In lower temperature crackings with intercrystalline ductile 
character are formed and in such temperature the sample shows reduction of area (Fig. 4b ). 

Results of tensile test show that in tested range of tension parameters variability the resistance to tension in 
higher for alloy WE43 in comparison with alloy AZ31 (Fig. 4a ). Ultimate tensile strength decreases almost 
5×times together with the deformation temperature increase from 200°C to 450°C. In case of reduction of area 
Z, which is the measure of plasticity lower values were achieved for alloy WE43 for tested alloys during tension 
in tested deformation temperature variability (Fig. 4b ). In the range from 350°C to 400°C the alloy has the best 
susceptibility to deformation and the reduction of area above 90%. Below the temperature of 350°C plasticity 
drops intensively. Above the temperature of 400°C the deformability decreases and in temperature of 450°C 
equals 86%. 

Compression tests were conducted on heat-mechanical simulator Gleeble 3800 in temperatures of 200, 250, 
300, 350, 400 and 450°C. Compression tests were conducted after heating the sample to 450°C with heating 
speed of 3°C/s, holding in this temperature for 300s and next cooling to deformation temperature with the 
speed of 5 °C/s. Holding time before deformation was 30s. The applied strain rates were 0.01, 0.1, 1.0 s-1; 
strain equalled 1.0. 
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a)  b) 
Fig. 4 Fractography of sample fractures WE43 alloy after tension of the samples at 515°C (a) and  510°C (b) 

        
a)   b) 

Fig. 5  Results of tensile test for investigated alloys in temperature range from 200 to 450°C, a - ultimate 
tensile strength (UTS), b - reduction of area (Z) 

Registered values of pressure force and displacement in time function were calculated into dependencies of 
stress to strain which for tested temperature and strain rate of 0.1s-1 are shown in Fig. 5 . In temperature of 

250°C alloy shows small deformability and cracks by deformation of ε = 0.3 in temperature of 250°C - also in 
temperature of 250°C the alloy presents low deformability. Some improvement of plasticity was observed after 
compression in temperature of 300°C. A significant increase of deformability occurs in temperature of 350°C. 
Similarly in higher temperatures: 400°C, 450°C the deformability is correct. 

In order to describe the influence of process parameters on the properties the Zener-Hollomon parameter (Z) 
was calculated from the dependency: 

exp
Q

Z
R T

ε  =  ⋅ 
& ,         (1) 

on the basis of activation energy Q  marked from constitutive equation [10]: 
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where: C, α, n  - coefficients. 

 
Fig. 6  Dependency of flow stress from strain for WE43 alloy at 250°C ÷ 450°C temperature with strain rate 

of 0.1 s-1 

Activation energy was marked with application of program ENERGY 4.0. Maximum flow stress σpp in parameter 
Z function was calculated from transformed dependency (2): 

n
pp

Z

C

1
arg sinhσ

α
 

= ⋅   
 

         (3) 

Deformation εp which equals maximum yield stress in function of Z parameter was marked in exponential 
dependency [6]: 

W
p U Zε = ⋅          (4) 

where: U and W  are material constants. 

Marked values of activation energy Q and material constants are shown in Table 2 . Presented values indicate 
that tested alloy WE43 has higher activation energy of plastic deformation in comparison with classic 
magnesium alloy AZ31 [7,8]. A good correspondence of calculated values on the basis of equations (3) and 
(4) with experimental data was confirmed (Fig. 6 ). 

Table 2  Material constants of investigated alloy determined in Energy 4.0 computer program 
Alloy AZ31 WE43 

Q [kJ·mol-1] 153.1 237.71 
n [-] 5.67 4.44 

α [MPa-1] 0.013 0.0087 
C [s-1] 1.04·1012 3.86·1016 
U [-] 0.0011 0.00057 
W [-] 0.18 0.31 

3.  CONCLUSION 

Designing the technology of plastic processing of construction elements requires a precise determination of 
the influence of process parameters on the plasticity and microstructure of alloys. It has significant importance 
in designing the products from magnesium alloys meant for construction elements for aviation industry which 
replace the currently applied conventionally used materials. Advantages of magnesium are presented in a 
number of papers [1-4]. By plastic processing the products with better set of mechanical properties can be 
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achieved in comparison with the ones achieved in casting method. The gathered data indicate that the tested 
alloy can be shaped with the use of plastic processing. 

 
a)   b) 

Fig. 7  Influence of Zener - Hollomon parameter (Z) on peak stress σpp (a) and strain εp (b) for investigated 
alloys; points - experimental values, lines - calculated 

The most beneficial deformability for alloy type WE43, described with the use of reduction of area Z in tested 
range of parameter variability in deformation process is gained in range from 350 to 450 °C, but the 
deformability is lower in comparison to alloy AZ31. Together with the temperature increase above 400 °C the 
drop in deformability is observed. Conducted fractographic tests show that for tested alloys brittle cracking can 
occur in strain conditions in high temperature. Marked temperature of zero plasticity (515 °C) is connected with 
the fact of presence of intermetallic phases in the alloy which melt in lower temperatures. 

It requires bigger discipline in conduction of the process in order not to lead to cracking of product. Locally, 
during deformation, the temperature should not exceed 500°C. For alloy AZ31 the range is bigger due to lower 
susceptibility to cracking. Properties marked in compression test, for the range of plastic processing which is 

350-400°C that is the maximum flow stress σpp and corresponding deformation εp can be described with the 
use of mathematical functions. Achieved results provide data for designing the process of hot forging of precise 
construction elements for aviation industry. 
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Abstract  

The paper presents results of research concerning the impact of different values of friction coefficient on 
pressure during an uniaxial compression test. The study was conducted using a simulator of metallurgical 
processes Gleeble 3800 located at the Institute of Metal Forming and Safety Engineering in Czestochowa 
University of Technology. Cylindrical samples with dimensions of φ 10 x 12 mm were upset at 1100 °C with a 
deformation of 15, 30, 45 and 60 %. During the test such parameters like: temperature, strain, stress and 
pressure were recorded. In order to perform numerical simulations the flow curves obtained in the form of a 
table were loaded into the program Forge 2011. In the numerical simulation the coefficient of friction was varied 
in the range 0.05 ÷ 0.4 and friction factor in the range 0.1 ÷ 0.8. The obtained results allowed to compare 
changes of barreling deformation of the sample and the pressure. The results allowed also to modify the 
plastometric curves and to continue the process of the numerical studies of real metal forming processes. 

Keywords: Uniaxial compression test, plastometric curves of steel, physical and numerical simulations,  
         system Gleeble 3800 

1. INTRODUCTION 

Intensive development of industry forcing research on new materials and technologies for producing finished 
products. Due to the high production costs, most research is carried out using numerical simulation and 
physical [3, 5]. When carrying out laboratory tests should be pursued to the maximum elimination of errors. 
The article presents the results of research on the impact of changes on the value of the coefficient of friction 
forces when trying to uniaxial compression. The study was conducted using a simulator metallurgical 
processes Gleeble 3800 located at the Institute of Plastic Working and Safety Engineering Technical University 
of Czestochowa. General view of the metallurgical process simulator is shown in Fig. 1 . 

 

Fig. 1 The simulator metallurgical processes Gleeble 3800 
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2. EXPERIMENTAL AND RESEARCH 

The material used for the research was steel grade C72. Cylindrical samples with dimensions of 
φ 10 x 12 mm upset at 1100 ° C with a deformation of 15, 30, 45 and 60 %. During the test, the recorded 
temperature, strain, stress and pressure [6]. View of the sample placed in the simulator Gleeble 3800 shown 
in Fig. 2 . 

 

Fig. 2 View of the cylindrical sample placed in the simulator Gleeble 3800 

Gleeble Simulator 3800 has a resistive heating system samples. Measuring the temperature of the test material 
is done by a thermocouple placed in the center of the sample. In order to determine the temperature distribution 
over the entire height of the sample provided three thermocouples. Thermocouple TC1 - control thermocouple 
is located in the center of the sample, thermocouple TC2 was placed in ¼ of the height and thermocouple TC3 
located right at the base. 

 

Fig. 3 Temperature distribution for the three thermocouples 

On the basis of temperature changes shown in Fig. 3  it can be concluded that the difference between the 
center of the sample and the face is about 30 ° C. This is due to the fact that the clips are cooled and performs 
these lower temperatures. 
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The Forge 2009® software relies on the finite element method and is designed for modelling of plastic working 
processes [1]. The software enables modelling of plastic working processes in a spatial strain state. A 
plastically deformed medium is described by the equation based on the Norton-Hoff law [2]: 

,       (1) 

where: Sij - stress tensor deviator;  - strain rate intensity; - strain rate tensor; - strain intensity, ε0 - base 
strain, T - temperature, K0, m0, n0, β0 - material constants specific to the plastically worked material.  

A general form of this law is as follows: 

,           (2) 

The coefficient m in Eq. (3) may assume the following values:  m = 1 corresponds to a Newtonian liquid with 

a viscosity of η = 2K, m = 0 gives a plastic flow law for a material satisfying Huber-Mises’ plasticity criterion 

with a yield stress of σp = , that is Levy-Mises’ rigid-plastic law: 

,            (3) 

The conditions of friction between the material and the tools are described by the Coulomb friction model and 
Treska's friction model, in which respective values of the friction coefficients and the friction factor are taken:  

 for ,          (4) 

 for ,          (5) 

where: τj - unit friction force vector, σ0 - base stress, σn - normal stress, μ - friction coefficient, m - friction 
factor. 

The boundary conditions of the heat transfer model are assumed as the combined limiting conditions of the 
second and third kinds, and are described by the formula: 

,      (6) 

where: lx, ly i lz - directional cosines of the normal to the strip surface, q - heat flow rate on the cooled strip 
zone, α - heat transfer coefficient, To - ambient temperature. 

The Forge2009® software enables the determination of the fields of temperature, stresses, strains and strain 
rates in the analyzed zone of metal being deformed. A substantial advantage that influences the accuracy of 
obtained computation results is the possibility of inputting the rheological properties of the deformed metal, 
either in the form of a mathematical function or in a tabularized form, reflecting the actual stress - strain 
relationships. 

In order to perform numerical simulations of flow curves obtained with the simulator Gleeble 3800 in tabular 
form Forge loaded into the program 2011. In order to shorten the calculations in simulations deformation of 
the sample 1/8 with 2 axes of symmetry [4]. An example of the temperature distribution for a sample deformed 
in 15 % shown in Fig. 4 . 
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Fig. 4 The temperature of the sample in 15 % deformed 

Referring to Fig. 4 , the temperature distribution is confirmed that a decrease of temperature of the surfaces of 
the anvil. At the same time it can be observed temperature rise in the center of the sample which is associated 
with the work of deformation. 

The application of the Forge2009® software using the thermo mechanical models incorporated in it requires 
the definition of boundary conditions which are crucial to the correctness of numerical computation. Therefore, 
computation results are particularly affected by: the properties of material examined, friction conditions, and 
the kinetic and thermal parameters describing the plastic working process.  

 

Fig. 5 The change in diameter at the base for the samples from physical and numerical simulation  

The samples obtained as a result of deformations in the simulator Gleeble 3800 to the deformations 15, 30, 
45 and 60 % was measured. Based on the measured diameter (DW) and the largest diameter (DZ) located in 
the mid-height. When numerical simulation program Forge changed the friction coefficient in the range of 0.05 
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÷ 0.4 and of friction in the range 0.1 ÷ 0.8. Upon completion of numerical measurements of all factors analyzed. 
The results diameter samples from the physical and numerical simulations are shown in Fig. 5  and Fig. 6 . 

 

Fig. 6 Changing the maximum diameter for samples with physical and numerical simulation  

In the graphs shown in Fig. 5  and Fig. 6  it can be concluded that the coefficient of friction in the range 0.05 ÷ 
0.4 and of friction in the range of 0.1 ÷ 0.8 for the test does not result in significant differences in barreling 
sample. In further studies analyzed the resulting change in force during deformation in the simulator Gleeble 
for each strain, ie. 15, 30 and 45 % and by numerical simulations. The results of changes force shown in Fig. 7 . 

Preliminary analysis of changes in pressure forces revealed that the force obtained in numerical simulation is 
lower than the pressure forces generated during the deformation in the simulator Gleeble 3800. The increase 
in tabular stress value of 15 % allowed, for the proper execution of numerical simulations. 

 
Fig. 7 Changing the force 

3. SUMMARY 

The article presents the results of research on the impact of changes coefficient of friction and friction factor 
on the value of force while trying to uniaxial compression. The study was conducted using a simulator 
metallurgical processes Gleeble 3800 located at the Institute of Plastic Working and Safety Engineering 
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Technical University of Czestochowa. Cylindrical samples with dimensions of φ 10 x 12 mm upset at 1100 °C 
with a deformation of 15, 30, 45 and 60 %. During the test, the recorded temperature, strain, stress and 
pressure. Numerical simulations were performed in the Forge, 2011. During the numerical simulations changed 
the friction coefficient in the range of 0.05 ÷ 0.4 and of friction in the range 0.1 ÷ 0.8. The results obtained 
allowed to conclude that a change in the coefficient of friction and friction factor over the range does not 
significantly affect the change barreling of the sample and the pressure. Analysis of temperature changes on 
the amount of deformation of the sample with three thermocouples leads to the conclusion that the difference 
between the middle and the end of the sample is about 30 °C. 
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Abstract 

This paper presents results of the examinations aimed at determination of the best controlled cooling 
conditions for wire rod with diameter 16.5 mm. The examinations were carried out for 20MnB4 steel grade for 
cold upsetting. 

The first stage of the research was analysis of currently used wire rod rolling and cooling technology, with 
particular focus on controlled cooling process based on Stelmor technology. The effect of rolling technology 
on microstructure and mechanical properties of wire rod was evaluated. The next stage of the research was 
to prepare TTT and DTTT diagrams for the steel grade studied. The purpose of this research stage was to 
determine cooling rate for microstructure formation in the steel grade analysed in the study. 

Based on the obtained diagrams and metallographic investigations, some modifications in wire rod controlled 
cooling process were proposed.  

Keywords: 20MnB4 steel grade, wire rod for cold upsetting, controlled cooling, heat treatment, metallographic 
                   examinations 

1.  INTRODUCTION 

There are a number of methods to improve quality and mechanical properties of hot-rolled steel products. The 
desired effect is usually obtained through proper choice of technology, and parameters of deformation and 
cooling. The most advantageous solution is to find close correlation between the above factors, which however 
involves the necessity of accurate controlling of rolling process and taking into consideration the important 
metallurgical phenomena [1-3]. Complex processes that affect formation of a specific structure characterized 
by both high strength and plastic properties are occurring in steels after heat treatment [4]. Improving properties 
of carbon steels and low-alloy steels is also possible through introduction of accelerated cooling during and 
after the rolling process [5]. In the case of steel for cold upsetting, the accelerated cooling is aimed to help 
form the ferritic structure with finest grain possible, with its size reducing as the temperature of austenite-ferrite 
transition decreases. This temperature can be reduced by addition of alloy elements to steel and the 
application of the process of accelerated cooling [6].  

In order to evaluate proper parameters of heat treatment it is necessary to carry out dilatometric examinations 
and prepare TTT and DTTT diagrams. 

2.  AIM AND SCOPE OF THE STUDY 

The aim of the study was to determine the most beneficial conditions of cooling of rolled products with diameter 
of 16.5 mm made of steel for cold upsetting which should ensure the improvement in microstructure and 
properties of the final product. The examinations were carried out for 20MnB4 steel [7]. The first stage of the 
study was analysis of currently used technology of rolling and its effect on the microstructure and properties 
of final product. The second stage of the study was development of TTT and DTTT diagrams for the steel 
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analysed in order to determine the effect of cooling rate on formation of the microstructure. Based on the 
analysis of the results obtained in the study, the authors proposed modifications in rolling technology. 

3.  ANALYSIS OF THE RESULTS 

The examinations presented in the study were carried 
out in a rolling plant equipped in an extended system 
of multi-stage controlled cooling of the band. The 
charge in the rolling plant was a band from an average 
intermediate continuous rolling mill with temperature 
of ca. 1050 ºC. The first cooling zone was designed 
after initial rolling in the intermediate continuous 
rolling mill. The second cooling zone was located after 
the first rolling block, whereas the third cooling zone 
was located between the finishing block and the 
device for forming coils. The rolling line is finished with 
STELMOR cooling system. 

Table 1 Parameters of the process of multi-stage band cooling during rolling of wire rods with diameter  
    of 16.5 mm made of 20MnB4 steel 

Cooling zone 1 2 3 

Pressure P, [bar] 3.66 4.35 0.14 

Flows F, [l/min] 1541 1725 41 

Temperature 
T, [oC] 

Entry 1041 928  858  

Exit 932  865 859  

In the process analysed in the study, the band moved 
from the intermediate continuous rolling mill was rolled 
only in four roll passes of the finishing block. Table 1  
contains mean values of the parameters of accelerated 
band cooling for current rolling technology for wire rods 
with diameter of 16.5 mm made of 20MnB4 steel. 

Cooling of the steel grade analysed in STELMOR 
system was performed with covers closed and fans 
turned off. Mean temperature of the rolled product 
surface at the entry to the STELMOR transporter was 
ca. 860 ºC (Fig. 1 ).  

It was found that the rolled products obtained had an 
inhomogeneous pearlite-ferrite structure, whereas 
mean ferrite grain size in the cross-section of the final 
product was ca. 17 µm. The rolled products obtained 
from 20MnB4 steel have a band microstructure (Fig. 2 ), characterized by presence of ferrite and pearlite in 
the form of alternately deposited bands. The occurrence of the band structure might be caused by insufficient 
cooling rate that promotes carbon diffusion to the greater distance, which is necessary for formation of thick 
bands of ferrite. In order to reduce band structure, one should increase the speed of band cooling by shortening 
the time of carbon diffusion. Steels with band structure show high anisotropy of plastic properties, which are 
worse in the direction transverse to rolling. 

 

 

Fig. 1  Thermogram for temperature distribution in 
rolled wire rod with diameter of 16.5 mm made of 

20MnB4 steel between coil former 

 

Fig. 2  Microstructure of rolled wire rod with 
diameter of 16.5 mm made of 20MnB4 steel: 

cross-section (band microstructure) 
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Yield point and tensile strength of this rolled product, calculated based on the relationships presented in the 
study [8] were Re= 284.2 MPa and Rm=507.3 MPa, respectively. 

As demonstrated in the study [9], this rolled product allows for further cold metal forming with relative strain of 
up to 50%. With greater plastic strain, the material begins to show cracking (Fig. 3 ) 

 
Fig. 3  Specimen made of 20MnB4 steel after cold upsetting; relative plastic strain: 75 % 

The rolled product obtained in the study meets the requirements of current standards. However, due to 
increasing expectations of customers, the attempts are being made to improve the rolled products so that their 
cold working with relative strain of even 75% is possible. 

Therefore, the next stage of the study was aimed at determination of the most favourable cooling conditions 
(after rolling process) that ensure improvement of mechanical properties and better capability of cold forming, 
the authors prepared real TTT and DTTT diagrams of the steel grade analysed. Firstly, the values of specific 
temperatures Ac3 and Ac1 were determined during heating. Steel specimens were heated continuously with 
constant heating rate of 3°C/min.  The characteristic temperatures determined according to the standard [10] 
were: Ac3 = 827 ºC and Ac1 = 719 ºC. The value of temperature Ac3 represented the basis for determination 
of the value of austenitization temperature of the specimens of the material during dilatometric tests used to 
determine temperatures of phase transitions that occur during continuous cooling.  

During preparation of TTT diagrams for the steel studied, the austenitization temperature was adopted as 
TA=880 oC (TA=Ac3+50 ºC), whereas during preparation of DTTT diagrams, the specimens were heated to the 
temperature of 1050 ºC. Heat treatment diagrams used for preparation of real TTT and DTTT diagrams are 
presented in Fig. 4 . During preparation of DTTT diagrams, specimens were deformed at the temperatures of 
880 ºC, 870 ºC and 860 ºC. A cycle of three deformations was employed: ε1=ε2 =ε3=0.2 with strain rate of 10 
s-1, a breaks between deformations of 0.2 s. 

a) b) 

  

Fig. 4  Heat treatment diagrams used for preparation of TTT and DTTT diagrams for 20MnB4 steel 

After annealing of the specimens at the austenitization temperature for 10 minutes (and additionally deformed 
in the case of DTTT diagrams), the specimens were cooled at varied cooling rates in the range of 0.1÷ 100 
°C/s. Based on the analysis of the dilatograms obtained, the temperatures of phase transitions that occur 
during continuous cooling (TTT diagrams) and during continuous cooling after deformation (DTTT diagrams) 
were evaluated. Metallographic analysis was carried out after dilatometric examinations to reveal the 
microstructure. The measurements of hardness and microhardness were also carried out. The measurements 
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allowed for identification of the structural components. The results allowed for construction of real diagrams of 
phase transition kinetics under conditions of continuous cooling and continuous cooling after deformation.  

Fig. 5  presents example photographs of the microstructure of the specimen made of 20MnB4 steel after heat 
treatment without deformation, whereas example photograph of the microstructure of the specimen of the steel 
grade studied after heat treatment with additional deformation is presented in Fig. 6 . 

Characteristic temperatures of phase transitions of the steel studied obtained based on the analysis of 
dilatograms during cooling and cooling after additional deformation are presented in Table 2 . Table 2  contains 
also the values of hardness for the specimens studied. 

  

Fig.  5 Ferrite-pearlite microstructure of 20MnB4 
steel cooled at the cooling rate of 1 °C/s: 

longitudinal section 

Fig.  6 Microstructure of 20MnB4 steel composed of 
the mixture of pearlite and ferrite cooled after 
deformation at the rate of 10 °C/s: longitudinal 

section 

Table 2  Characteristic temperatures of phase transitions and hardness of 20MnB4 steel  

Cooling rates 

Cr [ºC/s]  

TTT diagram DTTT diagram 

Characteristic temperatures [ºC]  
Hardness 

HV5 Characteristic temperatures [ºC]  
Hardness 

HV5 

100 Ms=391 Mf=256 462.5 Ms=406 Mf=248 460.0 

80 Ms=399 Mf=208 449.0 Bs=550 Bf=460 Ms=420 Mf=370  450.0 

50 Bs=533 Bf=Ms=385 Mf=214 445.0 Bs=560 Bf=450 Ms=430 Mf=324  325.0 

30 
Fs=751 Ff=684 Bs=566 

Bf=Ms=399 Mf=27 405.5 
Fs=700 Ff=680 Ps=630 Pf=Bs=550 

Bf=485  250.0 

15 Fs=729 Ff=Bs=598 Bf=512 216.0 Fs=729 Ff=Ps=650 Pf=560  218.0 

10 Fs=754 Ff=Ps=683 Pf=Bs=571 
Bf=549 

206.0 Fs=757 Ff=Ps=670 Pf=562 190.0 

5 Fs=756 Ff=Ps=681 Pf=581 180.5 Fs=743 Ff=Ps=670 Pf=618 183.0 

1 Fs=776 Ff=Ps=712 Pf=622 150.0 Fs=760 Ff=Ps=660 Pf=633 164.0 

0.1 Fs=750 Ff=Ps=697 Pf=652 135.0 Fs=790 Ff=Ps=692 Pf=632 139.0 

Real diagrams of phase transition kinetics occurring during continuous cooling and during cooling after 
deformation of 20MnB4 steel are presented in Fig. 7  and Fig. 8 . 
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Fig. 7  Real TTT diagram for 20MnB4 steel 

 

Fig. 8  Real DTTT diagram for 20MnB4 steel 
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It was found based on the analysis of the results obtained that cooling of the steel grade studied with the 
cooling rate from 0.1 to 15 ºC/s ensures formation of the ferrite-pearlite microstructure in the steel. Increasing 
the cooling rate results in formation of the bainite, bainite-martensite and martensite structure, which causes 
deterioration of the capability of the steel for further cold forming or, in extreme cases, it makes it impossible.  
It was found that the optimum range of cooling rates for 20MnB4 steel after the rolling process ranges from  5 
to 15 ºC/s. 

In the last stage of the study, with respect for the results of dilatometric examinations and the real TTT and 
DTTT diagrams obtained based on these examinations, the physical modelling of rolling process was carried 
out using Gleeble 3800 simulator, according to the parameters and methodology presented in the study [11]. 
Table 3  presents example results of the examinations of specimens after physical modelling of the rolling 
process. Yield point and tensile strength was determined based on the measurements of hardness according 
to the relationships presented in the study [8]. 

Table 3  Selected results of examinations of 20MnB4 steel after physical modelling of rolling process. 

 

It was found based on the results of physical modelling of rolling of wire rods with diameter of 16.5 mm made 
of 20MnB4 steel that mean size of ferrite grain in the specimen after physical modelling that reflected currently 
used rolling technology under industrial conditions (variant V1) was 17.37 µm. This value corresponds to the 
size of ferrite grain in the rolled products obtained under industrial conditions. Selected mechanical properties 
determined based on the measurements of hardness were also similar to the values obtained based on 
measurements of hardness of the real product. Consequently, this demonstrated that physical modelling of 
the rolling process was carried out properly. Analysis of the results of the study obtained for higher cooling 
rates after the process of rolling (variants: V2-V4) found a favourable effect of increasing the cooling rate after 
rolling on the size of ferrite grain and selected mechanical properties of 20MnB4. Furthermore, the increase in 
cooling rate from 10 ºC/s to 15 ºC/s did not cause any noticeable improvement in mechanical properties of the 
steel grade studied. 

CONCLUSIONS 

This study was aimed to determine optimal cooling conditions for rolled wire rods with diameter of 16.5 mm 
made of 20MnB4 steel and to analyse the results obtained. The study showed that: 

• currently obtained rolled products have a band pearlite-ferrite microstructure, which unfavourably affects 
the properties of final product, whereas current rolling technology ensures plastic cold working of final 
products with relative deformation of 50 %, 

• characteristic temperatures for the steel grade studied were: Ac3 = 827 ºC and Ac1 = 719 ºC, 
• dilatometric examinations allowed for development of real TTT and DTTT diagrams for 20MnB4 steel 

and determination of optimal conditions for controlled cooling of rolled products during rolling process, 
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• cooling of specimens made of 20MnB4 steel with cooling rate in the range of 0.1 - 15 oC/s ensures 
formation of ferrite-pearlite structures. Band ferrite-pearlite structure was observed only in the case of 
specimens cooled at the rate of from 0.1 to ca. 2 oC/s, 

• the optimum ranges of cooling rate after deformation allow for obtaining ferrite-pearlite structures in 
20MnB4 steel with equally distributed colonies of pearlite and fine ferrite grain, 

• as a result of modifications (variant V2-V5), favourable fragmentation of the microstructure of the steel 
grade studied and improvement in mechanical properties was observed: yield point increased by even 
over 45 % whereas tensile strength rose by even over 27 % with respect to currently used rolling 
technology. 
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Abstract  

Nickel-chromium alloys are increasingly used in constructions of the most loaded machine components 
including aircraft engines. Therefore, determining the parameters of metal forming for those alloys is very 
important. The hot deformation behaviour of Ni55Cr45 alloy with cast starting structure was investigated in the 
temperature range of 750-1150 °C and strain rate range of 1-100 s-1. The workability consists of two parts: the 
intrinsic workability and the State-of-Stress (SoS) workability. Processing maps showing the intrinsic 
workability dependent on material properties have been drawn on the basis of experimental data from 
compression tests carried out on a Gleeble 3800 thermomechanical simulator and based on the Prasad's 

approach. Due to the significant influence of strain on the efficiency of power dissipation parameter η and the 

instability parameter ξ, maps were drawn for a true strain in a range of 0.1-0.9. The processing windows and 
the flow instability regions have been determined. By using Lua scripts processing maps have been integrated 
with the commercial software based upon FEM - QForm V8 for numerical calculation, which made possible to 

designate the distribution of the flow instability parameter ξ during forging. In addition, the strain rate sensitivity 
parameter m and the efficiency of power dissipation parameter η for the investigated forgings have been 
determined. Such approach has allowed to integrate the intrinsic workability and the State-of-Stress workability 
and showed that it can be considered as an effective method of workability analysis. 

Keywords: Ni55Cr45, processing maps, workability, State-of-Stress. 

1. INTRODUCTION 

Nickel and chromium superalloys are finding wider and wider application in constructing machines, devices 
and installations functioning under extremely difficult conditions [1]. The majority of products manufactured 
with the use of nickel and chromium alloys is obtained with the application of casting technologies. Over the 
recent years, however, a growing interest in increasing the mechanical properties of this type alloys by means 
of plastic deformation has been observed [2-5]. Unfortunately, the plastic deformation of that type alloys is 
restricted by the low level of the plastic properties of them, and the fact that they strengthen rapidly. In order 
to overcome the technological difficulties connected with the forming of NiCr alloys, the processing maps are 
useful [6-10]. The P-maps allow to determine the optimum range of temperature, strain rate, and the strain 
making it possible to obtain a forging free of defects of the material (structure) and/or of geometry (laps, folds, 
cracks). Optimum selected parameters will make it possible to obtain the appropriate degree of deformation 
of the material indispensable for the purpose of the reconstruction of internal crystal structure and obtaining 
required properties in entire volume [11]. The high heat resistance and high-temperature creep resistance is 
typical of NiCr alloys. The possibility of guaranteeing in deformation processes the narrowed ranges of size 
and shapes tolerance, results the wide application of the forgings and profiles in many innovative sectors of 
industry (the aviation industry, chemical industry, power industry, and also mining of petroleum and gas, 
including shale gas). 

In this paper, the hot deformation behaviour of the Ni55Cr45 alloy having the crystal structure in the process 
of upset forging was investigated. The processing maps based upon the Prasad’s approach were drawn to 
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determine the optimum conditions of the hot working processes. Moreover, the influence of strain upon the 
processing maps was analyzed, in terms of the location, size and shape of the flow instability area. The 
processing maps were integrated with the commercial software based upon FEM for the simulations of forging 
processes, QForm V8. The distributions of the workability parameters were determined, including the 
identification of places where flow instability occurs. 

2. MATERIALS AND EXPERIMENTS 

The chemical composition of the Ni55Cr45 alloy is given in Table 1 . The material was supplied as a cast bar. 

For developing processing maps, cylindrical samples (∅10 x 12 mm) were machined from the alloy. The 
compression tests were conducted on a Gleeble 3800 thermo-simulator. The research was conducted over 
the temperature range of 750-1150 °C and the strain rate range of 1-100 s-1 up to the constant true strain value 
of 0.9. The inverse method was applied for the interpretation of the results obtained from axisymmetric 
compression tests. 

Table 1 Chemical composition (% weight) of the Ni55Cr45 alloy 

Ni Cr Fe Mn Mo N C P S Si 

54.80 44.00 1.00 0.05 0.003 0.01 0.012 0.003 0.007 0.115 

3. PROCESSING MAPS 

The results of compression test were used for plotting of processing maps. The construction of processing 
maps based on Dynamic Material Modelling was described in many publication [6-10, 12-13]. In order to 
describe the hot deformation behaviour of investigated alloy some workability parameters are calculated. The 
strain rate sensitivity parameter m can be determined from 

Ô = ��������ª             (1) 

The efficiency of power dissipation parameter η can be expressed as � = '�
�1Q             (2) 

Power dissipation maps as the function of temperature and strain rate were plotted in the form of the isoclines 
of the power dissipation efficiency parameter expressed in %. The instability criterion (Eq. 3) was used to 
identify the regimes of unstable flow and to plot the instability maps in the frame of deformation temperature 
and strain rate. The instability criterion can be written as 

ξ(εª ) = � ��l ���/o� ���ª + m ≤ 0          (3) 

By superimposing a flow instability map on a power dissipation map processing maps are created. Fig. 1  
shows the created processing maps at the temperature range of 750-1150 °C and the strain rate range of 1-
100 s-1 for the true strains of 0.1, 0.3, 0.5 and 0.9. The efficiency of power dissipation parameter η is shown in 

the form of isocline (expressed in %), whereas the shaded regions indicate ′unsafe′ areas in the 
processing map. 
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Fig. 1 The processing maps of Ni55Cr45 alloy at different true strains.  
The shaded areas indicate the flow instability 

4. NUMERICAL MODELLING 

The numerical modelling of the isothermal forging process of Ni55Cr45 alloy was conducted in a commercial 
software based on FEM - QForm V8 [14]. By means of user subroutines (LUA scripts), the processing maps 
according to Prasad’s approach were integrated into QForm V8. The numerical distribution of the strain rate 

sensitivity parameter m, the efficiency of power dissipation parameter η and flow instability parameter ξ were 
determined. The dimensions of the sample, the forging parameters such temperature and deformation velocity 
(strain rate too) was the same like during compression tests. Forging process was carried out at isothermal 
conditions. The temperature and strain rate (corresponding to the peak of the efficiency of power dissipation 

η) are determined on the basis of the processing map for true strain 0.9 and adopt T = 950 °C and εª  = 100 s-

1. One-operation forging process was conducted on screw press of the nominal energy and nominal load at 
the level of 0.8 kJ and 0.4 MN respectively. The maximum speed of the press ram at the moment of contact 
of the tool with the workpiece was set at 600 mm / s. In Figs. 2 - 4  the numerical distributions of workability 
parameters in characteristic cross-sections of the forgings at different strains are shown. 
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Fig. 2 Numerical distributions of the strain rate sensitivity parameter m for different values of true strain 

 

Fig. 3 Numerical distributions of the efficiency of power dissipation parameter η for different values of true 
strain 
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Fig. 4 Numerical distributions of the flow instability parameter ξ for different values of true strain  

5. RESULTS AND DISCUSSION 

On the processing maps (Fig. 1 ) can be observed the effect of true strain on the efficiency of power dissipation 

η and the instability areas. The flow instability areas, together with decreasing true strain vary their location, 
size and shape. The efficiency of power dissipation parameter η is sensitive to strain, temperature and strain 

rate. The high values of the parameter η, located in the ′unsafe′ areas, are most likely to be connected in this 
case with negative phenomena occurring in the microstructure. Such a situation may occur in the case of 
materials having casting structure (not worked), as well as those not subjected to heat treating. On the 
processing map for the true strain of 0.9, three flow instability areas were separated; these may cause the 
occurrence in the microstructure of the following: local voids, slip bands, shear bands, adiabatic shear bands 
and/or small cracks inside a forging, as well as on the surface of it. On the processing map, it is also possible 
to identify two domains for true strain of 0.9, which can fulfil a purpose of processing windows. For the 

temperature of 950 °C, and also strain rate of 100 s-1, a peak of the efficiency of power dissipation η reaching 

26 % occurs. It is possible to separate the processing window, limited by the isocline of the parameter η of the 
value of 16 % (i.e. described, approximately, by the following range: temperature: 875-1025 °C and strain rate 
of 40-100 s-1). The other processing window may be determined for the range of temperature of 1075-1150 °C 
and the strain rate of 25-65 s-1. The numerical distribution of workability parameters at strains of 0.1, 0.3, 0.5 
and 0.9 is shown in Figs. 2-4 . The strain rate sensitivity parameter m and the efficiency of power dissipation 

parameter η vary with increasing strain. Both of parameters increase with increasing strain. The numerical 

distribution of flow instability parameter ξ at different true strains indicates the regions of unstable flow (� ≤ 0). 
The flow instability regions narrow with increasing strain and locate in the contact region of material and tools. 
In this area, there may be microstructural defects. 
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6. CONCLUSION 

The hot deformation behaviour of the Ni55Cr45 alloy was investigated in the wide ranges of forming 
temperature and strain rate. The processing maps vary with increasing strain. The processing map at the true 
strain of 0.9 exhibits two processing windows, which allow to determine the optimum parameters for the 
investigated alloy, whereas, the processing maps were integrated into the commercial program QForm V8 
based upon FEM by using the specially-written LUA scripts. Upon the basis of the results of numerical 
simulations of the investigated forging process, the optimal technological parameters of forging the Ni55Cr45 
alloy were determined. 
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Abstract  

The paper presents experimental results of diameter reduction in tubes with the angle of flare α=300. Tube 
diameter reduction was performed on the WPM-120 cold profile eccentric rolling machine. In the investigations, 
AISI MT 1020 (ASTM A513) steel tubes with the relative ratio s0/D=0.09 were used. The appropriate values of 
the eccentric and feed were chosen for the experiment. The coefficient of necking for the samples was 
K=D/d=1.46 (where d - smallest diameter in reducing tubes after rolling, D - initial outer tube diameter). The 
evaluation of the quality of the samples obtained in the experiment was based on the measurements of 
cylindricity and the wall thickness distribution in the longitudinal section of reducing tubes. The measurements 
of cylindricity were taken with the ZEISS PRISMO navigator, a coordinate measuring machine. The results 
obtained in the experiment might be used as guidelines to develop a technological process for manufacturing 
such type of reducing tubes with the WPM cold rolling method. They could also be helpful while applying the 
method to industrial practice.  

Keywords: Cold rolling, reducing tube, WPM-120 cold profile eccentric rolling machine, wall thickness  
                   distribution 

1. INTRODUCTION  

Different conventional methods of metal forming are employed while manufacturing pipe connections, 
including reducing tubes. When reducing tubes are formed, the diameter or cross-section of tubular blanks 
either decreases or increases [1-3]. In the first case, the following methods are used in industrial practice: 
necking; crimping of tubes in anvils with the use of steam-air hammers, pressing and upsetting performed by 
the machines, and also forming in a combined process of bending from sheets and welding [1,2,4-7]. As 
regards the other option, it is possible to obtain reducing tubes by using the bulge forming process which 
involves increasing the diameter or cross-section of tubular blanks. In conventional bulging methods, the 
following are used: steel or rubber punch dies, bulging fluid dies, where a liquid is used instead of a punch, 
and expanding segments drawn by a wedge mandrel [1,8]. A special type of tubular component processing is 
hydromechanic bulge forming, a type of hydroforming, which additionally employs internal bulging force [9]. 

In the 1970s, Professor Zdzisław Marciniak and Zenon Kopacz (Warsaw University of Technology, Poland) 
developed a cold rolling method which allowed forming cylindrical gears, involute splines and other circular 
profiles [10-15]. The involute splines were rolled accurately and the method found its way into industrial 
applications. The most essential features of the WPM method, distinguishing it from other known methods, 
involve the use of two circular segments as the tools and the adoption of a kinematics that allows one-
directional rolling with a symmetrical system of forces relative to the axis of the rolled material. For rolling gears 
and splines, tools that had segments with internal toothing were used. In the case when the jaws with internal 
smooth rolling surfaces are used as the tools, it is possible to reduce the cross section of the shafts and tubes. 
The maximum initial diameter of shaft from medium steel to be reduced is 30 mm and tubes can have larger 
diameters depending on the tube wall thickness. 
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The consecutive stages of rolling in tube diameter reduction with the WPM method are presented in Fig. 1 . 
The tube 1 has its diameter reduced when it rolls along the working surface of the tools 2 and 3 in the first 
stage of the work cycle (Figs. 1 d,e,f ), whereas during the second stage, the tools move away from the material 
(Figs. 1 a,b,c)  and the material shifts axially by the feed quantity. The reduced tube of the required length is 
gradually produced, which results from the consecutive working motions of the tools and the axial shifts of the 
rolled material. 

 

Fig. 1  The consecutive stages of rolling in tube diameter reduction with the WPM method   

For necking, the reduction coefficient, defined in [2], is as follows: 

d

D
K =              (1) 

where: D - initial outer tube diameter, d - smallest diameter after the rolling of reducing tubes. 

Most often, steel reducing tubes with outer diameters D=25÷508 mm and relative wall thickness s0/D= 

0.021÷0.920 (where: s0 - tube wall thickness, D - tube diameter) are used in the construction of pipelines for 
power engineering. The coefficient of necking can range from 1.25 to 2.45 [4,5]. 

The stress condition that prevails in the necking area causes reduction in outer diameter, increase in wall 
thickness, and a slight pipe elongation [7]. 

The paper presents experimental results of diameter reduction in tubes made from MT 1020 (ASTM A513) 
steel with the angle of flare α=300 and the relative ratio s0/D=0.09. The coefficient of necking for the samples 
was K=1.46. The aim of experimental investigations was to evaluate of the possibility of reducing diameters of 
tubes made from AISI MT 1020 (ASTM A513) steel by rolling on the WPM-120 cold profile eccentric rolling 
machine. Evaluation of the quality of the samples obtained in the experiment was made on the basis of the 
measurements of the cylindricity and the wall thickness distribution in the longitudinal section of the reducing 
tubes. 

2. METHODOLOGY 

The material for experimental investigations were MT 1020 steel (ASTM A513) tube segments, whose outer 
diameter was D=34mm and the wall thickness s0=3.25mm, (which corresponded to the relative thickness s0/D= 
0.09). The initial lengths of tube segments were 265 mm. The chemical composition of the investigated steel 
is presented in Table 1 . Carbon and sulphur contents were determined using LECO CS 230 analyser. The 
mechanical properties of steel tubes used in the experiment are presented in Table 2 . 
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Table 1  Chemical composition of MT 1020 steel [16,  
 own research] 

C Mg P S 

0.2081%1 0.3÷0.6%[16] max. 
0.035%[16] 

0.006393%1 

1 LECO data 

Table 2  The mechanical properties of MT 1020 steel  
[16] 

Yield Strength, 
MPa,  min. 

Ultimate Strength, 
MPa, min 

Elongation in 
50mm, %,min 

241 345 25 
 

Tube diameter reduction was performed on the WPM-120 cold profile eccentric rolling machine. The view of 
the machine is presented in Fig. 2 . The machine is located in Kielce, Poland, at Kielce University of 
Technology. The rolling of reducing tubes from pipes was performed with the tooling, the diagram of which is 
presented in Fig. 3 . The tools were fitted to the WPM-120 machine. The tooling was setup for the angle of 

flare α=300 and diameter 26 mm. 

 

 

 

Fig. 2  View of the WPM-120 cold profile eccentric 
rolling machine 

Fig. 3  The diagram of rolling by the WPM method, 
where: 1 - rolling tool, 2 - reducing tube, 3 - handle 

of the rolling machine feeder  

The specification of WPM-120 cold mill is presented in Table 3 . 

Table 3  Specification of WPM-120 cold mill 

Maximum diameter of splines that can be rolled 120 mm 

Maximum diameter of splines rolled on a shaft more than 50mm long 75 mm 

Maximum splines module 3 mm 

Involute surface roughness less than 1μm 

Maximum feeder slide stroke 630 mm 

Radial jaw pressure rating 12 tons 

Working feed 25÷400mm/min 

Approach and return rate 2 400 mm/min 

The measurements of cylindricity were taken with a coordinate measuring machine, namely ZEISS PRISMO 
navigator, the measuring accuracy of which is up to 1μm. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

380 

3.  EXPERIMENTAL RESULTS AND ANALYSIS  

In the preliminary tests, experimental investigations into cold rolling were conducted for appropriate values of 
the eccentric and feed. Successful tests were carried out for eccentric e=1.161 mm and feed p=25mm/min. 
The diameter of the reduced part of tubes was 24.3 mm and the length was approx. 85 mm. The coefficient of 
necking for the samples was K=1.46 and the elongation ratio was λ= 1.958 (λ=A0/A, where A0 - cross- sectional 
area of the tube before rolling, A- cross-sectional area of the reducing tube). Examples of experimentally rolled 
steel reducing tubes are presented in Fig. 4 . 

a) b) 

 
 

Fig. 4  Examples of experimentally rolled MT1020 steel reducing tubes at s0/D=0.09 and K=1.46 ratios, 
where: a) reducing tube, b) longitudinal section of the reducing tube 

Fig. 5  shows the results of measurements of cylindricity in the reduced segment of the steel reducing tube. 
The measurements were taken on 70 mm length of the sample. The result was 0.3250 mm, which represents 
a deviation of the diameter of the reduced tube segment from an ideal cylinder with an averaged diameter.  

 

Fig.  5 The results of the measurements of the cylindricity of experimentally rolled MT1020 steel 
reducing tubes at s0/D=0.09 and K=1.46 ratios  

The analysis of wall thickness distribution in the longitudinal sections was conducted for reducing tubes with 

the angle of flare α=300 and relative ratios s0/D=0.09. Exemplary distributions, together with the spacing of the 
measurement points are presented in Fig. 6 . Measured thicknesses s were referred to the initial thickness s0 
by means of the relative ratio s/s0. The wall thickness in the cylindrical part of the reducing tube (measurement 
points 1÷12) does not change, or the wall is slightly thickened by max. 4%. In the zone of the cylindrical part 
transition into the reduced cone (measurement points 13-17), gradually increasing thickening of the wall occurs 
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from point 13 by max. 10% to point 17 by max. 60 %. In the reduced part of the reducing tube (measurement 
points 18-31) the wall is thickened by max. approx. 65 %. In the vicinity of the front portion of the reduced part 
(measurement points 32-34), gradually decreasing thickening from 56 % to 33 % is found. 

a) 

 
b) 

 
Fig.  6 The wall thickness distribution in the longitudinal section of the rolled reducing tube from 

MT1020 steel at s0/D=0.09 and K=1.46 ratios,  
where: a) spacing of measurement points, b) the wall thickness distribution graph  

 

4.  CONCLUSIONS 

On the basis of investigations carried out into cold rolling of MT 1020 steel reducing tubes with the angle of 
flare α=300 and the relative initial tube thickness s0/D=0.09, it can be stated as follows: 
1) It is possible to conduct cold rolling of steel reducing tubes by WPM-120 machine for appropriate values 

of the eccentric and feed. That was confirmed by successfully performed tests for ratios K=1.46 and λ= 
1.958, for the length of the tube reduced part of approx. 85 mm. At those parameters, it was possible to 
receive the cylindrical part of the reducing tube without any defects. Further rolling resulted in the crack 
formation in this part. 

2) The analysis of the results of the wall thickness distribution in the longitudinal sections of the reducing 
tubes and the measurements of the cylindricity of reduced part indicates the technological usefulness 
of the method for reducing tube forming, especially when there is a need to obtain reducing tubes with 
highly thickened walls. The maximum wall thickening was found in the zone of the reduced part of the 
reducing tube and amounted to approx. 65 %. 

3) The results obtained in the experiment could be helpful while applying the method of cold rolling of 
reducing tubes to industrial practice. It is necessary to continue investigations into reducing pipe forming 
at different reduction ratios and various types of steel. 
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Abstract 

Uniaxial hot compression tests performed on a HDS-20 Hot Deformation Simulator were utilized to compare 
the influence of niobium amount on hot flow stresses of these steels. For both steels, the temperature range 
from 700 °C to 1200 °C in combination with the nominal strain rate range from 0.1 s-1 to 100 s-1 were 
investigated. A unique computing method was employed to correct the shape of the experimentally obtained 
hot flow stress curves influenced by the barrel-like shape of the test samples at high strains. Decrease in 
temperature led to an increase in hot flow stress. The same influence had an increase in strain rate. The hot 
flow stress of the steel S355J2H is almost at each temperature higher when compared to the steel P355NH. 
Nevertheless, different flow stress behavior was observed at small strain rates. 

Keywords: HSLA steel, uniaxial hot compression test, flow stress curves, peak stress 

1. INTRODUCTION 

Z-Group Steel Holding, a.s., Czech Republic [1] is engaged in production of the seamless steel tubes by the 
Mannesmann way [2, 3]. Microalloyed steel P355NH or EN 10216-3, which is intended for the production of 
the seamless steel tubes for pressure purposes, and S355J2H or EN 10210-1 vary especially by the amount 
of the niobium (0.013 % in case of the steel P355NH and 0.037 % as for the S355J2H, respectively). The 
processing of the steel tubes with thinner wall thickness from these steels is accompanied by the crack creating 
at the initial part of the rolled tubes. A quick wall cooling at the end parts of the rolled tubes probably causes 
this phenomenon. This fact then leads to the flow stress increase in these end parts and thus to the increase 
in crack occurrence in this area. The effect of decreasing temperature on the flow stress increase is obvious. 
The flow stress increase is also caused by a higher value of the strain rate. In addition, above-mentioned steels 
vary essentially by the amount of the niobium. This microalloying element has powerful strengthening effect 
caused by recrystallization deceleration during forming, which leads to a significant flow stress increase [4].The 
goal of this paper was to determine the influence of the forming temperature and amount of niobium on the 
maximum hot flow stress of the above-mentioned HSLA steels at high-rate strains. The values of the maximum 
flow stresses will then be used to evaluate the deformation behavior of the investigated steels. The results of 
this investigation should be employed to improve the technological process of the seamless steel tubes 
production in view of the above-mentioned crack occurring. For instance, the hot deformation behavior of the 
steels intended to produce seamless steel tubes by the Mannesmann way was also studied in [5, 6]. 

2. EXPERIMENT 

The solution of the above-mentioned issue was based on the utilization of the Hot Deformation Simulator HDS-
20 at VSB-TU Ostrava whose testing module Hydrawedge II [7] enables to achieve the nominal strain rate up 
to 100 s-1 [8]. The cylindrical compression-test specimens with the diameter of 10 mm and the height of 15 mm 
were prepared from casts of the above-mentioned steels. The both casts had the similar carbon equivalent 
(0.41 in both cases) and chemical composition (Table 1 ). However, they vary essentially by the niobium 
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content (Table 1 ). For the uniaxial compression tests of both steels were chosen the deformation temperatures 
of 1200 °C; 1100 °C; 1000 °C; 900 °C; 800 °C and 700 °C. These temperatures were combined with the 
nominal strain rates values of 0.1 s-1; 1 s-1; 10 s-1 and 100 s-1. Each sample was preheated at the temperature 
of 1280 °C, cooled down on the deformation temperature, and deformed at this temperature by the uniaxial 
compression with the maximum height-true strain of 1.0. 

Table 1 Chemical composition of the casts of the steel P335NH and S355J2H 

 C (%) Mn (%) Si (%) N (%) V (%) Nb (%) 

P355NH 0.13 1.31 0.25 0.01 0.045 0.013 

S355J2H 0.14 1.38 0.29 0.01 0.059 0.037 

3. RESULTS AND DISCUSSION 

3.1. The flow stress curve correction 

The result of each compression test was obtained in the form of the flow stress curve calculated by the internal 
algorithm of the used simulator. By this way obtained experimental curves exhibits, from the theoretical 
viewpoint, an inappropriate increase in flow stress beyond the true strain of 0.4 or 0.6 - see the black lines in 
Fig. 1 and Fig. 2 . This phenomenon can be a problem for oncoming flow stress prediction at high strains. The 
reason why this is occurring can be explained by varying friction on the contact surfaces between sample and 
anvils. It is obvious that this fact causes the barrel-like shape of the testing samples. The internal calculating 
algorithm of the HDS-20 is then probably unable to fully reflect this excessive barreling at strains above the 
value of 0.4 or 0.6, respectively. This issue can be overcome by the complicated mathematical methods that 
are described for example in [9, 10]. In the event of our research, we derived the simple mathematical function 
that is able to correct the shape of the flow stress curves in the steady-state area. This function is protected 
as a valuable know-how [11]. The blue lines in Fig. 1  and Fig. 2  represent examples by this way corrected 
curves. Fig. 2  also shows that 
the addition correction 
(smoothing) of the shape of the 
previously corrected flow stress 
curves is necessary at high 
strain rates values because of 
higher scatter of the recorded 
data. This smoothing is suitable 
for the determination of the 
basic shape of the flow stress 
curves and the peak 
coordinates. Unfortunately, this 
correction method does not 
allow to correctly describe the 
shape of the curves in the 
ending phase and also does not 
exhibit the smooth start phase 
(see the red line in Fig. 2 ). 

   Fig. 1 Flow stress curve correction 
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Fig. 2 Flow stress curve smoothing 

3.2. Activation energy at hot forming and predictio n of the maximum flow stress 

Thanks to the above-mentioned corrections was possible to obtain the experimental values of the maximum 
flow stress. Possible prediction of these values can be done through these inverse hyperbolic-sine equations 
[12]: 

4354.1
16max

1035.1
sinharg

0681.0

1

⋅
⋅=

Zσ  (1) 

3599.1
17max

1036.2
sinharg

0618.0

1

⋅
⋅=

Zσ  (2) 

The equation (1) is valid for the steel P355NH and equation (2) for the steel S355J2H, respectively. In both 
equations, σmax (MPa) represents the maximum flow stress and Z (s-1) is the Zener-Hollomon parameter [13]: 









⋅

⋅=
TR

Q
éZ exp  (3) 

In the equation (3), é (s-1) represents the strain rate, R (8.314 J·K-1·mol-1) is the universal gas constant, T (K) 
represents the deformation temperature and Q (J·mol-1) is the activation energy at hot forming. The value of 
the Q is 534.9 kJ·mol-1 in the event of the steel P355NH and 554.3 kJ·mol-1 as for the S355J2H, respectively. 
These values of Q were calculated by the traditional hyperbolic-sine equation [14]. For the all above-mentioned 
calculations was used the special interactive software ENERGY 4.0, working on the principle of partial linear 
regressions [15]. 

3.3. Comparison of the maximum flow stress 

In order to compare effectively the influence of the deformation temperature and the content of the niobium 
amount on the hot flow stress of the investigated steels, the 3D-graph of both examined steels was assembled; 
see Fig. 3  represents the steel P355NH and Fig. 4  for the S355J2H, respectively. It is clear that flow stress of 
both steels increase with the decreasing deformation temperature and the growing strain rate. Nevertheless, 
the influence of the declining temperature on the flow stress increase is greater in case of the steel S355J2H.  
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Fig. 3 3D-graph of maximum flow stress of the steel P355NH depending on temperature and strain rate 

 
Fig. 4 3D-graph of maximum flow stress of the steel S355J2H depending on temperature and strain rate  
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This fact is distinct mainly at lower deformation temperatures (approximately below 900 °C). The reason of this 
phenomenon can be probably attributed to the stronger precipitation strengthening in case of the steel 
S355J2H. The maximum flow stress differences between both steels at the highest deformation temperature 
(1200 °C) are essentially negligible. The exception, however, occurs at lowest strain rate (0.1 s-1). In this case, 
the maximum flow stress of the steel P355NH exhibits even higher values against the steel S355J2H alloyed 
by the higher amount of the niobium. It seems that the influence of the niobium on the flow stress increase is 
insignificant with respect to the higher deformation temperatures and lower strain rates. A similar trend can be 
observed also at the strain rate of 1 s-1. The decrease in deformation temperature leads in the event of both 
steels to the gradual reduction of the influence of the growing strain rate on the maximum flow stress increase. 
This phenomenon was observed when nominal strain rate was increased from 20 s-1 to 100 s-1. However, this 
fact is nearly negligible and at lower strain rates is essentially imperceptible. 

4. CONCLUSIONS 

On the basic of the hot compression tests performed by the Hot Deformation Simulator HDS-20 was possible 
to obtain the experimental flow stress curves of two microalloyed steels (P355NH and S355J2H) in the 
temperature range from 700 °C to 1200 °C and the strain rate range from 0.1 s-1 to 100 s-1. The values of the 
maximum flow stresses were obtained and the equations for their prediction in case of both investigated steels 
were derived. The flow stress of the steel S355J2H was higher because of the higher content of niobium. The 
influence of the decreasing deformation temperature on the flow stress increase has higher sense in case of 
the steel S355J2H. This can be explained by the stronger precipitation strengthening caused by the higher 
content of niobium. The influence of the higher amount of the niobium on the flow stress increase is essentially 
negligible when low strain rate and high deformation temperature take place. The values of the maximum flow 
stress should be used to improve the technological process of the seamless steel tubes production by the 
Mannesmann method to prevent crack occurring in the initial part of the rolled tubes. 
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Abstract 

The two-dimensional task of isothermal rolling of aluminum sheet in the superplasticity conditions realized with 
a low angle of nip is considered. The solution of the task is based on the well-known mechanisms of the plastic 
flow in the wedge-shaped convergent canal. For the mathematical formulation of the task the theory of elasto-
plastic processes ratios of the small curvature was attracted, and the state equation is suitable for the 
description of regularities of high-temperature deformation in the wide strain rate-rate interval including the 
conditions of superplasticity effect realization. The components of the movements rates vector, tensors of the 
stresses and strain rates are written down. The parameters summarized rate, geometrical contact factors in 
zones of backward and forward of rolling are determined. It is shown the existence of the angle of nip below 
which the center of deformation is considered only as forward of rolling zone. The specific calculations of the 
roll force distribution corresponds to thermal superplasticity conditions and outside of its applied to industrial 
alloy EN AW 5083 was carried out and the results were compared. The experimental realization of the process 
has been realized in the approximate chemical composition alloy EN AW Alustar with the producing fine-
grained structure in the rolled product. 

Keywords: Superplasticity, isothermal rolling, industrial alloy EN AW 5083, industrial alloy EN AW Alustar 

1. INTRODUCTION 

Metal forming processes of bulk materials are based, as a rule, on the force impact on the deformable material. 
At the shaping under thermomechanical conditions of superplasticity the unique properties of metals and alloys 
consisting in sharp decrease of resistance to deformation can be used. Superplasticity at the same time is 
considered [1] as a special state of the polycrystalline material plastically deformed at the low level of the stress 
with the retaining of the ultrafine-grained structure - structural superplasticity produced at the previous stage 
or arised during hot deformation independently from the initial grain size - dynamic superplasticity [1, 2]. For 
both types of superplasticity are supposed the domination of grain-boundary sliding over the other mass-
transfer mechanisms [3]. Consequently, for realization of the dynamic superplasticity it has to substitute an 
initial structural condition of material by another one, allowed to realize a superplasticity. For industrial 
aluminum alloys the mentioned above substitution takes place in temperature-strain-rate conditions of dynamic 
recrystallization [4, 5]. 

2. STATEMENT OF THE PROBLEM 

Let’s consider a two-dimensional task of hot rolling of a sheet in the rolls of identical radius of R (Fig. 1 ) rotating 
with identical angular velocities. It is supposed that process of rolling is carried out with a low angle of nip. It 
means that for establishment of power and kinematic parameters of operation research [6 - 8] of a current of 
material in the wedge-shaped meeting canal with a corner at top of α1 (Fig. 1 ) can be used. It is supposed that 
process of rolling is realized in isothermal conditions. 
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Cylindrical system of coordinates of ραz it will enter and consider the beginning of coordinates in wedge top. 
All geometrical sizes we believe carried to sheet width. 

 

Fig. 1 Rolling process schematization 

The mathematical problem definition within the theory of elasto-plastic processes ratios of the small curvature 
is given in [1]. 

3. THE SOLVING FUNCTION 

Integrating an incompressibility condition in rates, we receive: 
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where ρυ  - a radial projection of a rate vector of movements; ( )k k α=  - the unknown function which is subject 

to definition. 

Having used the decision (1), for the making speeds of deformations we can write down: 
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Intensity of deformations rates in the conditions of a radial current can be defined in a look: 

( )1/2
2

1
u Lε α

ρ
=& , ( ) ( ) ( )2 21

4
3

L k kα α α′ = +  .        (3) 

The defining ratios [1, 9] with use the equations (2), (3) we will write down as follows: 

( ) ( )0

2
,

3
T kρσ σ α ρ α− = − ; ( ) ( )0

2
,

3
T kασ σ α ρ α− = ; ( ) ( )1

,
3

T kρατ α ρ α′= ,   (4) 

where ( ) ( ) ( ) ( ) ( )1/2 1/20 0 0
0 2 4 6

3 3
, 1

m m m
T m L L L

βρ α β α α α
ρ ρ ρ

+= − − + − + . 

The analysis of equations (1) - (4) shows that components of tension, speeds of movements and deformations 

will be found if the obvious type of function ( )k k α=  is established which, as well as in [9], we will call defining. 
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For search of function ( )k α  we will substitute dependences (4) in the equations of balance [1]. Also we will 

differentiate the received derivatives 0 /σ ρ∂ ∂  and 0 /σ α∂ ∂  respectively on α  and ρ . We will equate the 

right parts of the received mixed derivatives each other. As a result we will receive the differential equation 

4 0k k′′′ ′+ = .            (5) 

With due regard for two obvious boundary conditions 
0

0ρα α
τ

=
=  and 

11 max
22

ααρα αα
τ χτ

==
= −  the solution of 

the equation (5) can be submitted in form 

( ) ( )cos 2
2

c
k α ψ α= − ,           (6) 

where χ  - the experimental coefficient [7] establishing conditions of contact of rolls and a deformable sheet; 

c  - is a constant, and for the ( )1,ψ α χ  is received: 

( )
2

1 1 1

1
, sin cos

χψ α χ α α
χ
−

= − .         (7) 

Definition of the constant c  it is compatible to a choice of the center of plastic deformation which, following [7, 

9], takes the wedge-shaped form limited to two surfaces of a rupture of speeds of ( )1 1 1ρ ρ α= ; ( )2 2 1ρ ρ α=  

respectively on an entrance to rolls and at the exit (Fig. 1 ) from them. Procedure of the analysis of the center 

of deformation is in detail lit in [9] and allows to establish the allowing function ( )k k α=  and the ( )1ρ α , 

( )2ρ α  function limiting the center of plastic deformation in the radial direction: 

( ) ( )1 1 cos 2
h

k
υα ψ α
ψ

= − , ( ) 1
1

2 sin 2

2 sin

h ψα αρ α
ψ α

−
= ⋅ ; ( ) ( ) 1

2

2 sin 2
1

2 sin

h ψα αρ α
ψ α

−
= − Λ ⋅ .  (8) 

Here 2 1/h hΛ =  - sinking of a sheet (Fig. 1 ); 1υ  - the average movement rate of material on an entrance to 

rolls; 

( ) 1
1

1 1

,
sin

αψ α χ
ψα α

=
−

.          (9) 

4. FORCE PARAMETERS OF ROLLING 

Components of a tensor of tension are defined on the basis of the solution of the differential equilibrium 
equations [1, 10] together with (2), (4), (6): 

( ) ( ) ( ) (1/2 1/2 0
0 0 02 2

2 2

3 1 1
3 1 4 ln 4 1 4 4 3

2 2

mk L
m L k k m L k k k m

Lρ
βρσ β β

ρ ρ ρ
− −  ′ ′ + ′′ ′′= − − − + − − − − − − − +  

   
 

) 1/ 2 1/2 0
0 0 02 4 4 4 6 6 6

2 2 2 2 2

3 1 1 1 1
4 12 4 4

4 2 6

mk k L k k L k
m L k k m L L k k m L

L L
β

ρ ρ ρ ρ ρ ρ ρ
   ′ ′ ′ ′   ′′ ′′+ + + − − + − + − − −      

      
; 

( ) ( )1/2 1/20
0 02 2 4

2 2 2

3 1 1 3 1
3 1 4 ln 4 12

2 4 2

mk L k L
m L k k k k m L k k

L Lα
βρσ β

ρ ρ ρ ρ
−   ′ ′ ′ ′+   ′′ ′′ ′′= − − − + − + − + + + −     

     
 

0
4 6 6

2

1 1 1
8

6

m k L
L k k

Lρ ρ ρ
 ′ ′  ′′− − + + −   

   
; ( ) 1/ 2 1/20 0 0

0 2 4 6

3 3
3 1

m m m
m L L L kρα

βτ β
ρ ρ ρ

− + 
= − − + − + 
 

. (10) 
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It is natural to consider that the longitudinal forces arising on an entrance to the deformation center ( 1N ) and 

their exit it ( 2N ), be reduced to zero. Therefore, we can write down 

1/2 1/2

1 2
1 2

0 0

2 0; 2 0N dA N dA
α α

ρ ρρ ρ ρ ρ
σ σ

= =
= = = =∫ ∫ .      (11) 

The second condition (11) after substitution of expression for ρσ  from (10) will be transformed to it to the cubic 

equation of a look 
2 3

1 1 0 2 0 3 0 0n n na a a aµ µ µ+ + + = ,          (12) 

where coefficients ia  are functions of the angle of nip; 0nµ µ=  it is necessary to consider as the parameter 

generalizing high-rate, geometrical and contact factors at the exit from a zone of an advancing and determined 
by expression 

( )
1

0 2

1 1
n

h

υ ψµ =
− Λ

.           (13) 

The first condition (11) on an entrance to the deformation center (in a lag zone where 0Tµ µ= ) it is led to the 

equation 
2 3

0 1 0 2 0 3 0 0T T Tb b b bµ µ µ+ + + = .          (14) 

For coefficients ib  analytical expressions which interpretation isn't given are received. 

The size of sinking of a deformable sheet is set for technological reasons and is connected with the angle of 

nip 1α  and diameter of rolls 2R [8, 11]. Expression is a consequence of the law of change of thickness of a 

sheet in the center of deformation 

1
1cos 1

2

h

R
α = − Λ .           (15) 

The numerical solution of the equations (12) and (14) with attraction (15) is received at R= 0.11; χ = 0.3 and 

three values of thickness 1h  equal 0.015; 0.03 and 0.07, and also at 0m =0.339, β = -0.134, corresponding 

an alloy EN AW 5083. Results of calculations are given in Fig. 2  in which curves 1, 2, 3 are functions ( )0 1Tµ α  

respectively for 1h = 0.015; 0.03 and 0.07, and a curve 4 - ( )0 1nµ α . 

 

Fig. 2 Dependence of µ  parameter of the angle of nip 1α  
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From the presented diagrams it is visible that with growth of thickness of initial sheet there is a alignment of 

dependences ( )0 1Tµ α  to approach to a curve 4. 

We identify pressure upon rolls ( )q q ρ=  with district normal stress on a contact surface 

1 /2
qα α ασ

=
= − .            (16) 

Substitution in (16) expressions for ασ  from (10) for the value of pressure upon rolls we receive 

0 1 2 32 2 4 4 6 6
2 2 2 2

1 1 1 1 1 1 1
ln

3
q n n n n

ρ
ρ ρ ρ ρ ρ ρ ρ

       = − + − + − + −      
       

,     (17) 

where coefficients in  are functions of the angle of nip and rate of supply of material in rolls. 

In Fig. 3 a, b the dependences of pressure upon q  rolls on the radius of ( )2 1;ρ ρ ρ∈  received as a result of 

calculations for formula (17) are given as an example, and to the radius of ( )2 1ρ α  there correspond zero on 

abscissa axis, and sizes specified in the field of drawing are sinkings of a strip of Λ . Calculations are performed 
at an initial thickness of sheet 0.015. Qualitatively diagram of pressure don't contradict known data [9] and are 

constructed in temperature conditions of superplasticity ( β = - 0.134) and out of them (β = 0.236). 

 

Fig. 3 Dependence of pressure upon rolls on radius ρ  for different sinkings of a sheet 0.015 thick for: 

a) β = - 0.134; b) β = 0.236 

5. CONCLUSION 
• The problem of the force parameters determination when rolling a sheet of aluminum alloy EN AW 5083 

at the superplasticity thermal conditions has been solved. 

• The definition and optimisation of the superplasticity area in the center of deformation location was 
realized. 
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ROLLING SHEET AND STRIPS PATTERN 
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Abstract 

A model of prediction of flow stress during hot rolling plates and wide strips of carbon, low alloy and micro-
alloyed steels, especially deformation resistance which are not yet known, was developed. Method of L. V. 
Andreyuk was adopted for a basis of model, wherein each of thermomechanical factors represented as 
equations for the 13 chemical elements. The main limitations of the method (rolling temperature not less  
800 °C, strain 0.05-0.3) are overcome by supplementing the known dependence factor, which takes into 
account the phase transformation, as well as a factor that compensates for the degree of error in the calculation 
and strain rate. These factors have reduced the lower limit of the confidence interval for the temperature to 
700 °C and raise the upper limit of the confidence interval for the degree of deformation up to 0.5. The degree 
of conformity predicted and observed values of the flow stress is 82.6 - 94.7%. 

Keywords: Steel with an arbitrary chemical composition, hot rolling sheet, flow stress, thermomechanical  
                    factors, factor of influence the phase transformations, correction factor by the strain and strain  
                    rate 

1. INTRODUCTION  

In the development and analysis of modes of rolling it is necessary to perform constraint checking of the force, 
torque and power rolling. For the projection of said parameters it is necessary to calculate the resistance 
deformation of the metal, which is associated with a yield stress of the metal under these thermomechanical 
factors (strain, strain rate and temperature of deformation). In Russia used the term “True Yield Stress” [1]. 
Abroad used the terms “Mean Flow Stress” and “Flow Stress” [2].  
In order to display the inconstancy of strength characteristics of the rolled metal due to variations of melting 
chemical composition, as well as for the development of the rolling steel grades, features of resistance 
deformation are not yet known, a special software of computer-aided design must contain the rolling 
forecasting models yield strength steel with an arbitrary chemical composition. For the computer-aided design 
of cold rolling a similar model is presented in our paper [3]. Model for prediction Flow Stress of the hot rolling 
is based on method developed by Andreyuk. 

1.1. Features method of Andreyuk 

To calculate the Flow Stress, Andreyuk et others [4] suggested dependence, built on the results of tests on the 
plastometer according to the method of thermomechanical factors: 

,         (1) 

where - Flow Stress at "standard" conditions of the test; ,  и  - factors of influence of strain 

( ), strain rate ( ) and temperature of deformation ( ); ,  - empirical factors. The values , and 

are calculated based on the chemical composition of steel: 

{ ( ) ( )0 10 1000F
K

b

K

a

K

c

F

ϑ
ξ θ

σσ ϑ ξ θ= ⋅⋅ ⋅ ⋅
14243 14243

0Fσ Kξ Kϑ Kθ

ξ ϑ θ ,a b c 0Fσ ,a b

c
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;      (2) 

;     (3) 

 ;     (4) 

 ;     (5) 

where  , ,  - symbols of chemical elements;   - factors obtained from the 

results of plastometry studies (Table 1 ). 

Table 1  Symbols of chemical elements and factors for the calculation of the Flow Stress [4] 

Chemical 
element Symbol 

Factor 

        

C X1 -65.7 141 9.17 -5.24 23.0 -18.6 -63.0 43.1 

Mn X2 134 -36.2 -0.314 0.107 2.37 -0.591 -25.6 8.07 

Si X3 31.9 -37.8 -4.98 3.57 5.30 -3.39 59.3 -45.5 

Cr X4 155 -31.3 -0.29 0.0612 1.32 -0.358 -15.9 2.66 

Ni X5 70.6 -5.04 -0.315 0.0319 0.450 -0.037 7.28 -0.633 

W X6 -155 40.1 0.559 -0.148 1.90 -0.549 -29.3 11.0 

Mo X7 -371 175 3.07 -1.07 -2.64 0.428 16.5 5.56 

V X8 2204 1521 -20.8 19.3 -28.9 24.0 286 -495 

Ti X9 757 -625 -8.44 5.56 -0.0365 -6.19 -44.7 28.3 

Al X10 1303 -908 15.2 -9.55 60.6 -36.5 -804 503 

Co X11 1874 -412 23.1 -5.63 63.9 -15.2 -1155 270 

Nb X12 -291 219 -7.09 5.30 56.3 -6.9 -1529 1610 

Cu X13 -84.0 127 4.96 -2.62 -7.59 6.43 -242 124 

Studies were performed in the following ranges of thermomechanical factors: =0.05-0.3, =0.1-150 sec-1; 

=800-1300 °C. Today, however, applied technology, such as thermomechanical rolling, providing 
deformation of the metal at a temperature less than 800 °C. Also in industrial applications such as the last 
stand roughing and first group of finishing stands wide-strip hot rolling mill observed reduction of cross-
sectional area more than 30%. In this regard, it has been necessary to modify the method of Andreyuk to apply 
it in a wide range of thermomechanical parameters.  

1.2.  Features of change of thermomechanical factor s in the formula of Andreyuk 

On an example of  steel with chemical composition that produces hot-rolled plates X70 category (Table 2 ) 

compared the changes of factors ,  и , calculated according to the formulas of. Andreyuk, 

Pogorzhelsky [5] and the Denisov [6]. 

 

( ) ( )1,5 1,5
0 1 1 1 1 13 13 13 1366.8 0.1 ...k X k X k X k Xσ  ′ ′′ ′ ′′= + + + + + 

1X ... 13X , , , , , , ,k k l l m m n n′ ′′ ′ ′′ ′ ′′ ′ ′′

′k ′′k ′l ′′l ′m ′′m ′n ′′n

ξ ϑ
θ

Kξ Kϑ Kθ
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Table 2  The ranges of content elements and selected chemical composition of steel X70 

 

The content of the chemical elements,% Factors of formula  (1) 

C Mn Si Cr Ni Mo V Ti Al Nb Cu 
, 

МPа 
a b c 

Min 0.06 1.40 0.08 - 0.03 0.19 - 0.016 0.03 0.03 0.02 78 0.100 0.174 -4.184 

Max 0.10 1.92 0.31 0.03 0.21 0.25 0.10 0.017 0.05 0.10 0.03 106 0.132 0.195 -3.144 

Х70 0.07 1.69 0.22 0.03 0.12 0.22 0.10 0.016 0.04 0.05 0.03 97 0.113 0.189 -3.742 

With the selected chemical composition the primary formula of Andreyuk (1), taking into account the relations 
(2) - (5) takes the following form: 

.         (6) 

Formula of Pogorzhelsky: 

   (7) 

Formula of Denisov: 

       (8) 

As is known, thermomechanical factor in some parameter reflects a change of yield stress under the influence 

of this parameter relatively the base value . Other thermomechanical parameters should be fixed at levels 

consistent with the standard test conditions ( , , ). Therefore, with the well-known equation 

calculation is performed using the following formulas:  

;  and . (8) 

For all comparable formulas =0.1 и =1000 °С.  

However, in the construction of formula (1) the strain was regarded as , and in the 

formulas (7) and (8) , where  and - is the thickness before rolling and after. In all cases, 

the deformation rate calculated by the formula where - is the rolling speed; - the 

roll radius. However, in the formulas (7) and (8) =10 sec-1 and Andreyuk indicates =1 sec-1. Despite the 

fact, that the method of Andreyuk standard test conditions differ substantially lower strain rate values for 

the chemical composition of said steel roughly the same (96, 97 and 102 MPa according to formulas Andreyuk, 
Pogorzhelsky and Denisov, respectively).  

The graphs that illustrate the changes of thermomechanical factors are shown in Fig. 1 . Following the method 
of Andreyuk strain rate factor to 28 - 30 % larger than other methods  

0σ
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(Fig. 1a ). The differences between the values  

(Fig. 1b ) in the low strain are minor, but with 

increasing strain to ξ =0.5 discrepancy reaches 
12%. The strain factor of the method of Andreyuk 
has approximately an average value. 
Temperature factor, calculated by formulas 
Andreyuk and Denisov with variation 
temperatures vary monotonically (Fig. 1c ). 
Following the method of Pogorzhelsky observes 

an abrupt change at temperature about 800 

°C. This fact can be explained by phase 
transformations in steel. In the temperature range 

of 1000-1150 °C values for all methods differ 

insignificantly, and in the range 800-950 °C for the 
method of Andreyuk characterized by the average 

value of .  

We suppose that for accounting impact of the 
phase transformation to the Flow Stress formula 
(1) can be supplemented by a factor 

 where  and 

- values of some physical properties of 

the steel at a temperature  and 1000°C, 
respectively. In this case, the formula (1) takes the 
following form: 

           (9) 

In our study, the factor is determined based on 

the known dependence of the specific heat of the 
steel temperature [7] using piece-wise 
approximation. For a certain range of temperature 

,                 (10) 

where β0  and β1 - factors whose values depend 
on the type of steel (Table 3 ) 

Table 3 The values of factors  and  for the calculation of the formula (10) 

Type of steel Factors 
Temperature, °С 

Less 
 700 

700 - 750 751-800 801-900 801-950 
901  

and more 
951 

and more 

Low carbon 
β0 0.4074 -4.0052 7.0509 - 2.5658 - 0.9845 
β1 1.2449 7.5655 -7.176 - -1.5506 - 0.015 

Mild carbon 
β0 0.4839 -14.886 22.737 2.1511 - 0.7467 - 
β1 1.1511 23.117 -27.048 -1.3156 - 0,2467 - 

Low alloy 
β0 0.4619 -12.749 21.385 2.8109 - 0.5819 - 
β1 1.3267 20.265 -25.307 -2.0896 - 0.4013 - 

Kξ

Kθ

Kθ

Kθ

( ) ( ) ( )1000K Q Qγα θ θ= ( )Q θ

( )1000Q

θ

( )* 0 10
1000

c
baF

F Kγα

θσ ϑ ξσ  ⋅  
 

=

Kγα

( ) ( )0 1 1000K = +γα θ β β θ

0β 1β

a)  

b)  

c)  

Fig. 1  Variation factors influence strain rate (а), strain (b) 
and temperature (c): 1, 2, 3 - by the formulas (6), (7) and 

(8) respectively 
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Table  4 A mode rolling steel plate X70 

Pass 
,  

% 
,  

m∙s-1 
, 

o C 
1 8.0 1.0 1143 

2 9.0 1.2 1135 
3 9.2 1.3 1126 
4 19.5 1.3 1121 
5 23.5 2.2 1115 
6 26.5 2.5 1109 
7 26.7 2.5 1092 

8 27.0 2.5 1075 

9 13.2 2.5 1050 
10 15.4 2.5 940 
11 15.5 3.0 913 

12 14.3 4.0 902 

13 11.4 1.1 850 

14 11.4 1.3 835 
15 11.1 1.4 805 
16 10.6 1.6 790 
17 9.1 1.8 770 

The results of calculation of Flow Stress in rolling steel X70 for the mode shown in Table 4 (Fig. 2 ). 

 

Fig. 2  The dependence of Flow Stress on temperature for rolled sheet steel 
X70: 

1, 2, 3 - calculated using the formula (6), (7) and (8); 4 - calculated by the formula (9) 

In the calculations using formula (9) , , and , take the same as in formula (6), and the factor  

determined for the low alloy steel. The proposed modification of the formula of L.V. Andreyuk improves the 

ε v t

0Fσ a b c Kγα
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accuracy of calculation of the yield stress at 700-800 оС. The error calculation is reduced by =100-250 to 

=10-25 MPa. 

1.3.  Identification of models for conditions for h ot rolling of heavy plate sheets 

To assess the possibility of using a modified formula (9) for practical calculations, considered rolling mill 5000 
of heavy plate sheets of micro-alloyed steel grade X70 strength of two different chemical compositions, as well 
as low-alloy 15CrMo4 and carbon St37. 

The average volume for the deformation flow stress found by the unit rolling force   

,          (11) 

where - full rolling force; - sheet width; - stress state factor. Based on the results publication [8]: 

     (12) 

where  - shape factor;  - entering angle. 

Total examined 78 passes under the following conditions: =750-1050 °С; =0.05-0.25; 

=1.5-23 sec-1; =9-21 kN∙mm-1. A comparison of the Flow Stress and  showed the degree of 

correspondence between them =0.826, but it revealed a tendency to underestimation of the calculated 
values (Fig. 3a ). This fact can be explained by errors formulas which were used to calculate strain and strain 
rate. To eliminate these errors, supplemented formula (9) by strain and strain rate factor: 

.           (13) 

         (14) 

To calculate  constructed multiple approximation (confidence level 95%, = 0.894) 

    (15) 

The degree of compliance  and increased to =0.947, tendency to understate the estimated value 

has disappeared (Fig. 3b ). 
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a) b) 

Fig. 3  Charts of compliance of Predicted and Observed Flow Stress: 
a) calculated using the formula (9); b) calculated using the formula (14) 

1.4.  Identification of models for conditions for h ot wide-strip rolling 

Use data on rolling in the finishing mill 415 wide strips of steel grades 08ps, St37, 17MnSi and 15CrSiNiMo. 

The following conditions are observed: =800-1080 °С; =0.055-0.55; =3-175sec-1; =4.9-29 kN∙mm-1. It 

is known that the most appropriate for calculating the rolling force in the finishing conditions, is a formula Sims. 

Therefore, the calculation  performed by the formula 

          (16) 

As a result of the approximation of the graph represented in [9], we obtained the dependence (confidence level 

95 %, = 0.991): 

                 (17) 

Comparison of the results of calculation by the formulas (9) and (16) showed the need to consider the 

correction factor  separately for low-carbon and low-alloy steel. Regression analysis at a confidence level 

of 95% received the following approximation (indicators of reliability of 0.941 and 0.945, respectively): 

for low-carbon steel 

       (18) 

for low-alloy steel 

     (19) 

Calculation of the Flow Stress of formula (14) with one of the formulas (18) or (19) depending on the type of 
steel let to achieve the degree of matching observed and predicted rolling force of about 92 % (Fig. 4 ). 

 

θ ξ ϑ 1P

Fσ

( )1 0 11.15F pP Q R h hσ  = − 

2R

Kξϑ

2R

2 2
01 20.1259 3.5773 0.0032 16.5606K R hξϑ α ξ ξ ξ= + + + −

5 2 2
00.373 9 10 5.19767 5.3918 0.0034K m R hξϑ ϑ ξ ξ−= − ⋅ + − +
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2.  CONCLUSION 

Thus, the formula of Andreyuk supplemented by a 

factor of influence of phase transformations , 

as well as correction factor for the strain and strain 

rate , allows to reduce the lower limit of the 

confidence interval for the temperature to 700 °С 
and raise the upper limit of the confidence interval 
of the strain to 0.5. The dependence of calculation 

 should be constructed taking into account the 

characteristics of a particular variety of the rolling 
process. For example, the calculation of the 
formula (15) allows to reach the degree of 
compliance with the projected and actual values of 
the Flow Stress in the rolling heavy plate mill for at 
least 90 %. The calculation formulas (18-19) allows 
to reach the degree of compliance with the 
projected and actual values of the Rolling Force for 
hot wide-strip rolling of at least 92 %. 
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Abstract  

The paper is focused on investigation of the deformation behaviour of two nickel alloys - IN 713 LC and MAR 
M-247, delivered in the as-cast state. The aim was to determine physically the nil-strength temperatures and 
on the basis of tests by uniaxial tension to create 3D maps of plastic and strength characteristics of both these 
alloys. The determined nil-strength temperatures of the examined materials make 1295 °C for the alloy IN 713 
LC and 1310 °C for the alloy MAR M-247. These values are almost by 100 °C lower than those of conventional 
steels, which indicates an increased susceptibility of these alloys to burning at heating prior to forming. Results 
of high temperature tensile tests of those alloys correspond to the low nil-strength temperatures. The 
investigated alloys could be processed by forming in a relatively narrow temperature range of approx. 1000 - 
1100 °C (IN 713 LC), or approx. 1000 - 1200 °C (MAR M-247). The experiments were performed on a hot 
deformation simulator HDS-20, which is operated at the Regional Materials Science and Technology Centre 
at the VSB - Technical University of Ostrava (VSB-TU Ostrava). 

Keywords: Nil-strength temperature, tension test, HDS-20, nickel alloy 

1. INTRODUCTION 

Majority of nickel-based alloys is alloyed with Al or Ti, which reinforce the matrix. Other elements include Cr, 
which prevents oxidation and is present in order to increase the corrosion resistance in sulphide environments 
and also to reinforce the steel. Nb, Mo, W, and Ta are other alloying elements, which in different combinations 
cause strengthening of solid solution of the basic matrix. The main strengthening effect at high temperatures 

is, however, caused by precipitation called γ´ phase, which is essentially contained as Ni3(Al, Ti). Dome alloys 
contain also Co, which improves machinability and stability at high temperatures. Many alloys contain also 
present B or Zr as additional elements increasing the high-temperature creep properties [1]. A nickel-base 
superalloy Inconel 713LC (LC = low carbon) was investigated. This is a modification of the alloy Inconel 713C, 
which was developed primarily for application in integral wheels and blades of rotor turbines. In order to prevent 
creation of a large amount of carbides the carbon content in this alloy was reduced to the lowest possible level 
[2 - 4]. The next investigated alloy was the alloy MAR-M-247, which is classified as a Ni-based superalloy; it is 
cast classically or by precision casting and it is primarily used for components of gas turbines, such as turbine 
blades, wheels, covers and other devices [5, 6] . In principle, approx. 90 % of all superalloys, which are 
produced, are used for gas turbines and practically half of the weight of produced drives is assembled from 
parts made of Ni alloyed superalloys. The superalloys are very suitable for those drives, which operate typically 
from 540 °C up to 80% of the melting point of the material used. This naturally causes certain deformation at 
such temperatures, but the super-alloys still provide very good creep and corrosion resistance [7 - 9]. 

2. OBJECTIVES OF THE WORK  

The aim of experiment was to determine the nil-strength temperatures of two nickel alloys - IN 713 LC and 
MAR M-247, and to create on the basis of tests by uniaxial tension 3D maps of plastic and strength 
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characteristics of both alloys. Chemical composition of these alloys in mass % was for the alloy IN 713 LC: 
12.0 Cr - 6.0 Al - 4.1 Mo - 2.0 Nb+Ta - 0.7 Ti - 0.09 Zr - 0.06 C - 0.011 B - (balance Ni) and for the alloy MAR 
M-247: 9.9 W - 9.9 Co - 8.4 Cr - 5.5 Al - 3.0 Nb+Ta - 1.3 Hf - 1.0 Ti - 0.7 Mo - 0.04 Zr - 0.14 C - 0.015 B - 
(balance Ni).  

3. NIL-STRENGTH TEMPERATURES  

Nil-strength temperature corresponds to the temperature of burning of the material during heating and it 
represents an important information from the viewpoint of choice of the upper forming temperatures, etc. This 
value was determined using a special method of high-temperature testing in the deformation simulator HDS-20 
(or on its basic component - plastometer GLEEBLE 3800) [10 - 12], consisting in application of the controlled 
heating with interaction of constant, very small tensile force (max. 250 N) to the cylindrical sample with a 
diameter of 6 mm heated by resistance heating. Heating to the temperature of 1200 °C was conducted at the 
heating rate of 20 °C / s, next heating in the assumed critical area was performed at the heating rate of 2 °C/s. 
The nil-strength temperature corresponds to the highest value of the registered temperature (i.e. at the moment 
of loss of the material cohesion). It is calculated as an average of the values obtained from at least three tests, 
when anomalous result (affected by internal defects in the material, etc.) are excluded from the calculation.  

It is apparent that from the graph in Fig. 1a , that for the alloy IN 713 LC the nil-strength temperatures of 
1294 °C, 1298 °C and 1292 °C were measured successively, which gives an average value of 1295 °C with a 
low standard deviation of ± 3 °C. In case of the alloy MAR-M 247 the following values of nil-strength 
temperatures were successively: 1277 °C, 1313 °C, 1300 °C and 1318 °C (see Fig. 1b ) - after exclusion of 
the value of 1277 °C, which gives an average temperature of 1310 °C ± standard deviation of 8 °C. It should 
be emphasized that in comparison with ordinary commercial steels the investigated alloys show the nil-strength 
temperature lower almost by 100 °C. 

 

a) alloy IN 713 LC b) alloy MAR M-247 

Fig. 1  Record of evolution of temperature during individual tests of nil-strength temperature (the curves for 
individual tests are distinguished by different colour) 

4. METALLURGY OF HOT TENSILE TESTING  

Testing of formability by hot uniaxial tension on the plastometer Gleeble 3800 used cylindrical bars with a 
diameter of 10 mm and a total length of 116.5 mm. Due to the used jaws the length of the part of the sample 
heated by resistance heating and then deformed was 20 mm. The samples were heated directly to the 
temperature of testing with dwell at this temperature for 240 s. According to the assumptions the experiment 
should have cover the deformation temperature in the range from 1250 to 600 °C, which, however, proved to 
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be unrealistic. The speed of motion of the crosspiece was chosen at the levels of from 0.01 - 0.1 - 1 mm/sec. 
The load force was always registered in dependence on the extension. Where possible, the results were used 
for calculation of the contractual strength (at the given temperature) and ductility (relative elongation related to 
the initial length of 20 mm). 

5. PLASTIC PROPERTIES OF THE ALLOY IN 713 LC IN HOT  STATE 

Diagram in Fig. 2  documents the curves elongation-force for the alloy IN 713 LC and the slowest testing speed. 
Formability at high temperatures (exceeding 1200 °C) is almost negligible, it increases with the decreasing 
temperature. It is, however, impossible to evaluate the results at temperatures of 900 °C and lower, since 
rupture of the bar occurs beyond the heated (tested) zone - most often in the threaded part of the sample. 
Leap changes in evolution of some curves are noteworthy, as they signal evolution of fractures at various 
places of the tested bar. Tables 1 and 2 present summarised results of hot tensile tests.  

 

Fig. 2  Influence of temperature on results of tension tests of the alloy IN 713 LC 

Table 1 Contractual strength (MPa) of the alloy 
               IN 713 LC in dependence on conditions  
               of testing 

Table 2  Ductility (%) of the alloy IN 713 LC in  
              dependence on conditions of testing 

 0.01 mm/s 0.1 mm/s 1 mm/s 

1250 °C   16 

1200 °C 25  50 

1100 °C 190 258 349 

1000 °C 445 557 690 
 

 0.01 mm/s 0.1 mm/s 1 mm/s 

1250 °C   5 

1200 °C 3  5 

1100 °C 10 19 25 

1000 °C 22 26 40 

900 °C >32  >49 

800 °C >50   
 

It is evident that the contractual strength and ductility of the investigated alloy increases with the decreasing 
temperature and with the increasing rate of forming, the temperature influence being much more significant. 
This is clearly illustrated also by 3D diagrams of these variables, constructed with use of the software Surfer 8 
in experimentally limited temperature range (Fig. 3 ). 
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a) strength b) ductility 

Fig. 3  3D diagrams of plastic properties of the alloy IN 713 LC 

6. PLASTIC PROPERTIES OF THE ALLOY MAR M-247 IN HOT  STATE 

Diagrams in Fig. 4  document selected curves elongation-force for the alloy MAR M-247. Formability is in 
comparison with the alloy IN 713 LC almost negligible only at the highest temperature of 1250 °C. At the 
temperatures of 900 °C and lower ones the bar is ruptured beyond the heated zone. Leap changes in evolution 
of some curves indicate evolution of fractures in various places of the tested bar.  

 

Fig. 4  Influence of temperature on results of tension testing of the alloy MAR M-247 

Tables 3 and 4  present summarised results of hot tensile tests. Contractual strength and ductility in this alloy 
also significantly increase with the decreasing room temperature and with moderately increasing rate of 
forming - see 3D diagrams in Fig. 5 ). 
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Table 3 Contractual strength (MPa) of the alloy    
MAR M-247 in dependence on conditions of testing 

Table 4 Ductility (%) of the alloy MAR M-247 in 
dependence on conditions of testing 

 0.01 mm/s 0.1 mm/s 1 mm/s 

1250 °C 9 14 29 

1200 °C 37  90 

1100 °C 220 255 358 

1000 °C 425 552 636 
 

 0.01 mm/s 0.1 mm/s 1 mm/s 

1250 °C 2 4 7 

1200 °C 13  16 

1100 °C 18 27 24 

1000 °C 24 32 39 

900 °C >41   

800 °C >32   
 

 

  

a) strength b) ductility 

Fig. 5  3D diagrams of plastic properties of the alloy MAR M-247 

7. CONCLUSIONS 

Nil-strength temperatures of the examined materials were determined by special plastometric method: 1295 °C 
for the alloy IN 713 LC, and 1310 °C for the alloy MAR M-247. These values are almost by 100 °C lower than 
those of ordinary commercial steels, which signals and increased susceptibility of these alloys to burning during 
heating prior to forming. 

Results of high-tem tension test of those alloys correspond to low nil-strength temperatures. Ductility of the 
alloy IN 713 LC is at the temperatures exceeding 1200 °C (particularly at 1250 °C) almost negligible, in the 
case of the alloy MAR M-247 it is slightly better with prudent possibility of application of the forming temperature 
up to 1200 °C.  

Taking into account the above exception, the strength (contractual strength) and plastic properties (relative 
elongation to rupture) of both alloys are very similar, which is - in respect to difference of their chemical 
composition - rather surprising: they increase relatively gradually with the increasing rate of forming and they 
increase very significantly with the decreasing temperature. This is documented by 3D diagrams in the limited 
temperature range (min. 1000 °C), given by atypical deformation behaviour of both alloys at lower 
temperatures. 

Plastic deformation of both investigated materials at the temperatures of 900 °C and lower ones is 
accompanied by an initiation of bigger number of cracks, even beyond the heated part of the sample (probably 
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in relation with casting defects). Although plasticity of both materials is at those temperatures better than at 
higher temperatures, low technological formability practically excludes use of this interesting phenomenon in 
practice. It would be possible to process those alloys by forming in relatively narrow temperature range  of 
approx. 1000 - 1100 °C (IN 713 LC), or approx. 1000 - 1200 °C (MAR M-247). 
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Abstract  

Development of materials with ultra-fine-grained structure belongs at present to the front-end areas of research 
of materials and forming technologies in the whole world. Nano-structural materials in mechanical engineering, 
metallurgy, automotive, military and aerospace industry are applied. Research areas of SPD processes as 
ECAP and DRECE technology at the Department of mechanical technology VSB - Technical University of 
Ostrava are intensively developed. Forming process DRECE is an extrusion technology with limited cross-
sectional reduction to achieve high degree of deformation of the suitable selected material. DRECE machine 
can unequivocally contribute to implementation of new production technology for strip sheets and rods made 
of non-ferrous metals and steels (as semi-finished products), which have substantially higher mechanical 
properties with preservation of their formability. Experiments with use of selected steels and brass were made 
on the DRECE machines to achieve grain refinement in the strip of sheet with dimensions 58 x 2 x 1 000 mm. 
Metallographic analysis of structure was made on optical microscope NEOPHOT 2 and mechanical properties 
of studied samples by tensile test and Vickers hardness method were tested. 

Keywords: DRECE method, severe plastic deformation, steel and brass strip sheets and rods, structure,  
                    mechanical properties 

1. INTRODUCTION 

At present numerous many scientific and research working sites in industrially developed countries deal with 
research and technology of ultra-fine grained (UFG) materials and nano-materials. Several principles of 
technological processes are examined and their influence on the micro-structure of materials and on operating 
conditions of the process. The cited literary sources indicate the best-known and the most frequently used 
severe plastic deformation (SPD) technologies. All research activities dealing with these technologies are in 
the state of basic and applied research. Possibility of their application in selected fields of industrial production 
is being verified. An integral trend of development works, regardless of the investigated technology, is to 
optimise the forming process in order to maximise the volume of processed material in combination possibility 
of its use in the industrial practice - as a continuous production process. For ensuring the general 
implementation of the UFG materials into industrial practice this direction of development is not only logical, 
but also highly desirable. Most frequently used and new developing methods for production of UFG materials 
describes many authors [1 - 7]: Research areas of SPD processes as ECAP 
and DRECE technology at the Department of mechanical technology VSB 
- Technical University of Ostrava are intensively developed.  

The process DRECE is similar to the DCAP process. Scheme of DRECE 
process is shown in Fig. 1 . In spite of the fact that deformation is not 
achieved by perfect simple shear, both numerical analyses and 
experimental observations showed that simple shear is a dominant manner 
of deformation in the course of DCAP. Shear deformation input into the 
sample was distributed comparatively uniformly along the full width, with the 
exception of regions close to the lower surface of the strip. Experimental 
results agree completely with the results obtained by mathematical 

Fig. 1  Scheme of DRECE 
process 
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analyses with use of finite-element method [4, 8]. It is obvious from experimental results that different shear 
deformations occur near the lower surface. This uneven deformation occurs at the place, in which the work 
sample does not touch the tool.  

Two prototype of equipment was put into trial operation at the working site of the VSB - Technical University 
of Ostrava, Department of Mechanical Technology [9]. Fig. 2  a, b gives an overall view of the prototypes of 
this equipment. It consists of the following main parts: gear of the type Nord with electric drive, disc clutch, 
feed roller and pressure rollers with regulation of thrust, forming tool made of the steel grade Dievar. Strip with 
dimensions 58 × 2 × 1000 mm was fed into the working space and it was pushed by the feed roller with help 
of pressure rollers through the forming tool without change of its cross section. Repeated plastic deformation 
realised in this manner brought substantial refinement of structure. During the trial operation the first 
experiments were made, followed by their evaluation. On the basis of these works some modifications of 
design is proposed. 

 
a)                                                                     b) 

Fig. 2  Machine DRECE a) for strip sheets processing, b) for rods processing 

During testing period it was necessary to solve some problems about progress of the forming process - to 
solve problems about finding a suitable surface roughness of support cylinders, then to reduce warp and 
jamming of sheet during the process. Also a new geometry of forming tool is designed. 

All the works related to testing period of the prototype had been performed during year 2009 and now the 
equipment is fully used for many experiments about optimization the forming process to ensure its high 
effectivity and for obtaining the highest quality of material output. 

It is not possible to publish more detailed technical data as this equipment is patent protected. Another 
important structural elements of the DRECE machine consisted in designing  of the suitable relation of size of 
the feed roller and pressure rollers, determination of guides between the entry of strip of sheet into the tool 
(top part of the tool) and at the entry of strip of sheet into the deformation zone (lower part of the tool). 

2. EXPERIMENTAL MATERIALS, PROCEDURES AND RESULTS 

The strip of sheet of AlMn1Cu alloy with dimensions 58 x 2 x 1000 mm and austenitic Cr-Ni steel as rod with 
diameter 7 mm and 1000 mm length was used for investigation. Strip of sheet form AlMn1Cu alloy and 
austenitic Cr-Ni steel was extruded through the DRECE equipment. In the case of AlMn1Cu alloy 8 passes 
and in the case of austenitic Cr-Ni steel only 2 passes were realized from the reason hardening of steel. 
Hardness HV10 and mechanical properties (yield strength Rp0.2, ultimate strength Rm and ductility A80, A50 
respectively) were evaluated in initial state and after application of the DRECE process. All the tensile tests 
were performed according to the ISO 6892-1 with using standardized test-pieces according to Annex D. 
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Investigation was completed by metallographic evaluation of micro-structure of selected samples. The 
chemical composition of AlMn1Cu alloy is given in Table 1 and austenitic Cr-Ni steel shows the Table 2.   

Table 1 Chemical composition of AlMn1Cu alloy 

Chemical 
elements Si Fe Cu Mn Zn 

wt [%] 0.6 0.7 0.2 1.5 0.1 

Table 2 Chemical composition of austenitic steel 

Chemical 
elements C Si Cr Mn Ni P S 

wt [%] 0.018 0.36 18.15 1.50 8.05 0.034 0.020 

Specimens of strip sheet AlMn1Cu alloy after extrusion process for example are shown in Fig. 3. 

 

Fig. 3  Specimens of strip sheet AlMn1Cu alloy after the 8th pass through DRECE machine 

2.1. Hardness evaluation of strip of sheet by Vicke rs (HV10) method  

Hardness evaluation HV10 was performed with use of hardness tester HPO 250 on cross section cut from the 
samples at the place of measurement in initial state and on the strips after the 2nd, 4th , 6th and 8 th pass (for 
AlMn1Cu alloy see Table 3  and for austenitic Cr-Ni steel (see Table 4 ). It is evident from Table 3, that the 
average hardness value increased significantly after the 2nd pass and slightly after 4th pass. This has confirmed 
that number of passes exceeding 4 has no significant influence on increase of hardness. The achieved highest 
value 135 (HV10) is higher about 45 % in comparison to the hardness value in initial state. This has confirmed 
correct functionality of the DRECE method. In the case of austenitic steel the average hardness value 
increases evenly. 

Table 3 Average values of hardness of AlMn1Cu alloy 

Number of 
passes Hardness HV10 

IS 41 

2nd 52 

4th 60 

6th 61 

8th 66 

Table 4 Average values of hardness of austenitic Cr-Ni steel 

Number of 
passes Hardness HV10 

IS 266 

1st 293 

2nd 326 
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2.2.  Evaluation of mechanical properties by tensil e test  

Table 5  summarises the results of mechanical properties of AlMn1Cu alloy and Table 6  summarises the 
results of mechanical properties of the austenitic steel. 

Table 5 Results of tensile test of AlMn1Cu alloy 

Number of 
passes Rp0,2 [MPa] Rm  [MPa] A 80 [%] 

IS 115 131 22 

4th 135 163 10 

6th 152 173 14 

8th 152 171 13 
 

Table 6 Results of tensile test of austenitic Cr-Ni steel 

Number of 
passes Rp0,2 [MPa] Rm  [MPa] A 80 [%] 

IS 220 947 47 

1st  245 1074 31 

2nd 268 1207 16 

As it is seen from these tables the yield stress and ultimate tensile stress after DRECE processing are 
increased while the elongation is decreased. In the case of AlMn1Cu alloy after the 6th pass increasing of these 
values is minimal.   

2.2.  Metallographic analysis  

Metallographic analysis was made on optical microscope NEOPHOT 2 for obtaining orientation information, 
as to whether grains were refined. Structure was analysed on the cross section of the sheet. 

Altogether 8 passes were made through the DRECE tool. Comparison was made of the initial state and of the 
state after the 6th pass. Microstructures of AlMn1Cu alloy samples are shown in Fig. 4  and microstructure of 
austenitic steel are shown in Fig. 5.    

As it can be seen from these micrographs, refining of grains after each pass was only small. From the reason 
deformation of materials we can presume creation of sub-grains which will be studied with application EBSD 
method. The results of experiments can be used in the study of other types of steels [10]. 

  

a) b) 
Fig.  4 Microstructure of the AlMn1Cu alloy a) initial state, b) after the 6th pass 
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a) b) 

Fig.  5 Microstructure of the austenitic Cr-Ni steel 
initial state, b) after the 2nd pass 

3. CONCLUSIONS 

Both types of equipment mentioned above are suitable for experimental verification of structure refinement, 
bringing substantial enhancement of mechanical properties in all types of metallic materials, but particularly in 
the alloys of non-ferrous metals. The alloys of non-ferrous metals based on Al, Mg, Ti, etc. are at present 
broadly used namely in automotive industry, aerospace industry and lately also in medical practice (dental 
implants, prosthetics). The applications in power engineering bring an increase of conductivity in high-voltage 
transmission lines, increased resistance to corrosion resulting from structure refinement, and particularly the 
possibility of storage of hydrogen in UFG materials. The above mentioned devices will be fully usable also for 
laboratory verification of production of materials and blanks with such properties. 

Creation of UFG structure in the strip of sheet is closely connected to the design of suitable geometry of the 
forming tool, appropriately dimensioned power unit and control system enabling setting of various values of 
peripheral velocities. From the viewpoint of forming parameters higher number of passes will bring 
considerable strengthening of the formed material. According to the degree of the obtained results of extrusion 
of the sheet made of brass it is possible to state that the equipment is fully functional. 

The DRECE method for the rods is at the stage of verification and future works will verify influence of 
technological parameters on the increase of efficiency of SPD process for obtaining the UFG structure in the 
case of metals. 

From the viewpoint of forming parameters higher number of passes will bring considerable grain refining and 
strengthening of the formed material.  

It may be assumed from dependence mechanical properties on number of passes, that the biggest increase 
of hardness caused by dislocation strengthening in the course of plastic deformation occurs till the 4th pass 
and subsequent passes do not contribute substantially to further increase of strengthening. 
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Abstract 

The bore expansion test represents one of basic technological tests for determination preparation technologies 
influence on the maximal strain value. The most frequently it is used to determine material limit stage at 
comparison blanking and e.g. nonconventional cutting methods (abrasive water jet, laser and so on). 
Regarding the great development of contact-less optical methods for measuring deformation it is subsequently 
very suitable to use photogrammetry also at measurement and evaluation the bore expansion test. As an 
advantage there is e.g. very transparent graphical display of strain distribution around the bore without 
necessity to manually measure final bore diameter, information about strain change course during the whole 
test or also possibility to display strain gradient in any direction. On the other hand among disadvantages of 
contact-less optical deformation measurement is mainly purchase price, necessity of their precious adjustment 
before measurement (calibration of cameras, setting of shutters and so on) and also requirement for special 
surface treatment of sample (stochastic pattern). Within the experimental part of this paper there was 
measured the bore expansion test by contact-less optical system ARAMIS. For testing was used the deep-
drawing material marked as DC05 with phosphating as a surface treatment which is commonly used in the 
automotive industry. The purpose was to find out for six different initial diameters (from 5 mm up to 30 mm á 
5 mm) strain distribution around bore for the last stage before the crack and subsequently to evaluate strain 
gradient change in radial direction. After that final data were processed statistically and graphically, mutually 
compared to determine strain gradient change influence. 

Keywords: Bore Expansion Test, ARAMIS, Photogrammetry, Strain Gradient 

1. INTRODUCTION 

Processing of the sheets with coatings is very important part in the engineering industry (mainly in the 
automotive industry). One of the basic part of such whole processing technologies represents blanking which 
is very often carry out before the own pressing technology. Workpieces are cut not only at required shapes but 
there are also cut so-called technological holes. Surely these technologies influence materials plastic 
properties and sometimes there can occur cracks due to the achievement total ductility. That is why it is very 
important to know the deformation behavior of used material. The bore expansion test (see chapter 2) is one 
of the possible technological tests which can provide such type of information. Mostly it is used to determinate 
the influence of cutting clearance, however is this paper was investigated the rate of change for major strain 

dϕ1 (mm-1) influence on the initial diameter of the hole. Thus there was carried out this test for different initial 
diameters of holes and from the data for major strain ϕ1 (1) distribution in the radial direction to the edge were 
computed these rates of change via differentiation with the respect to the length of used section L [mm]. Finally 
from these dependences it was possible to make some conclusions about influence of the initial geometry of 
hole on the material plastic properties. So in this case was determined strain gradient change (rate of change) 

of different initial diameters to see not only distribution of major strain ϕ1 (1) around these holes but mainly to 

see the rate of change for major strain dϕ1 (mm-1) - thus to know the slope of these curves in the radial 
directions to the edge of the used material. 
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2. METHODOLOGICAL BASE AND EXPERIMENTAL PART 

As a main experimental test for this paper it was used so-called the bore expansion test which is sometimes 
named as Siebel and Pomp test. [1] The principle of such test is shown in Fig. 1 . The tested material is placed 
between blank holder and die and is subsequently formed by flat punch up to the moment of crack creation. 

After that can be measured final diameter and values of major strain ϕ1 (1) can be computed. This test can 
have many applications as can be e.g. determination the influence of cutting clearance. In this paper was 

determined the influence of initial bore diameters (see Table 2 ) on the distribution of major strain ϕ1 (1). As a 
tested material it was used the phosphate deep-drawing material which is commonly marked as 
DC05+ZE75/75-BPO. Its mechanical properties are summarized in Table 1 . 

Table 1 Mechanical properties of the tested material (DC05+ZE75/75-BPO) 

Rolling direction / Mechanical properties 
Yield strength  

Rp0,2 (MPa) 

Ultimate 
strength 
Rm (MPa) 

Uniform 
ductility 
Ag (%) 

Total 
ductility 

A80mm (%) 

Rolling direction 0° 174.5 298.1 24.36 43.71 

Rolling direction 45° 182.2 303.8 21.86 38.71 

Rolling direction 90° 175.3 292.1 22.86 41,85 

Table 2 Used initial diameters for the bore expansion test and their abbreviations 

Initial diameter / Its abbreviation D5 D10 D15 D20 D25 D32 

Initial diameter ØD (mm) 5 10 15 20 25 32 

The whole procedure, evolution and evaluation of the bore expansion test (see Fig. 1 ) was carried out by the 
contact-less optical system ARAMIS which uses photogrammetry to compute deformation. Thus before the 
own measurement there was very important to precisely calibrate and focus cameras, adjust lights and set 
proper distances (all of that because of photogrammetry and ARAMIS system). On the next page are shown 
images from such measurement and distribution of major strain ϕ1 (1) right before the crack creation. 

 

Fig. 1  Principle of the bore expansion test 
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The whole bore expansion test was scanned by the contact-less optical system ARAMIS and distribution of 

major strain ϕ1 (1) was computed. Such distributions for initial diameters 5 mm and 32 mm and moment right 
before the crack creation (there was used 6 fps so it is 0.167 sec before the crack) are shown in Fig. 2 . 

  
Fig. 2  Distribution of major strain ϕ1 (1) for D5 (left) and D32 (right) - moment right before the crack creation 

By the contact-less optical system ARAMIS there were measured all tested diameters and stages right before 
the crack were selected. From all available results at these stages was the crucial distribution of major strain 

ϕ1 (1) as it is shown in Fig. 3  for D5. There is also possible to see the position and radial direction of used 
section 1 [mm] along that was subsequently determined the required rate of change for the major strain dϕ1 
(mm-1). From this Fig. 3 is also evident probably the biggest disadvantage arising from using cameras for 
measurement the bore expansion test. Such disadvantage reflects reality that as optical system computes 
strain via co-called facets (px), there is no possibility to achieve just edge of the bore. Thus there is always a 
small “gap” between this edge and first computed values of strain. It is only possible to lower that distance by 
using smaller and smaller facets (in this paper was used 7 x 7 px). 

 

Fig. 3  Distribution of major strain ϕ1 (1) for D5 - moment right before the crack creation (system ARAMIS) 
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In Fig. 4  are shown results from measurement major strain ϕ1 (1) distribution for D5 along sections. For every 
diameter there were used three samples from those was finally computed average curve (as average from 
multiple curves). That final average curve is in Fig. 4  shown in red color. 

 

Fig. 4  Major strain ϕ1 (1) distribution for D5 - average curve from multiple curves (red color) 

After determination of these average curves for every used diameter (D5, D10, D15, D20, D25 and D32) there 
followed probably the crucial processing of these data via their differentiation with respect to length of section 

L (mm) to be able to compute rate of change for major strain dϕ1 (mm-1). In Fig. 5  are shown results from this 
differentiation for diameter D5. On the left is shown “raw” result from differentiation with respect to length of 
section L (mm). It is evident that such data processing is very sensitive and that is why there was necessary 
to add one more data processing method which rested in smoothing of measured curve. In this case there was 
used just B-spline (basis spline) of 1st differentiation. [2, 3] Comparison of “raw” data from differentiation (red 
color) and its B-spline (black color) is shown in Fig. 5 on the right. Such smoothing method was subsequently 
used for every measured diameter. Cause the major interest in this paper was focused just on the first part of 
these final curves are in Fig. 6  shown these curves (still D5) just for 10 mm. 

  
Fig. 5  Differentiation (left) and B-spline (right) for D5 
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Fig. 6  Differentiation and B-spline for D5 - detail for the first 10 mm 

Finally in Fig. 7 are subsequently summarized final rates of change for major strain dϕ1 (mm-1). From Fig. 7  is 

evident the influence of initial diameter on the rate of change for major strain dϕ1 (mm-1). Such influence can 
be thus summarized as following: the higher initial diameter, the lower rate of change dϕ1 (mm-1). In other 
words: the lower initial diameter, the lower material plastic properties depletion from the edge of bore. [4] 

 

Fig. 7  Rate of change for major strain dϕ1 (mm-1) - all used initial diameters 
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3. CONCLUSION 

This paper deals with the determination rate of change for major strain ϕ1 (mm-1) in dependence on initial 
diameters (D5, D10, D15, D20, D25 and D32) by means of the bore expansion test. As a tested material it was 

used phosphate deep-drawing material DC05 and for computation of major strain ϕ1 (1) distribution was used 

contact-less optical system ARAMIS. In Fig. 7  are shown rates of change for major strain dϕ1 (mm-1) as a main 
result from the experimental part and in Fig. 8  are shown just major strains ϕ1 (1) distributions along sections 
as data which were subsequently differentiated. From these two the most important results it is evident that 

the higher initial diameter, the lower rate of change dϕ1 (mm-1) and thus the lower material plastic properties 
utilization from the edge of bore. Such type of information about material deformation behavior is very important 
e.g. in the press shops in the case of so-called technological holes because there is danger of depletion 
material plastic properties. It is evident that the lower initial diameter of the hole, the much faster localization 
of deformation, necking (as during the static tensile test) and the crack creation. That was also the main 
purpose of this paper which deals with the influence of initial diameter of the hole (thus generally geometry) 
on the material plastic properties. On the other hand this experimental represents just first results and it is very 
important to carry out much more tests, to test different materials and so on. There is also very important to 
smooth differentiated data because otherwise there is a noise in such data (see Fig. 6 ). Moreover there are 
some disadvantages arising from use of photogrammetry mentioned above. 

 Fig. 8  Major strain ϕ1 (1) distributions - all used initial diameters 
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Abstract 

During the last years there is a strong tendency of automotive industry to achieve suitable compromise 
between effort to lower environmental load at car operation by lowering its weight (thus to lower thickness of 
used parts) and on the other hand there is tendency to still increase the safety of passengers by utilization 
ultra-high strength materials. That is why these days are more and more important strength materials and 
alloys based e.g. on aluminium or magnesium. However industrial processing of these materials reveals quite 
a lot of problems. Thus these days there is a great demand for high-quality computational models within the 
numerical simulations for processing these materials because quite great portion of producing problems can 
be eliminated by pre-producing phase using numerical simulations (FEA). For precious numerical simulations 
computation is, beside geometry of part and tool, very important selection and accuracy of material input data 
subsequently regarding also selection of own computational model. During the last years there were developed 
a lot of computational models which within the metal forming regard yield criterions. One of these yield 
criterions is also anisotropic computational model named as Vegter model. The purpose of this paper is not 
only to describe such computational model but mainly to show procedure of measurement the most important 
input material data for stainless material to be computed by Vegter model. Such measurement is not only 
about static tensile test but there is used also the hydraulic bulge test to determine so-called bi-axial point in 
Vegter model. 

Keywords: Yield Criterion, Computational Model, Numerical Simulation, Hydraulic Bulge Test, Stainless  
         Material 

1. INTRODUCTION 

Numerical simulations and computational models represent one of crucial factors during pre-producing phase 
for any product. However their reliability (or more precisely reliability of their results and matching with reality) 
is greatly influence by used input data. Moreover there is not only problem with reliability of these data but also 
with the wide range of different materials when some of them are quite newly used or have been just developed 
(e.g. some ultra high-strength steels, aluminium alloys, magnesium alloys and so on). In this paper was tested 
stainless steel with the purpose to describe whole methodology how to find out such relevant input data to be 
used in advance computational models (e.g. in Vegter yield criterion). Three basic pillars of numerical 
simulations can be summarized as following: the static tensile test (stress-strain curve), normal anisotropy 
coefficients and forming limit diagrams. However for the modern computational models (or more precisely for 
different yield criterions) much more other results are necessary. Among them can be found mainly position of 
so-called bi-axial point which can be determinate e.g. via the hydraulic bulge test. Sometimes can be also 
required positions of plane-strain points which makes own testing much more time consuming. That is why in 
this paper was for experiments used firstly static tensile test and then hydraulic bulge test and the main purpose 
was to find out all important constants for their future utilization in advance computational models. In both 
cases there was used fitting of stress-strain curve by Swift´ s equation (1). 
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2. METHODOLOGICAL BASE AND EXPERIMENTAL PART 

The most important part of this papers deals with the own measuring, computing and fitting all important 
constants for their future utilization in the advance computational models of sheet forming (mainly Vegter yield 
criterion). That is why first part of testing stainless steel was about the static tensile test and its approximation 
by Swift´s equation and the second part dealt with the hydraulic bulge test.  

2.1. Static tensile test 

As was already mentioned, first part from the experiment was about the static tensile test. This test was carried 
out under common testing conditions and basic results are summarized in Table 1 . As a major output from 
this measurement there was stress-strain curve and mainly its approximation acc. to Swift - see Fig. 1 . 

Table 1 Mechanical properties of the tested material (stainless steel - DIN 1.4301) 

Rolling 
direction  

(° ) 

Yield 
strength  

Rp0,2 (MPa) 

Ultimate 
strength 
Rm (MPa) 

Uniform 
ductility 
Ag (%) 

Total 
ductility 
A80mm (%) 

Strength 
coefficient 

C (MPa) 

Strain 
hardening 
exponent 

n (1) 

Plastic 
strain 

equivalent 
φ0 (1) 

0° 288.9 647.1 47.85 53.58 1464.2 0.4980 0.0400 

45° 277.2 612.4 54.77 61.50 1474.7 0.4983 0.0406 

90° 283.7 624.7 55.14 60.8 1378.4 0.5154 0.0478 

For the subsequent utilization of stress-strain curve from static tensile (thus at uni-axial tensile stress state) 
there was necessary to compute three constants from so-called Swift´s equation which is modification of the 
Hollomon equation - see equation (1) and Fig. 1  (meaning of these constants is evident from Table 1 ). [1] 
 

(1) 

 

Fig. 1  Approximation of stress-strain curve from static tensile test - stainless steel (rolling direction 0°) 

( )n
TRTR C 0ϕϕσ +⋅=
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2.2. Hydraulic bulge test 

The hydraulic bulge test represented the second major part of the experiment. For this test is very important 
fact that there is bi-axial stress state cause it is very important “point” for the future utilization for different yield 
criterions. Due to the different stress state in comparison to the static tensile test, for its stress-strain curve it 
is necessary to compute so-called the effective stress σEF (MPa) and effective strain φEF (1). Computation of 
all important values is written by means of equation (2), (3) and (4). [2] 

(2) 

(3) 
 

(4) 
 

 
 

where: 

σEF - effective stress  (MPa);  p - pressure   (MPa); 

φEF - effective strain  (1);  R - radius of curvature  (mm); 

φ1,2,3 - true strains   (1);  t, t0 - actual and initial thickness (mm). 

For the own measurement of the hydraulic bulge test there was used contact-less optical system ARAMIS. 
The principle of such measurement is shown in Fig. 2 . Measured material is placed between upper and lower 
blank-holders and two scanning cameras are added right before the tested material (stainless steel in this 
case). That transparent glass needs to be clear after every test because just after fracture of material (in this 
case it was under pressure 22 MPa), hydraulic oil is jetting up towards cameras. Because it is optical system, 
there is very important to properly adjust cameras (calibration, shutter time, focusing, distances, angles and 
so on) and provide proper lighting for the whole scanning area.  

 

Fig. 2  Principle of the hydraulic bulge test with contact-less optical system ARAMIS 
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In Fig. 3  are shown images scanned just from the left camera during the whole hydraulic bulge test - on the 

left is image and strain distribution for stage 0 (so blue color for strain distribution ϕ1 = 0) and on the right is 
shown the same but in this case for stage 316 (pressure p = 18 MPa). Small "holes" are due to insufficient 
adjustment of cameras or bad light conditions. 

  
Fig. 3  Distribution of major strain ϕ1 [1] - stage 0 (left) and stage 316 (right) 

As the whole evolution of the hydraulic bulge test was scanned by contact-less optical system ARAMIS, 

subsequently it was possible to compute distribution of both major strain ϕ1 (1) and minor strain ϕ2 (1) within 
the required area (top of the sphere). Due to that was also possible to compute strain in the thickness direction 

ϕ3 (1) which is important to know to be able to compute actual thickness - see equation (4). Finally by fitting 
best-fit sphere over computed part of sphere (see Fig. 4 ) it was possible to find out required radius of curvature 
R [mm]. In Fig. 4  is shown such best-fit sphere again for stage 316 (pressure p = 18 MPa). After that was 
possible with equations (2). (3) and (4) to compute required effective stress σEF (MPa) and effective strain φEF 
(1) and to plot stress-strain curve for bi-axial state of stress (hydraulic bulge test) - see Fig. 5. 

 
Fig. 4  Application of best-fir sphere (stage 316; pressure p = 18 MPa) 
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In Table 2 are summarized all important values to plot required stress-strain curve of stainless steel. Because 
of space there is written every second used pressure (in fact it was from 1 up to 18 MPa á 1 MPa). 

Table 2 Results of the hydraulic bulge test (stainless steel; initial thickness t0 = 0.805 mm) 

Stage 
Pressure  
p (MPa) 

Radius of 
curvature 

R (mm) 

Actual 
thickness  

t (mm) 

Effective stress  
σEF (MPa) 

Effective strain  
φEF (1) 

26 2 261.964 0.786 336.906 0.022 

62 4 155.850 0.757 411.961 0.059 

98 6 120.380 0.727 497.281 0.099 

134 8 101.062 0.698 579.228 0.140 

170 10 88.348 0.668 661.582 0.183 

206 12 79.171 0.636 745.930 0.231 

243 14 72.094 0.602 838.297 0.287 

279 16 66.299 0.562 943.207 0.354 

316 18 60.611 0.504 1082.520 0.462 

From these values was subsequently created the scatter plot - see Fig. 5. It is not possible to use continuous 
increasing of pressure due to time delay in sensor and hoses. After that was also used (as in the case of the 
static tensile test) the power-law equation acc. to Swift and via fitting (nonlinear curve fit) was computed stress-
strain curve and all important constants (C, n, φ0). Values of these constants for the hydraulic bulge test were 
as following: C = 1675.6 MPa, n = 0.6617 and φ0 = 0.0622. Such values are truly very important to compute 
so-called bi-axial point in advance computational models in numerical simulations (e.g. for Vegter yield 
criterion). Beside values of uni-axial tensile (eventually compression) point and normal anisotropy coefficients 
are these values the crucial for proper computation of required yield criterions. 

 
Fig. 5  Approximation of stress-strain curve from the hydraulic bulge test (stainless steel - DIN 1.4301) 
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3. CONCLUSION 

This paper deals with the description how to measure and evaluate important input material data for advance 
computational models for forming stainless material. That is why this paper was divided into two major 
experimental parts - the static tensile test and the hydraulic bulge test. In Fig. 6  is shown their mutual 
comparison via stress-strain curves. As a tested was chosen stainless steel (DIN 1.4301) because it very 
properly represents one of the basic material types which are still more and more used in the automotive 
industry these days - (ultra) high-strength steel to improve safety of passengers. From this Fig. 6  is also evident 
influence arising from the different stress states between the static tensile test and the hydraulic bulge test - 
thus the uni-axial tensile stress state and the equi bi-axial stress state. However for both these parts there was 
an effort how to evaluate all important constants for their future utilization and processing in the advance 
computational models as can be e.g. Vegter yield criterion which is still more and more used these days mainly 
in the automotive industry. Thus from both experimental tests were computed (via approximation of stress-
strain curves) especially following constants: strength coefficients C (MPa), strain hardening exponents n (1) 
and plastic strain equivalent φ0 (1) for stainless material. Together with normal anisotropy coefficients and 
forming limit diagrams represent these constants basic pillars to be used in modern numerical simulations and 
their computational models. It is evident that their measurement is quite time consuming but it is very important 
for the accuracy of numerical simulations so it can save a lot of energy and money during pre-producing phase. 
Such results are obvious when utilization different computational models and their matching with reality (e.g. 
real car-body panels) [3]. 

 

Fig. 6  Stress-strain curves comparison of static tensile test and hydraulic bulge test 
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Abstract 

These days there can be observed still increases requirement about products quality at keeping low price level. 
Such contending claims of market environment force producers in every branch of engineering industry to 
innovate their technological procedures and to process new progressive materials with specific utility 
properties. Regarding great development of numerical simulations there is not only use of computation 
methods but also qualitatively higher level of modeling technological processes where PCs behave as 
computational models on which it is possible to simulate also such processes which would be very difficult to 
carry out on the real part under operating conditions. Numerical simulations results are greatly influenced by 
knowledge and quality of input data. There are mainly boundary conditions which characterize simulated 
process, knowledge of the stress and deformation behavior of forming material and last but not least also 
selection of the proper computational model. For the most used computational models is material deformation 
behavior described only by static tensile test in combination with normal anisotropy coefficients. However for 
specific materials, thus also titanium alloys, is such characterization insufficient and is obvious that results from 
numerical simulations observed from this measurement do not agree with the real forming processes (mainly 
stamping). In this paper is described possibility to use advanced computational models for drawing process 
numerical simulation by software PAM STAMP 2G and method how to obtain input parameters for the material 
definition of the formed material. Results from the numerical simulation are compared with experiment ones. 

Keywords: Drawing of Sheets, Numerical Simulation, Computational Model, Titanium, Testing of Materials. 

1. INTRODUCTION 

Sheet drawing technology is one of the most spread technologies for metal parts production in all industrial 
branches. Such technology enables production of parts with different shapes (plane or bulk ones) as well as 
parts of many sizes. Mainly advantages of parts produced by this technology are as following: good-quality 
surface, high accuracy of defined dimensions and quite high stiffness with minimal part weight. In the case of 
cold forming there is also increase in yield strength, ultimate strength and fatigue strength in dependence on 
degree of deformation. Required shape and size change of initial material is made by applied outer forces 
which cause plastic deformation of forming part (e.g. sheet). Produced part final quality is influenced by many 
parameters which are really necessary to take into account during part design. It is mainly proper choice of 
technological parameters like e.g. blank-holding force value, lubrication method for forming part, choice of the 
workpiece shape and so on. Important role during production process, lay-out and choice of optimal pressing 
technological conditions play numerical simulations. Using information technologies in the preparation of the 
technological production mean not only lower time consumption of whole pre-production phase but also huge 
cost savings. Advantages of sheet drawing technological processes simulations arise mainly from feedback 
when computed results of numerical calculation enables us opportunity to optimize tool shapes functional 
surfaces, proper choice of technological parameters and so on. From detailed stamping process analyze it is 
possible to ensure dimensional stability of stampings, compliance of specified thickness tolerances, 
appearance of areas with minimal deformation or detection vice-versa critical zones with danger of wrinkling 
or cracks creation. Massive spreading of numerical methods for computation forming technologies makes 
possible to process new types of materials with different mechanical properties. Among them can be also 
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found titanium alloys. However, processing of these specific material reveals some production problems which 
are possible to eliminate by proper pre-production phase where take a crucial place numerical simulations of 
the production processes by means of FEA. To measure truly reliable results with the best accuracy is beside 
geometrical requirements for stamping shape also necessary knowledge about material deformation behavior 
and proper selection of computational model. Proper definition of boundary conditions and selection of 
computational model significantly takes effect in the areas of forming limit deformations. With regard to reality 
that there is a strong effort of sheet processors to fully use deformation abilities of the formed material and 
also to minimize number of the technological operations, such selection of computational model is truly very 
important. Thus there are for materials with specific properties developing computational models with higher 
and higher accuracy which characterize material deformation behavior also in the areas of limit deformation. 
In this paper is evaluated the computational model influence on the numerical simulation accuracy in the 
environment of PAM-STAMP 2G at forming the titanium alloy Ti6Al4V ASM 4911. Mutual comparison of results 
obtained experimentally and by numerical simulation was carried out for simple stamping with rotary shape 
(cup) which is possible to make in the labs of Department of Engineering Technology (TU of Liberec). For 
deformation analyses by means of Final Element Analysis (FEA) there were used two anisotropic 
computational models marked as Hill 48 and Vegter Lite. 

2. METHODOLOGICAL BASE AND EXPERIMENTAL PART 

Beside geometrical knowledge of stamping shape are for material model definition necessary mechanical 
properties of the forming material. Basic values for definition of anisotropic model marked as Hill 48 are as 
following: Young´s modulus, Poisson´s ratio, density, stress-strain curves and also normal anisotropy 
coefficients for directions 0°, 45° and 90° regarding rolling direction. These are commonly available tabbed 
values and can be measured by the static tensile test [1]. To fulfill definition of material model marked as Vegter 
is truly necessary to expand experimental tests by several types of tests. These are shear and compressive 
tests and tests under multi-axial stress states. As a minimal condition to be able to define model marked as 
so-called Vegter Lite can be taken static tensile test for directions 0°, 45° and 90° regarding rolling direction. 
From such measured values are evaluated stress-strain curves and normal anisotropy coefficients. Other tests 
which are necessary for definition of Vegter Lite model are the hydraulic bulge test and so-called plane strain 
test. From the hydraulic bulge test is determined effective stress-strain curve and deformation ratio in directions 
0° and 90° which characterizes anisotropic material behavior under multi-axial stress state. From the plane 
strain test is computed again stress-strain curve. All these three tests were carried out in the experimental part.  

2.1. Static tensile test 

The static tensile test is the basic test to determinate mechanical properties of the tested material and makes 
possible to obtain information about deformation abilities of the tested material [2]. In Table 1  are shown 
measured mechanical properties of titanium alloy Ti6Al4V ASM 4911 with thickness 0.6 mm and directions 0°, 
45°and 90° regarding rolling directions. Graphical illustration of measured results from the static tensile test is 
shown in Fig. 2 .  

Table 1 Mechanical properties of the tested material (Titanium alloy Ti6Al4V ASM 4911) 

Rolling 
direction  

Yield 
strength  

Rp0,2 [MPa] 

Ultimate 
strength 
Rm [MPa] 

Uniform 
ductility 
Ag [%] 

Total 
ductility 
A80mm [%] 

Strength 
coefficient 

C [MPa] 

Strain-
hardening 
exponent 

n [-] 

Plastic 
strain 

equivalent 
φ0 [-] 

0° 476.7 601.2 8.8 21.7 865.9 0.1161 0.9588 

45° 472.1 586.3 6.7 21.5 762.4 0.0729 2.1361 

90° 507.2 627.4 10.1 21.4 864.4 0.0965 2.6353 
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2.2. Hydraulic bulge test 

The hydraulic bulge test represented the second major part of the experiment. For this test is very important 
fact that there is bi-axial stress state cause it is very important “point” for the future utilization in different yield 
criterions. Due to the different stress state in comparison to the static tensile test, for its stress-strain curve it 
is necessary to compute so-called effective stress σEF [MPa] and effective strain φEF [-]. Computation of all 
important values is summarized by means of equation (1), (2) and (3) [3]. 

 

(1) 

 

(2) 

 

(3) 

where: 

σEF - effective stress  [MPa];  p - pressure   [MPa]; 

φEF - effective strain  [-];  R - radius of curvature  [mm]; 

φ1,2,3 - true strains;   [-];  t, t0 - actual and initial thickness [mm]. 

For the own measurement of the hydraulic bulge test there was used the contact-less optical system ARAMIS. 
The principle of such measurement is shown in Fig. 1 . Measured material is placed between upper and lower 
blank-holders and two scanning cameras are added right before the tested material (titanium alloy in this case). 
Of course very important is location of transparent glass before cameras cause just after fracture of material 
there is a lot of hydraulic oil “flying” towards cameras. Because it is optical system there is very important to 
properly adjust cameras (their calibration, shutter time, focusing, distances, angles and so on) and provide 
proper lighting for the whole scanning area. 

As the whole evolution of the hydraulic bulge test was 
scanned by the contact-less optical system ARAMIS, 
subsequently it was possible to compute distribution of 

both major strain ϕ1 and minor strain ϕ2 within the required 
area (top of the sphere). Due to that was also possible to 

compute strain in the thickness direction ϕ3 which is 
important to know for computation actual thickness - see 
equation (3). Finally by fitting best-fit sphere over 
computed part it was possible to find out required radius 
of curvature R [mm]. After that it was possible with 
equations (1). (2) and (3) to compute effective stress σEF 
[MPa] and effective strain φEF and to plot stress-strain 
curve for the bi-axial stretching state of stress (the 

hydraulic bulge test). From these values was subsequently created the scatter plot - see Fig. 2 . It is not 
possible to use continuous increasing of pressure due to time delay in sensor and hoses. After that was also 
used (as in the case of the static tensile test) the power-law equation acc. to Swift and via fitting (nonlinear 
curve fit) was computed stress-strain curve and all important constants (C, n, φ0). Values of these constants 
for the hydraulic bulge test were as following: C = 1532 MPa, n = 0.2869 and φ0 = 0.03453. Such values are 
truly very important to compute very significant bi-axial point in the advanced computational models in 
numerical simulations (e.g. for Vegter yield criterion). Beside values of uni-axial tensile (eventually 
compression) point and normal anisotropy coefficients are these values the crucial for proper computation of 
required yield criterion. 

  

Fig. 1  Principle of the hydraulic bulge test with 
contact-less optical system ARAMIS 
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Fig. 2  Results from the static tensile test (left) and the hydraulic bulge test (right) - titanium alloy 

2.3. Plane strain test 

The plane strain test is typical that there is prevent deformation in the width direction and that is why there is 
necessary to use sheet modified sample with notch. Deformation in the direction of sample loading is than 
compensated just by the change in sheet thickness and in the area between notches can be whole strain taken 
as plane strain. In the notch area there is rapid depletion of material plastic properties and crack is created. 
Thus achieved strain in the direction of sample loading is very low and that´s why there was used very high 
accurate strain gauge Epsilon 3542 for strain measurement. Shape of tested sample and whole measurement 
method is shown in Fig. 3.  

  

Fig. 3  Sample for the plain strain test (left) and method of its measurement (right) 

Analogous to the static tensile test, also the plain strain test was carried out for three directions regarding the 
rolling direction (0°, 45° and 90°). Results of measurement the plain strain test are shown in Fig. 4 (left). For 
numerical simulation there were used two computational models. First model (Hill 48) is simpler and is used 
for material definition data measured only from the static tensile test and for rolling direction 0, 45°and 90°. 
Such model is commonly used for steel sheets forming simulations and from experiences is fully adequate for 
common deep-drawing materials. As a second computational model was chosen model Vegter Lite which in 
detail describes material planar anisotropy and used tests also at multi-axial loading. Such model is much 
more time consuming than model Hill 48 cause there is difficult data processing and to carry out all tests. 
Comparison of both mathematical models which characterize yield criterion is shown in Fig. 4 (right). 
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Fig. 4  Result of the plain strain test (left) and comparison of used yield criterions (right) 

3. NUMERICAL SIMULATION 

For numerical simulation was chosen simple drawing of rotary shape (cup) with diameter 80 mm. Initial 
diameter of the workpiece was 140 mm. Such size (diameter) was chosen just on the formability limit with 
purpose to achieve strain limit stages which could show markedly the influence of computational model. Blank 
holding force was 50 kN. For every contact between tool and formed sheet was chosen friction coefficient of 
0.12. Result of numerical simulations for both computational models revealed totally different results. By using 
the computational model Hill 48 there was during calculation massive elements collapsing in product (cup) wall 
(as it is shown in Fig. 5 ). The stability of computation was lost already at drawing depth 30 mm. Thus on the 
basis of results from numerical simulation by model Hill 48 could be stated that such drawing process for 
titanium alloys is totally impossible (material appeared to be without any formability). 

 

 
 

Fig. 5  Results of the numerical simulation for model Hill 48 

Numerical simulation using the computational model according Vegter Lite was computing without elements 
collapsing in the product (cup) wall. So that final product was according this numerical simulation formable. By 
experimental forming of this product (cup) in labs it was possible to draw it and there weren´t any cracks 
occurrence. Results of numerical simulations for model Vegter are shown in Fig. 6 . 
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Fig. 6  Results of the numerical simulation for model Vegter Lite 

4. CONCLUSION 

Influence of computational model on numerical simulation results was measured on simple rotary product (cup) 
by using computational models Hill 48 and Vegter. Concurrently with numerical simulation was carried out 
experiment under the same technological conditions, which served for comparison equality of results from 
numerical simulation and experiment (simple drawing of cup). At choice of computational model Hill 48 is 
evident that numerical simulation results don´t correspond to reality achieved by experiment. This simulation 
finally revealed crack creation in the bottom of cup. At choice of computational model according Vegter was 
stamping formable on the basis of numerical simulation results. On the basis of carried out measurements and 
experiments it´s possible to state that computational model Vegter is for special alloys and zones with high 
deformation much more suitable than model Hill 48. The computational model Vegter embodies higher 
matching of numerical simulation results with the real ones (experiment). The computational model Hill 48 is 
in the area of limit deformations sensitive to collapsing of final elements mesh. Disadvantage of using model 
Vegter rests in fact that such test is very time consuming cause there is necessary to carry out many 
experiments, preparation of tests and data evaluation. All of these disadvantages can be taken as a “tax” for 
its higher accuracy and possible applicability for many materials which are used these days (aluminium alloys, 
titanium alloys, some high-strength steels and so on). Last but not least should be here mentioned utilization 
of so-called plain strain test to characterize deformation behavior of titanium alloy because such test is not 
used very often. 
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Abstract 

Knowledge of deformation limit states is the basic presumption for the proposal of all forming operations at 
stampings production. Deformation limit states of given material are greatly influenced by forming temperature, 
stress state and strain rate. Regarding the fact that common types of steel sheets are not formed under higher 
temperatures, size of limit deformation depends mainly on the stress state and the strain rate. For the technical 
community is the dependence of deformation limit states on the stress state commonly marked as forming limit 
diagram (FLD) and there are many experimental and numerical methods how to obtain so-called forming limit 
curve (FLC). Problem about strain rate on the deformation limit state is not so frequently discussed and in 
mostly cases it is just focused only on the research zone for uni-axial stress state. In this paper is evaluated 
influence of strain rate on the deformation limit state of TRIP steel at different stress states (from uni-axial up 
to bi-axial stress state). At experiment there is used pneumatic device which was designed and assembled at 

TU of Liberec and which makes possible to achieve the impact velocity of punch up to 30 m⋅s-1. Deformation 
analysis of tested samples was carried out by modern contact-less system ARAMIS in combination with high-
speed (HS) cameras Photron SA3 which enables to scan processes under frequency up to 100 kHz. Results 
of experiments are presented by forming limit diagrams for chosen strain rates and by examples of deformation 
distribution on tested samples. 

Keywords: Plastic Deformation, Stress, Strain Rate, Deformation Limit State, Optical Analysis, HS Cameras 

1. INTRODUCTION 

Beside basic mechanical properties of the formed material is so-called forming limit diagram (FLD) another 
material characteristic which determines deformation ability for given material under chosen temperature-rate 
conditions. Nowadays there are a lot of methods for determination FLD of formed material, however the most 
common method for determination FLC (forming limit curve) is still so-called Nakazima test. Principle of this 
test rests in stretching shaped samples by means of semi-spherical punch with diameter 100 mm. Advantage 
of this method is possibility to measure both left and right part of FLC. Regarding the fact that it is the most 
used method for determination FLC is the methodology how to perform test and evaluate deformation limit 
states for the tested material given by standard ISO/DIS 12004-2. Conditions to perform this test are in the 
given standard chosen regarding possibilities of common testing devices and there is also effort for easy 
evaluation of deformation limit state for tested material. Here the punch velocity is set on the value 1 mm/sec 
and achieved strain rates fully correspond to common strain rates that are used in real press-shops at forming. 
However for common methods of pressing where is strain rate deeply under the critical strain rate is 
measurement error acceptable and FLC measured like this are generally accepted at proposal and design of 
formed parts. Nevertheless it is important to take into account that proper lay-out for formed part is not only 
subject about trouble-free production but it is necessary to solve also problems about parts behavior during 
operating. Mainly at stampings designed into the car industry is necessary to make control of parts by so-
called Crash tests where is part loaded by high strain rates and has to fulfill strict safety precautions [1]. 
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2. METHODOLOGICAL BASE AND EXPERIMENTAL PART 

Within the frame of experimental measurements there was carried out the static tensile test and tests for 
determination strain rate influence on the limit deformation of TRIP steel RA-K 40/70 under different stress 
states. For experiment was chosen three stress states (uni-axial tensile stress state, so-called plain strain 
stress state and equi bi-axial stress state). Results of measurement limit deformation for given strain rates are 
presented by FLCs (forming limit curves). 

2.1. Static tensile test 

The static tensile test is basic test for determination material mechanical properties and enables to get 
information about deformation abilities of the tested material [2]. In Table 1  are summarized measured 
mechanical properties for TRIP steel 40/70 for directions 0°, 45° and 90° regarding the rolling direction. 
Graphical illustration of measured results from the static tensile test is shown in Fig. 1 . 

Table 1 Mechanical properties of the tested material (TRIP steel RA-K 40/70, thickness 1.5 mm) 

Rolling 
direction  

Yield 
strength 
Re [MPa] 

Ultimate 
strength 
Rm [MPa] 

Uniform 
ductility 
Ag [%] 

Total 
ductility 
A50mm [%] 

Strength 
coefficient 

C [MPa] 

Strain-
hardening 
exponent 

n [1] 

Normal 
anisotropy 
coefficient 

r [1] 

0° 459.2 760.8 20.7 27.8 1423.1 0.2589 0.7843 

45° 462.1 763.7 22.9 29.1 1421.4 0.2611 0.7317 

90° 461.7 762.4 23.2 28.8 1433.5 0.2653 0.9148 

 

 
Fig. 1  Results from the static tensile test - material: RA-K 40/70 

2.2. Nakazima test 

To determinate deformation limit states there was used so-called Nakazima test whose principle is shown in 
Fig. 2 (left). Dimensions of testes samples from material RA-K 40/70 was chosen so that they characterized 
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required stress states at testing. Uni-axial tensile stress state was achieved at sample with width 30 mm, plain 
strain stress state was achieved at sample with width 105 mm and equi bi-axial stress state was achieved at 
“full” blank with diameter 210 mm. Positions of points for limit deformation in FLC with these geometries of 
testing samples is schematically shown in Fig. 2  (right). 

  

Fig. 2  Principle of Nakazima test (left) and shapes of testing samples (right). 

Deformation of testing samples was measured by means of the contact-less optical system ARAMIS with data 
scanning frequency 12 Hz (12 frames per second). Methodology to carry out and evaluated test was chosen 
acc. to standard ISO/DIS 12004-2 [3]. Example of major strain φ1 [1] distribution on the testing sample with 
width 30 mm measured by system ARAMIS is shown in Fig. 3  (left). Example of computation (or more precisely 
determination) deformation limit state acc. to ISO/DIN 12004-2 is shown in Fig. 3  (right). 

  
Fig. 3  Example of major strain φ1 [1] distribution on the testing sample with width 30 mm (left) and principle 

of computation the deformation limit state acc. to ISO/DIS 12004-2 (right) 

From the knowledge of distribution and size of deformation on testing samples for individual images it is 
possible to compute the strain rate. Regarding the fact that every from used geometries of testing samples (30 
mm, 105 mm and 210 mm) revealed different deformation progress, it was necessary to change velocity of the 
semi-spherical punch to be able to keep the same strain rate. Velocity of the semi-spherical punch was chosen 
so that the strain rate for every testing sample corresponded to the value 0.02 s-1. Results from measurement 
values of limit deformation at the strain rate 0.02 s-1 are shown in Fig. 7 .  
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2.3. Tests of limit deformation under high strain r ates 

To measure deformation limit states of sheets under high strain rates was at the Department of Engineering 
Technology (TU of Liberec) designed and made pneumatic devices which makes possible to achieve punch 
velocity up to 30 m∙s-1. Thus achieved strain rates at the maximal punch velocity vary from 100 s-1 up to 350 s-

1 in dependence on tested material. Own design solution of this device is patented with number P 302418. 
Such device consists of clamping jig to grip sheet sample and separate pneumatic “cannon” makes possible 
to accelerate punch on the required impact velocity. Arrangement of own workplace for these high strain rates 
tests is evident from Fig. 4 , where it is possible to see the clamping jig with pneumatic “cannon” placed on the 
hydraulic press CBA 300/60. Principle how to grip sheet sample in this clamping jig is evident from Fig. 5 . 
Blank holding force is done by the belleville spring which has the maximal blank holding force 1.8 MN under 
compression of 7 mm. Thus clamping of sample into jig is possible only by compression of that belleville spring 
by hydraulic press on the required value and subsequent assemblage of jig under loading. Jig design is solved 
so that after its assemblage and clamping tested sheet there is no possible to unloaded belleville spring which 
ensures blank holding force. After assemblage of this testing jig it´s possible to manipulate with it already 
outside the press without necessity to set blank holding force again. 

1- pneumatic accelerator 

2- clamping jig 

3- HS camera Photron SA3 

4- press CBA 300/63 

 
Fig. 4  Arrangement of workplace for high strain rates tests of deformation 

  

Fig. 5  Principle of sheet sample clamping in the jig 

At analysis of deformation limit states under high strain rates was came on analogically as in the case of the 
Nakazima tests. Shapes and dimensions of tested samples were identical and for evaluation size of 
deformation there was again used the contact-less optical system ARAMIS. However regarding high strain 
rates there was necessary (for scanning whole process) to use high-speed (HS) cameras Photron SA3. 
At selection the basic data scanning frequency (in this case frames per second - fps) at 2 kHz were images 
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clouded. At adjustment the data scanning frequency at 3 kHz was quality of scanned images already sufficient 
but there was not fulfilled condition about maximal deformation difference 0.05 between individual images. At 
the data scanning frequency 5 kHz there were already both conditions fully fulfilled and scanned images was 
possible to processed by system ARAMIS. Similarly to the Nakazima test there was from the first measured 
result for sheet sample with width 30 mm determined true strain rate on the tested sample. From analysis of 
obtained data there was computed value of such strain rate corresponding to 180 s-1. Impact punch velocity 
for every other tested samples with the different geometry was chosen so that to fulfill condition to have the 
same strain rate as in the reference sample (width 30 mm). The change of impact punch velocity was done by 
changing value of pressure in the pneumatic “cannon”. Values of deformation limit states for individual samples 
were measured in the same way as in the case of Nakazima test acc. to evaluation methodology summarized 
in ISO/DIN 12004-2. Example of major strain φ1 distribution and procedure how to obtain limit deformation on 
sample with diameter 210 mm under high strain rate (180 s-1) is shown in Fig. 6 . Results of measurement 
under high strain rate loading for individual deformation geometries are recorded into so-called forming limit 
diagram (FLD) which is shown in Fig. 7 . To determinate influence of the different strain rate on deformation 
limit states are in Fig. 7 shown results for both carried out tests under strain rates as following: 0.02 s-1and 
180 s-1. 

  
Fig. 6  Example of major strain φ1 distribution on tested sample with diameter 210 mm (left) and principle of 

computation the deformation limit state acc. to ISO/DIS 12004-2 (right) 

 

Fig. 7  Influence of strain rate on the limit deformation - material: RA-K 40/70 
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3. CONCLUSION 

In the paper is evaluated the influence of strain rate on the limit deformation of TRIP steel RA-K 40/70 under 
different stress states. In the first case was the limit deformation of tested material achieve by means of 
Nakazima test under the common strain rate 0.02 s-1. In the second case was such limit deformation achieved 
under the quite high strain rate 180 s-1 by the high-velocity pneumatic device (see Fig. 8 ). From results of tests 
(which are summarized in Fig. 7 ) it is obvious that with increasing strain rate from the initial 0.02 s-1 up to  
180s-1 there is decrease of material plastic properties at every monitored stress states approx. by 30 %. Tested 
material TRIP RA-K 40/70 is designed mainly for production safety reinforcements in cars and it is necessary 
to take into account changes in plastic properties of this material under different strain rates. Measured values 
can found their application during design of formed parts mainly in the automotive industry where are put very 
strict claims for their safety through the whole car running time.  

  

Fig. 8  Used pneumatic “cannon” (left) and position of HS cameras for high strain rate testing (right) 
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Abstract  

The paper presents the results from experimental studies of combined extrusion of ENAW-1050A alloy parts. 
The studies were divided into three stages depending on the relative strain value of the material extruded in 

forward direction, ε1: 0.77, 0.69 and 0.59. For each value of the relative strain ε1, different values of relative 

strain of material extruded in backward direction were used: ε2= 0.36, 0.46 and 0.58. On this basis, the 
influence of the relative strain level in the material extruded in forward and backward directions on the die 
loading force was determined. It was demonstrated that in the combined extrusion, the loading forces on the 
die increase with the higher levels of relative strain of material extruded in both directions. For combined 
extrusion, the loading forces are smaller than during the forming of the extrusions in two procedures, where in 
the first procedure, the cylindrical part is extruded in forward direction and in the other procedure, the sleeve 
part is extruded in the backward direction. Combined extrusion reduces the effort necessary to manufacture a 
product and the cost of manufacturing the tools whose durability is additionally enhanced due to lower values 
of exerted loading force. 

Keywords: Aluminum, combined extrusion. 

1. INTRODUCTION 

In recent years, aluminum and its alloys have become widely applied materials in a number of sectors. Their 
excellent mechanical properties and low specific mass are deciding factors for designers in aeronautics, 
aerospace and automotive industries [1,2,3]. Technological advancement of the last decade has allowed 
manufacturers to use these materials in car subassemblies [4]. Extensive research is being conducted on 
designing aluminum-based materials with contemplated qualities and on developing new metal forming 
technologies or improving existing ones [5,6,7]. The results of the research and new solutions found are 
becoming crucial to industry.  

 
Fig. 1 The scheme of combined extrusion of aluminum stampings using conical punch:  

1 - die; 2 - flat-conical punch; 3 - ejector; 4 - billet; 5 - die stamping 
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One of the technologies used in manufacturing products from non-ferrous metals is extrusion. Three basic 
techniques are used: forward, reverse and combination. The combination extrusion combines forward and 
backward types. The diagram of the combined extrusion is shown in Fig. 1.  

From among a body of literature, the most comprehensive and detailed reports on extrusion can be found in 
[8,9]. The available literature offers analytical solutions, experimental research findings, and recommendations 
for process design, all relating to forward and backward extrusion only [10,11]. As the literature on combination 
extrusion is scarce, it has been deemed necessary to undertake studies on the subject, focusing on the 
analysis of loading forces in the combination extrusion process.  

2. METHODS AND TEST RESULTS 

The objective of this study is to perform experiments relating to combination extrusion of aluminum parts for 
varied values of relative strain in forward and backward directions. The experimental studies of the combination 
extrusion process were conducted on the test unit composed of a ZD 100 testing machine with 1 MN impact, 
combination extrusion tool, and a computer station with the program for measuring plastic forming forces and 
displacements. The combination extrusion die set was developed based on the backward extrusion die. The 
test unit was modernized to suit the contemplated needs by designing and manufacturing punch retainers, die 
holders, punches, die inserts, ejectors, columns and guide sleeves. These changes allowed producing 
extrusions with a sleeve-cylinder shape. As the slug for the combination extrusion process, aluminum discs 
A1 99.5% (ENAW-1050A) were used, softened, with external diameter d0=24.95mm and height h0=16mm. 
Table 1  shows the mechanical properties of the feedstock used in the tests. The material properties were 
determined based on the results of the static tensile test conducted to PN-EN 10002-1+AC1 [12]. 

Table 1 Aluminum A1 99.5% (ENAW-1050A) properties. 

Material R0.2 Rm A A11.3 Z 

A1 99.5% 24MPa 82MPa 46% 34% 86% 

The experimental studies were carried out for flat die inserts, with punches with bullet-shaped nose and the 
punch front part inclination angle of 15o. The dimensions of the extrusions were the following: 
• for the upper part of the extrusion formed in backward direction, external diameter d2=25mm=const, 

while internal diameters (punch diameter) ds=15, 17, and 19mm, 
• diameters of the bottom part of the extrusion formed in forward direction are d1=12, 14 and 16mm, 

respectively. 

The assumed dimensions of the input material and extrusions allowed obtaining the following degrees of 
relative strains: 
• consecutively for the backward extrusion  
• ε2=dS

2/d0
2=0.36; 0.46; 0.58         (1) 

• for forward extrusion  
• ε1= (d0

2-d1
2)/d0

2=0.77; 0.69; 0.59.         (2) 

The increase in the relative strain ε2 in the backward direction reduced the thickness of the extrusion sleeve 
part, whereas the decrease in strain ε1 led to the increase in the cylindrical part of the extrusion in the forward 
direction. It was assumed that the maximum height of the cylindrical part of the extrusion formed in forward 
extrusion was h1 = 14mm due to the design of the test die. This value restricted further movement of the 
material in the forward direction because of the ejector used in the tests.  

The tests began for the flat insert with constant relative strain ε1=0.77=const (d1=12mm) in the forward 
direction. The use of flat-conical punches (15o) with varied diameters of the working parts allowed obtaining 
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various values of relative strains in the backward direction, ε2=0.36; 0.46; 0.58. The tests were conducted with 
no lubrication applied. Fig. 2  shows the plots of the impact applied by the punch as a function of displacement. 
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Fig. 2 The stress of the punch as a function of displacement during combined extrusion for different degrees 
of backward strain ε2 and constant value of forward extrusion ε1=0,77 (d1=12mm) 

The traces of forces shown in Figs. 3  and Figs. 4 were plotted for different relative strains ε1 in the forward 
direction. In Fig. 3 , the strain value was taken to be ε1=0.69 (d1=14mm), with ε1=0.59 (d1=16mm) in Fig. 4 , 
which was possible owing to increased diameter of the die insert d1 from ø12 mm to ø14mm and ø16mm, 
respectively.  

The extrusion process was conducted for the punch displacement s=14mm. The final displacement 
measurement was made using a dial indicator, whose plunger moved perpendicularly to the bottom surface of 
the upper die plate. This allowed the measurement of the end part of the punch displacement to an accuracy 
of 0.01mm. Ending the process earlier was associated with reaching the ejector by the material moving in the 
forward direction, which caused a rapid rise in loading force. From this moment the extrusion process would 
be conducted as backward extrusion.  

The analysis of forces presented in Figs. 2, 3 and 4  indicates that in the first stage of the combination extrusion 
process, a rapid gain in loading force occurs as a function of the punch displacement. Then, the forces become 

stable. For ε2=0.36, in the final stage of the process, the forces decrease irrespective of the value of relative 

strain ε1 in the forward direction. It is also obvious that the drop in the punch loading force at the final stage is 
higher for lower values of relative strains ε1 in the forward direction (Fig. 3 and Fig. 4 , ε2=0.36). For ε2=0.58 in 

the final stage of the extrusion process, a rise in the loading forces is observed for relative strain ε1=0.77 and 

ε1=0.69. 

In combination extrusion, the increased relative strain ε2 in the backward direction leads to the increase in 
loading force. For ε1=0.77 and ε2=0.36 (Fig. 2 ), the maximum loading force is 62kN. Increased relative strain 
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ε2 in the backward direction causes the values of the forces to rise by 30% (for ε2=0.46) and 76% (for ε2=0.58). 
Increased loading force results from greater hardening of the material.  

In combination extrusion, a significant influence on the value of loading forces at the same relative strain ε2 in 
the backward direction is exerted by strain ε1 in the forward direction. For ε2=0.46=const and ε1=0.59, the 
maximum loading force is 73kN (Fig. 4 ). Increasing the relative strain ε1 from 0.59 to 0.69 and 0.77 at 

ε2=0.46=const results in the increase in the maximum loading force of 6 % (Fig. 3 ) and 11 % (Fig. 2 ). 
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Fig. 3 The stress of the punch as a function of displacement during combined extrusion for different degrees 
of backward strain ε2 and constant value of forward extrusion ε1=0.69 (d1=14mm). 
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Fig. 4 The stress of the punch as a function of displacement during combined extrusion for different degrees 

of backward strain ε2 and constant value of forward extrusion ε1=0.59 (d1=16mm). 
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3. CONCLUSION 

The following conclusions can be drawn based on the findings from the tests conducted on aluminum parts 
extruded in combination extrusion. The increase in relative strain ε2 in the backward direction causes higher 

loading forces. The increase in diameter d1 of the die insert and thus reducing relative strain ε1 in the forward 

direction causes reduction in the loading forces for the same values of relative strains ε2. Note that the results 
from the experimental studies presented here showed the advantages of the combination extrusion process 
relative to forward and backward extrusion processes, as well as expanded the knowledge of the combination 
extrusion process. Forming of products in combination extrusion eliminates the need to conduct two 
operations, where the cylindrical part of the extrusion is made in the forward extrusion process and the sleeve 
part of the extrusion is made in the backward extrusion process. Combination extrusion reduces the cost and 
effort necessary to manufacture the tools and has a significant positive influence on the durability of the tooling. 
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Abstract   

The present paper approaches the topic from two perspectives. The first one is a mathematical approach, 
using which various experimental designs will be compared. From the metallurgical perspective, the effects of 
various factors and their interactions on drawn wire properties will be explored. Shear deformation of 
subsurface layers in wire drawing leads to marked non-uniformity of strain across the wire cross section. In 
wires intended for products operating under dynamic loads, such as ropes and springs, the variance in work 
hardening level across the cross section may cause fatigue fractures. In this paper, we used physical modelling 
in an attempt to show how the non-uniformity of strain in drawing can be reduced by changing key process 
parameters. For this purpose, a full factorial experiment involving three factors was undertaken. (The factors 
included the approach angle 2α, single pass strain Qd or the number of passes n and type of scale removal 
(pickling or 2 axis bending + brushing.) The simulation involved drawing of 2.5 mm C78DP steel wire from 5.5 
mm thick rolled rod. Koch single wire drawing block with a rotating die holder was used for the modelling. In 
this paper, we evaluate the influence of several factors on final plastic properties of the wire (number of torsion 
to fracture, number of bends to fracture). Tensile tests and metallographic analysis were also conducted. 

Keywords: Design of experiments, wire drawing, steel ropes, strain, approach angle, simple torsion test 

1. INTRODUCTION     

Design of Experiments (DOE) is understood to mean systematic planning and arrangement of tests in 
a manner which yields as much statistical information as possible. The purpose of an experiment is to find 
ways to induce changes in and, subsequently, control the behaviour of an output quantity. We attempt to 
identify factors which affect the output quantity, seek the ideal configuration of input factors and strive to 
suppress process variation. The essence of an experiment is an exploration of causal relationships, wherein 
we purposefully alter the input quantities based on a certain design and monitor the response of the output 
quantities. Experiments must be conducted rigorously if effects of individual factors, their interactions, or noise 
factors are to be evaluated by statistical tools. Although noise factors are always present in experiment, they 
can be reduced to a minimum by thorough planning. Besides identifying influential factors, another objective 
of experiments is to determine optimum levels, i.e. values, at which the process has optimum properties. In 
this, multilevel experiments, robust plans and subsequent response surface modelling can prove useful. 

Input parameters may be quantitative but also qualitative. The latter, however, require a special approach to 
the experimental design and evaluation. The output quantity must be a continuous quantity. Experiment may 
also reveal effects of quantities which have not been accounted for. Such effects may be random or systematic. 
Random effects can be encountered when tests are repeated under identical experimental conditions. The 
results are then affected by variation which is considered to manifest the random effect. Many statistical tests 
are available which can help us identify this during data processing. The systematic effect is reflected in trends 
in measured values [1 - 3]. 

We have applied DOE to wire drawing before. It involved mathematical modelling of the effect of drawing 
conditions on the non-uniformity of strain and the drawing force [4]. Here, we applied DOE principles to a real-
world multiple-draft wire drawing process. 
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2. LABORATORY WIRE DRAWING 

The physical experiment was carried out in collaboration with Regional Materials Science and Technology 
Centre (RMSTC), in particular with the Department of Forming Processes which comprises Wire Drawing 
Laboratory. 

2.1. Wire drawing laboratory equipment 

The single most important item of equipment installed in this laboratory is KOCH KGT 25 - E straight-through 
single-block wire-drawing machine with drawing blocks of 600 mm diameter (see Fig. 1 ). It is a conventional 
machine which is used in wire mills either as an autonomous station or as the last block in 

multiple-draft wire-drawing machines. The drawing block, as well as the rotating drawing die holder are water-
cooled. The position of the drawing die holder can be adjusted in two axes to control the internal stress levels 
in the finished wire. Upstream of the drawing die holder, there is a lubricating box where soap powder, as well 
as emulsion may be used. The wire-drawing machine is provided with its own emulsion circulation, cleaning 
and cooling circuits. It has a Siemens control system which measures the drawing torque and thus the drawing 
force. If required, a thermal imaging system and two pyrometers can be installed for measuring the wire 
temperature downstream of the drawing die at the bottom of the drawing block and upstream of the 
straightening station. The machine has a pneumatic brake which stops its motion if the wire breaks or touches 
a safety cable. 

For the wire to be introduced, it must be wound around the bottom part of the block 4 to 6 times. Then, the 
wire runs over a pulley, through the laser dimension-measurement device and a 7-to-9-roller two-axis 
straightener (see Fig. 2 ) to be finally wound on the top part of the block which is provided with a coil holder 
(see Fig. 3 ). The coil holder capacity is up to 100 kg of wire. After drawing, the holder with the wire is retrieved 
using a gantry crane and transferred to a payoff stand or to finished product storage. 

 

 

 

Fig. 1  KOCH KGT 25 - E wire-drawing machine: 
rotating die holder and drawing block during wire 

introduction by the wire pulling-in dog 

Fig. 2  top:  transfer pulley, bottom:  laser 
measurement of dimensions and wire straightener 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

447 

The payoff stand with an independent drive by the company VASPO Vamberk 
can handle coils of inner diameters up to 1.2 m and weights up to 200 kg. It is 
equipped with a pneumatic safety brake which protects the wire from breakage 
in the payoff stand (see Fig. 4 ).  

Optionally, a descaler may be incorporated between the wire-drawing 
machine and the payoff reel. The descaler has pulleys with axes oriented in 
two directions, and spiral wire brushes for finish-cleaning of the wire surface 
after descaling (see Fig. 5 ). A universal frame with a wire feeder may be 
added. On the frame, wire roller straighteners for various wire diameters (for 
straightening the finished wire prior to mechanical testing) or a continuous 
resistance furnace for simulating wire annealing processes can be mounted. 

In addition, the laboratory is equipped with testing equipment for low-cycle 
fatigue testing of drawn wire. Torsion testing was carried out in ZKZE 02/5 
machine (see Fig. 6 ) according to ISO 7800 Metallic materials - Wire - Simple 
torsion test. The bending test was carried out using ZOZP 02/5 machine (see 
Fig. 7 ) according to ISO 7801 Metallic materials - Wire - Reverse bend test. 
In collaboration with other departments at RMSTC, tension tests can be 
conducted, as well as metallographic observation under an optical microscope 
and in SEM and TEM. 

  

Fig. 4  Payoff stand Fig. 5  Roller descaler with spiral wire brushes 

  

Fig. 6  Simple torsion test, ZKZE 02/5 machine Fig. 7  Reverse bend test of wire, ZOZP 02/5 
machine 

 

Fig. 3  Lifting the coil holder 
from the drawing block 
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2.2. Experimental 

The experimental material was a rolled and controlled cooled wire of 5.5 mm diameter of C78DP steel which 
is intended for making steel ropes. Its microstructure consisted of pearlite with an average interlamellar spacing 
of 215 nm. The first coil of wire was pickled and its surface was coated with lubricant carrier  
Sale Tri 56. The other coil was kept in its initial condition (scaled surface) and was mechanically descaled prior 
to drawing. It was assumed that the descaling method would impact the friction coefficient during drawing 
because breaking scales by rollers can only remove approximately 95 % of scale. The characteristics of the 
material used are given in Table 1 . 

Table 1 Experimental material data 

Steel 
Grade 

Wire Rod 
Diameter State 

Chemical composition (wt. %) Surface condition 

C Si Mn S P a) b) 

C78DP 5.5 mm 
Hot Rolled and 

Controlled-Cooled 0.795 0.20 0.62 0.012 0.014 
Pickled + 

lubricant carrier Scale 

The wire was drawn from a diameter of 5.5 mm to 2.5 mm. The total reduction was 79.3 % (see eq. 2). The 
drawing speed was approximately 1 m/s. The drawing dies of tungsten carbide had approach angles of 8° and 
12°. The lubricant used was a commercial hard soap-based grade with an addition of Condat 3T lubricant 
carrier. A total of three uniform pass schedules were used, as defined in Table 2 . The difference between the 
pass schedules is in the average one-pass strain magnitude Qd,i determined using the following equation: 

$ô,`  = M`1Q' − M'̀
M`1Q' ∙ 100 

 

[%] (1) 

Where d denotes the wire diameter and i is the sequential number of a pass between 1 and n, while n is the 
total number of passes. The total reduction is calculated from the following equation: 

Table 2  Drawing schedule 

Factor A  Level  Drawing schedule  

A
ve

ra
ge

 o
ne

-p
as

s 
st

ra
in

 m
ag

ni
tu

de
 

Q
d
 (%

) 

32.57 

pass 
number (-) 0 1 2 3 4 

 
die diameter (mm) 5.5 4.5 3.7 3 2.5 

relative 
strain (%)  33.06 32.40 34.26 30.56 

wire velocity (m/s) 1 

27.04 

pass 
number (-) 0 1 2 3 4 5 

 
die diameter (mm) 5.5 4.7 4 3.4 2.95 2.5 

relative 
strain 

(%)  26.98 27.57 27.75 24.72 28.18 

wire velocity (m/s) 1 

23.05 

pass 
number (-) 0 1 2 3 4 5 6 

die diameter (mm) 5.5 4.7 4.1 3.6 3.1 2.8 2.5 

relative 
strain (%)  26.98 23.90 22.90 25.85 18.42 20.28 

wire velocity (m/s) 1 
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$w  = M�' − MZ'M�' ∙ 100 

 

[%] (2) 

One-pass reduction Qd,i and approach angle 2α, the variables in this experiment, have a profound effect on 
the geometry of the deformation zone. It may be defined, for instance, by means of delta-factor, a ratio between 
the average height of the deformation zone in the direction perpendicular to the drawing axis and the length of 
the deformation zone along the drawing axis [5]: 

Previous experience indicates that, provided adequate lubrication can be maintained, die designs involving 
low Δ values (i.e., low approach angles and/or large reductions) should offer superior performance in terms of 
reduced wear, reduced requirements for intermediate annealing, reduced cuppy core breakage, improved final 
product ductility, and minimization of thinning beyond the die exit. Our experiment is intended to verify this 
experience. Δ values for our experiment are given in Table 3. 

Table 3  Δ values 

Δ values Average Qd (%) 

approach 
angle (°) 32.57 27.04 23.05 

8 1.48 1.90 2.36 

12 2.35 3.13 4.11 
 

Following each pass, an approx. 50-m sample was removed from the wire stock for subsequent testing. Prior 
to testing, this wire was straightened in a nine-roller two-axis straightener. The following tests were carried out 
after each pass: tension test, torsion test to fracture and reverse bend test to fracture. 

3. DESIGN OF EXPERIMENT - FULL FACTORIAL EXPERIMENT  

The development of individual designs of our experiment builds on the basic plan. In this case, there are 3 
factors, one with three levels and two others with two levels in each. Their levels are summarized in Table 4 . 
Additional plans also include three factors but each of those has only two levels. Consequently, it is possible 
to compare the results. The plans of the experiments are outlined in Table 5  to Table 8. The experiment is 
conducted with repeat treatments.  

Another issue we faced was the use of a qualitative factor representing the descaling method (B). An another 
factor, the one-pass reduction (A) is not free from difficulties either. As the amount of the one-pass reduction 
depends on the number of drafts (passes) and the total reduction was constant, only certain one-pass 
reduction magnitudes were available. Consequently, the A factor levels are not symmetric. The difference 
between the -1 and 0 levels is 3.99 % but that between the 0 and 1 levels is as high as 5.53 %. This calls for 
a final correction of the results.  

Key quality indicators in this experiment may be divided into material and process indicators. The material 
indicators include the following: number of bending cycles to fracture and number of revolutions to fracture 
(characterising low-cycle fatigue), fatigue strength (measured by rotating bending test), tensile strength, yield 
strength and elongation. We have described the issues associated with the evaluation of torsion and bending 
tests earlier [6]. The process indicators include: total drawing force, torque and wire temperature downstream 
of the drawing die. 

� = Ë$ô,` ·  71 + (1 −  $ô,`) Q'  9'   ≈   4 · tan Ë
ln7 1-1 − $ô,`69   7−9  

(3) 
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The results obtained using DOE procedure will be correlated with the outcomes of the conventional regression 
analysis. We will be seeking a relationship between the above-named key quality indicators and the value of 
the Δ parameter. 

Table 4 Factor levels 

Factor Unit
Factor levels 

-1 0 1 

A One-pass strain magnitude Qd % 23.05 27.04 32.57 

B Descaling method - 
Mechanic

al  Pickling 

C Approach angle 2 α ° 8  12 

Table 5 Experimental design - option 1 Table 6 Experimental design - option 2 

Treatment 
no. 

Factor levels 

A B C 

1.1 1 -1 -1 

1.2 0 -1 -1 

2.1 -1 -1 -1 

3.1 1 1 -1 

3.2 0 1 -1 

4.1 -1 1 -1 

5.1 1 -1 1 

5.2 0 -1 1 

6.1 -1 -1 1 

7.1 1 1 1 

7.2 0 1 1 

8.1 -1 1 1 

Treatment 
no. 

Factor levels 

A B C 

1.1 1 -1 -1 

2.1 -1 -1 -1 

3.1 1 1 -1 

4.1 -1 1 -1 

5.1 1 -1 1 

6.1 -1 -1 1 

7.1 1 1 1 

8.1 -1 1 1 

Table 7 Experimental design - option 3 Table 8 Experimental design - option 4 

Treatment 
no. 

Factor levels 

A B C 

1.2 0 -1 -1 

2.1 -1 -1 -1 

3.2 0 1 -1 

4.1 -1 1 -1 

5.2 0 -1 1 

6.1 -1 -1 1 

7.2 0 1 1 

8.1 -1 1 1 

Treatment 
no. 

Factor levels 

A B C 

1.1 1 -1 -1 

1.2 0 -1 -1 

3.1 1 1 -1 

3.2 0 1 -1 

5.1 1 -1 1 

5.2 0 -1 1 

7.1 1 1 1 

7.2 0 1 1 
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4. CONCLUSION 

Due to the scale of the experiment, the present papers only discusses its preparation and theoretical 
background. We have drawn on our previous experience to identify the most important factors and set up their 
levels. Now the entire experiment must be evaluated for all 4 proposed experimental designs. It will be followed 
by the key stage of the mathematical portion of the experiment: cross-comparison among the results of all 
4 designs. Only after that can we draw conclusions regarding the process itself and its impact on the 
mechanical properties of the drawn wire. We will inform about the outcomes of the experiment at the next 
Metal conference.  
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Abstract  

This article is devoted to the problem of forming of axisymmetric elements of hard-to-deform material. The first 
stage was the deep drawing process of metal discs. Then the blanks were formed by the method of flow 
forming. The use of modern computer technology has become an integral part of the development of innovative 
flow forming technologies. The use of software tools in the forming of numerical analysis systems based on 
the finite element method speeds up the design and optimization of processes. 

Keywords: Flow forming, FEM modeling, hard-to-deform material 

1. INTRODUCTION  

This article is an extension of the numerical analysis presented in the paper [1], where the simplified material 
model without anisotropy was used. Research up to date, allowed for a more convergent performance between 
numerical and experimental results. However, to increase the accuracy, the material model with anisotropy 
was used in this research. This modification allows for more accurate results in material thickness distribution.  
In the last years, in the technology of sheet metal forming has undergone a number of innovative changes 
such as new forming technique [2] and application of advanced computer technology such as numerical 
modeling. An increasingly important aspect in numerical analysis is calculation efficiency while maintaining 
their very good accuracy [3,4].   

2. NUMERICAL MODELING FOR DEEP DRAWING AND FLOW FOR MING PROCESS 

Numerical modeling was divided into two successive operations. The first was deep drawing process, while 
the second flow forming process. Main parts of the tool set for first stage, i.e.: punch, binder, die and blank 
with FEM-mesh model are presented in Fig. 1a . Fig. 1b  shows finite elements discretization, as well as the 
positioning of the working tools and their resulting relation for the second stage - flow forming process. The 
initial blank thickness was 2.0 mm.  

 

Fig. 1 FEM model of tools: a) deep drawing process b) flow forming process 
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   This results from the stamping operation performed prior to the flow forming process. The mandrel rotates 
around its axis and, at the same time, it is a drive of cylindrical drawpiece giving it a rotational speed of 500 
rpm. The forming rolls also rotate around their axes and additionally move along them. 

In the second stage, flow forming process, the compressibility of the material was modelled with the use of 
penalty for deflection from stiffness. The adopted value of penalty coefficient responsible for the stiffness had 
value of 105. It means that we allow for small penetrations between the surfaces being in contact. A contact 
pressure, proportional to the penetration distance, was applied to keep the bodies separated. This assumption 
results in release of contact at the interface between the material and tools (Fig. 2 ). Compared to constraint 
based methods, where the surfaces (potentially) can be in perfect contact without any overlaps, there are both 
advantages, such as: easier to maintain energy balance, easier to handle complex contact situations and to 
incorporate friction, computationally much faster (no equation systems need to be solved) and disadvantages 
and disadvantages: contact surfaces do not match exactly, a high penalty stiffness will drive down the critical 
time step size.  

 

Fig. 2 Penalty stiffness based method 

In numerical analysis, both for the deep drawing and flow forming, material model with anisotropy were used. 
This is a plasticity model where kinematical hardening and Lankford parameters can be defined as constants 
or as functions of the effective plastic strain. A von Mises yield criterion is combined with a non-assiciated flow 
rule. The non-associated flow rule is defined to satisfy the given Lankford parameters.   

The effective stress is defined as: 

        (1) 

where, 

              (2) 

σdev is the deviatoric stress, σ∗ is the back stress due to kinematical hardening and Q is a tensor that transforms 
the stress tensor to principal strain directions. b1, b2 and b3 are parameters that control the difference in flow 
stress in different principal strain directions 

3. METHODOLOGY OF STUDIES 

The tests were conducted in order to verify the possibility of plastic forming of Hastelloy C-276 through a 
process of stamping followed by elongative flow forming. The tests were conducted on a PYE-250 hydraulic 
press and an MZH-400 numerically controlled flow former at a research unit at the Metal Forming Institute in 
Poznan. More information about methodology of studies and experimental results could be find in [1]. 
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Table 1  Chemical composition of the Hastelloy C-276 alloy 

Ni Mo Cr Fe W Mn Co C S 

57.1 16.2 16.1 6.05 3.40 0.5 0.5 0.003 0.002 

4. EXAMPLE RESULTS 

4.1 Deep drawing process 

The results of tests of the stamping process for 2-mm-thick products of the material Hastelloy C-276 are 
presented in Table 2 . More result for the material model without anisotropy are presented in [1]. 

Table 2 Dimensions of stamped products after the process of shaping (experimental and numerical results) 

Stamped product dimensions 

Numerical analysis - model with anisotropy Experimenta l work 

Outside 
diameter 

[mm] 

Inside 
diameter  

[mm] 

Average 
wall 

thickness 
[mm] 

Height 
[mm] 

Outside 
diameter 

[mm] 

Inside 
diameter  

[mm] 

Average 
wall 

thickness 
[mm] 

Height 
[mm] 

126.1 - 126.5 120.7 - 121.5 1.98 - 2.03 55.7 - 58.1 124.6-125.1 120.06-120.3 1.97-2.02 57.2-59.2 

Results of numerical and experimental results are presented in Fig. 3 . The thickness distribution form 
numerical analysis and experimental work are convergent. Fig. 3c  shows numerical analysis for model with 
anisotropy and this results are the results are closer to experiment (Fig. 3a ) than for the model without 
anisotropy (Fig. 3b ). 

 

Fig. 3  Wall’s thickness distribution from a) experiment - scheme b) numerical analysis - model without 
anisotropy, c) numerical analysis - model with anisotropy 

A, B - opposite sides of the product 

4.2 Flow forming process 

The next stage of the investigation concerned numerical and experimental testing of flow forming process. The 
results of measurement of drawpiece subjected to the flow forming for two material model (without anisotropy 
and with anisotropy) are presented in Table 3 . Fig. 4 shows thickness distribution for numerical model with 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

455 

anisotropy for selected nodes and Fig. 5  presents the distribution of side wall thicknesses of selected products 
graphically. 

Table 3 Results of measurements of after the first lengthening flow forming operation 

 Deformation in the direction of the wall's 
thickness [%] Average wall thickness            

[mm] 
planned actual 

Experimental work 30 30.5 - 31 1.38 - 1.39 

Numerical analysis - 
model without 

anisotropy 
30 27-30.5 1.41 - 1.46 

Numerical analysis - 
model with anisotropy 30  27 - 30 1.40 - 1.46 

 

Fig. 4  Thickness distribution from numerical analysis for selected nodes at the beginning of the process 

 

Fig. 5 Graphical presentation of the distribution of wall thicknesses of drawpiece 
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The small differences in thickness obtained from simulation for model with anisotropy and experiment for the 
points at the bottom of the product result from one of the assumption of numerical model. The tools used for 
simulation process were rigid and trajectory of rolls were perfect linear, whilst during experimental studies they 
were subjected to deformation. Therefore, maintaining the linear movement of the rollers for the experiment 
were very difficult. The thickness for the other measuring points at the height of drawpiece is consistent for 
numerical analysis and experiment. Fig. 6a  shows thickness distribution during flow forming process and 
Fig. 6b  shows thickness reduction for selected nodes. 

 

Fig. 6 Thickness distribution from numerical analysis (a) with the thickness reduction for selected nodes (b) 

5. CONCLUSION 

In this article example results of numerical simulation and experimental work for axisymmetric product was 
presented. In the numerical analysis the material model with anisotropy was used and the curve of the yield 
stress - true strain has been determined on the basis of solver database. The compressibility of the material 
was modelled with the use of penalty for deflection from stiffness. The adopted value of penalty coefficient 
responsible for the stiffness had value of 105. Compared to constraint based methods, where the surfaces 
(potentially) can be in perfect contact without any overlaps, there are both advantages, such as: easier to 
maintain energy balance and easier to handle complex contact situations.  

Material model with anisotropy which was used in numerical analysis, has enabled more accurate results than 
the model without anisotropy, the results of which were presented in another article [1]. The recognition 
investigation of the processes of stamping and incremental rotary forming of drawpieces made performed by 
the Metal Forming Institute in Poznan, have rendered positive results. In the future work is necessary to use a 
real stress-strain curve for the numerical model to allow to obtain more accurate results. 
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Abstract   

Bimetals targeted for industrial applications are usually designed to combine the properties of two dissimilar 
metals, e. g. high strength, high hardness and low cost of steels with chemically resistive titanium. In this work 
the structure of one particular, but for industries very interesting, bimetallic system - Cr/Ni stainless steel clad 
with titanium has been studied. The material was prepared by explosion welding, a method capable of joining 
a wide variety of similar or dissimilar materials. Our analysis is based on X-ray micro-diffraction 
experimentation utilizing hard monochromatic X rays focused down to micrometer size. In this way the bimetal 
in bulk form was analysed and microstructural differences between the joined materials and their interface 
were determined. 

Keywords: Explosive welding, intermetallics, X-ray diffraction, elastic strains 

1. INTRODUCTION 

Explosive welding is method applied for joining of wide variety of similar or fundamentally dissimilar materials 
that cannot be joined by any other welding or bonding technique. Under conditions of controlled explosion two 
or more materials can be joined by pressure, generated by detonation of explosives placed on the top of a 
welded material. Impact on plates at their contact surfaces is governed by the laws of ideal fluid where shock 
wave of amplitude ranging from 10 to 100 GPa propagates through materials causing strong deformation 
pronounced mainly at the bonded zone areas. Intensity of the impact substantially exceeds yield strength of 
basic materials forming wavy interface often seen with spikes or jets of one material indented to another one 
[1]. As has been formerly proposed by Cowan et al. [2], formation of the wavy bonded zone in explosive 
cladding is analogous to the formation of an oscillating wave and vortex street in fluid flow passing an obstacle. 
In case of explosive welding of Ti/stainless steel Manikandan et al. [3] demonstrated that at high kinetic energy 
conditions, dissipated heat causes melting of the mixture, leading to molten zones, where FeTi and Fe2Ti 
intermetallic were identified. Additionally energetic conditions of joined interlayer of different thickness and 
showed that an increase in the interlayer thickness resulted in an increase in intermetallic layer as a 
consequence of high kinetic energy loss [4]. It is important to notice that non-metallic films (typically oxides) 
existing naturally on metal surfaces are swept away by explosion generated plasma leaving metallic surfaces 
clean for instantaneous compressed by very high pressure. In this work we present structural observation on 
one particular, but for the industry very interesting bimetallic system - Cr/Ni stainless steel cladded by titanium 
(Ti). Stainless steels are commonly used materials in industries such as energy conversion, chemical, 
petroleum and many others. Their applicability in these industries is however influenced by chemical resistivity 
of the material against transporting/containing media determining product lifetime against particular 
transporting/containing medium/environment. Titanium on the other hand, is one of the most important non-
ferrous metals and finds extensive application in aerospace industry, because of its light weight, excellent 
corrosion resistance, high strength level, attractive fracture behaviour and high melting point. The cost 
providing a component whose full thickness is completely comprised of titanium is however for many 
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applications strictly cost prohibitive. Hard, strong and relatively cheap stainless steel cladded by corrosion 
resistive titanium combines advantages of both materials gaining rapid acceptance and use by industry. The 
study presented here is unique, because the material was investigated in bulk form - as it is, in a breadth of 
several millimetres. The data were recorded in transmission by a micro-diffraction experiment, utilizing high-
energy X-rays focused down to micrometer size area. The space resolved X-ray micro-diffraction experiment 
brought several new and very interesting findings related to the material system. It can be believed, that the 
knowledge gained by this work will contribute to a deeper structural understanding of the Ti / stainless steel 
bimetal, but also in structure predictions of explosively welded materials in general. 

2. EXPERIMENTAL 

2.1.  Material and  sample preparation  

The Cr/Ni stainless steel of chemical composition (in wt. %): Fe-69.314, Cr-18.42, Ni-9.74, Mn-1.96, Si-0.45, 
P-0.065, C-0.04 and S-0.011 was clad by commercial pure titanium (in wt. %): Ti-99.879, Fe-0.05, O-0.05, C-
0.01, H-0.006 and N-0.005. The thickness of Cr/Ni steel was 110 mm and of the Ti clad 6 mm. Sizes of the 
welded sheets were 2600 × 2600 mm. Both materials were explosively welded by the EXPLOMET-Opole 
company under mild conditions. Conditions under which the materials were joined is the know-how of the 
company; but the curvy shape of the interface and the number of vortexes in the joining region (Fig. 1  in this 
paper) is very similar to the material E5 (Fig. 7a  in Manikandan et al. work [3]) prepared under the conditions 

of horizontal collision point velocity Vc 2350 m·s-1 and kinetic energy loss ∆KE 2.44 MJ·m-2. The bimetal was 
further annealed at 600 °C for 1.5 hour in air atmosphere. This temperature and dwell time was chosen in 
order to homogenize the grain size and chemical composition of the titanium and to relax internal stresses of 
the bimetal. The thermal treatment was chosen on the basis of previous works, after which mechanical 
properties including hydrogen response of the material show the most favourable results. From a material cube 
of 5 mm an edge length was cut off so that Ti/steel interface was roughly in the middle parts of four faces. The 
two parallel faces of the cube subjected to the micro-diffraction experiment were finely grinded, polished and 
etched in order to remove residual stresses introduced by the cutting process.  

2.2.  Instrument used for the micro-diffraction exp eriment 

To determine phase composition and microstructure parameters of the interface and surrounding regions, 
a hard X-ray micro-diffraction experiment was performed at beamline P07 at PETRA III (electron storage ring 
operating at energy 6 GeV with beam current 100 mA). During the experiment, monochromatic synchrotron 
radiation of energy 99.16 keV (λ = 0.0125031 nm) was used. The beam of photons was focused by compound 
refractive lenses down to a spot the size of 2.2 μm x 34 μm. The sample was positioned perpendicularly to the 
direct beam by adjusting the tilt of supporting cradle with precision ±0.25 degree adjusted by the steepest 
transition (measured by absorption) between the Ti and the steel. The materials interface was scanned shot-
by-shot along a straight path (orange full line marked in Fig. 1 ) of length 0.4 mm with step width of 1 µm. The 
scan was continued further down to the steel by coarser 0.1 mm step up to the total distance 5.4 mm (dashed 
orange line marked in Fig. 1 ). During each step, the sample was illuminated by highly intensive hard X-rays 
for 0.5 seconds. The resulting 2D XRD patterns were recorded using a Perkin Elmer 1621 detector. The 
intensity was then integrated to 2θ by using the Fit2D software. 
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Fig. 1 Three-dimensional view (6 cross sections) of the Cr/Ni stainless steel/Ti bimetal investigated by micro-
diffraction. Steel (gray areas at the bottom) titanium (transparent yellow color). The orange full line 

represents shot-by-shot scan along a straight path of length 0.4 mm with a step of width 1 µm. The scan was 
continued further down to steel side with a coarser step 0.1 mm (dashed part of the line) 

3. RESULTS 

3.1.  Phase composition 

 

Fig. 2 XRD patterns obtained from the investigated bimetal 

Fig. 2  shows XRD patterns from different parts of the bimetal: steel side measured 230 μm far from the center 
of the joint (black curve at the bottom), titanium 170 μm from the centre, but in the opposite direction (gray 
curve on the top of the picture) and centre of the joint itself (represented by green curve in between and 
enlarged in the figure insert). Steel measured close to the joint consists of two phases: fcc-Fe (austenite) and 
bcc-Fe (ferrite) occupying the volume fractions ~94 % and ~6 %, respectively - percentages determined by the 

Rietveld refinement method. The place on the titanium side is composed of hcp-Ti (α Ti phase) 94 vol. % and 
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residual austenite 6 vol. %. Material in the centre of the joint consists of the following phases mentioned here 
along with corresponding space groups, refined lattice parameters and estimated volume percentages: fcc-Fe 
(austenite; S.G.: Fm-3m; a = 0.3599 nm, 75.7 vol. %), hcp-Ti (alpha phase; S. G.: P63/mmc; a = 0.2959 nm, 
c = 0.4694 nm; 14.5 vol. %),  bcc-Fe (ferrite; S.G.: Im-3m; a = 0.2879 nm, 0.8 vol. %) and hexagonal 
intermetallic phase Fe2Ti (S.G.: P63/mmc; a = 0.4804 nm, c = 0.7822 nm; 8.9 vol. %).  

3.2.  Space resolved studies 

With a narrow (μm sized) and hard X-ray beam we were able to scan material along a well-defined trajectory 
and obtain crystallographic information about the material from a very tiny volume (0.0022 × 0.034 × 5 = 
0.00037 mm3). The microdiffraction experiment performed allows us to determine structure of the investigated 
material as a function of space (space resolved studies). Fig. 3  shows normalized areas under the hexagonal 
Fe2Ti (100) peaks as a function of distance. The position of the Fe2Ti (100) peak maximum we set at zero. 
Positive numbers mean direction to the titanium side while negative numbers to the steel side. The green curve 
represents distribution of the hcp Fe2Ti phase in as-prepared material (after explosion welding and annealing 
at 600 °C for 1.5 hour) while the red curve represents amount of the phase after second annealing (post heat 
treatment) at 600 °C for 1 hour. As it can be seen the second annealing significantly reduces (by more than 
66 %) the amount of the intermetallic phase. Hard and brittle intermetallics (micro-hardness of the phase is 
1420 HV0.01) are typically unwanted in explosion welded materials since under static or dynamic stress it can 
play a role of crack initiator, causing material decohesion at the joint. Therefore, application of the second 
annealing is advised to increase ductility and fatigue resistance of the material enhancing lifetime and/or 
durability of this bimetal in many applications.  

 

Fig. 3 Amount of the hcp-Fe2Ti phase in as-prepared sample and after the second annealing at 600 °C for 
1 hour 

Further we analysed internal strains of the austenitic phase induced by explosion and compare it for two 
material stages: in as-prepared stage and after the second annealing. Our approach is based on calculation 
of distances between (200) crystallographic planes measured azimuthally along the (200) Debye-Scherrer 
rings. Fig. 4a and b  shows 2D XRD patterns of the two samples taken from the centre of their interfaces. 
Radius of the (200) Debye-Scherrer ring is inversely proportional to distances between the (200) 
crystallographic planes "d" while dashed arc shown in Fig. 4a  indicate azymuthal angle, along which the d-
values has been calculated. Comparison between d-values distributions obtained from as-prepared and 
secondly annealed samples is shown in the Fig. 4c  in polar plot representation. From this comparison is 
obvious that the second annealing (represented by red curve) narrowing and homogenize the d-values 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

463 

distribution (is less noisy and more circular) what is direct consequence of relieve of internal stresses in the 
material.  

 

Fig. 4 2D XRD patterns taken from center of CrNi stainless steel/Ti bimetals in as-prepared stage a. and 
after the second annealing b. On the a. is marked radius of the (200) Debye-Scherrer ring and direction   
along which the d-values distribution has been calculated. c. compares the angular distributions of (200) 

interplanar distances calculated from the (200) Debye-Scerrer rings shown on figures a. and b 

Distributions of the austenite internal strains have been evaluated at interface as well as in close vicinity to the 
joint. Results of the analysis are shown in the Fig. 5 . On vertical axis 0 represents "reference" (200) interplanar 
distance 0.1779 nm obtained from well relaxed steel, in our case measured far (~6 mm) from the centre of the 
joint, negative values mean compressive elastic strains and positive values tensile type of elastic strains. It's 
important to notice that the second annealing reversing tensile strains seen at interface of the as-prepared 
material to more favourable compressive. Tensile stresses in material can add to external forces and can 
cause cracks to develop; compressive stresses on the other hand can prevent them for starting. 

 

Fig. 5 Space distributions of the austenite internal strains obtained from (200) crystallographic planes  
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4. CONCLUSION 

Microstructure of the CrNi steel/Ti bimetal was characterized by micro-X-ray diffraction technique applying a 
hard (99.16 keV) monochromatic X-ray beam focused down to size 2.2 μm × 34 μm. The aim of our work was 
to provide detailed information about a phase composition and strains of interface of explosively welded 
titanium on Cr/Ni stainless steel. The bimetal has been evaluated in two stages: as in as-prepared (after 
explosion welding and annealing at 600 oC for 1.5 hour) and after second annealing (post heat treatment) at 
600oC for 1 hour. In the weld (the place where materials are joined together) microstructure of both the samples 
consists of austenite, hcp-Ti, bcc-Fe and newly formed hexagonal intermetallic phase Fe2Ti. Application of the 
second annealing significantly reduces (by more than 66 %) amount of the unwanted intermetallic phase and 
induces favourable compressive strains at the weld region. Both the factors increase ductility and fatigue 
resistance of the material what consequently enhance lifetime and/or durability of this bimetal for many 
applications. 
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Abstract  

Residual stress is an elastic stress in remaining part after the various stages of production. If residual stress 
values in rails are known, mechanical properties of rails and their effects in railway can be predicted. For this 
purpose, residual stresses of rails which had same casting number were measured by cutting and X-ray 
diffraction method in this study. Five rails were used for measurement. Firstly, according to the EN 13674-1 
which is railway rails standard, strain gauge that is an electrical apparatus were used and one meter long rails 
were cut. After cutting, Hooke law was applied and residual stress values of rails were found. The residual 
stress values were around between 115 MPa and 180 MPa. In addition to standard residual stress 
measurement, X-ray diffraction method was used to compare between destructive and nondestructive 
techniques. Five specimens were taken from five rails in the appropriate size for X-ray device. In this method 
stress values were around between 200 and 400 MPa. After residual stress measurement, Brinell´s hardness 
test was applied to three samples and microstructure of rail which has biggest residual stress value was 
examined by SEM. The results show that, residual stress values in cutting method were different from X-ray 
diffraction method and residual stress could affect the rails hardness. 

Keywords: Residual Stress, Cutting Method, XRD, Hardness, SEM 

1. INTRODUCTION 

Residual Stresses are a consequence of interactions among time, temperature, deformation and 
microstructure [1]. Residual stresses affect the performance and life of materials considerably. While Tensile 
residual stresses reduces the fatigue life of the material and may lead to premature damage, Compressive 
residual has the effect of increasing the fatigue life. Residual stress must be measured to understand this 
effect [2]. 

If the stress distribution is not uniform in the material which has plastic deformation, residual stress will also 
be produced [3]. Residual stresses can be formed inhomogeneous plastic deformations, thermal contractions, 
phase transformations during the production process and differences in the yield stress of the composite 
component [4]. 

Residual stress measurement methods must be developed. There are types of measurement methods. One 
is destructive and the other is non destructive method [5].  

All methods of residual stress measurements were shown in Fig. 1 . According to the railway rail standard, 
cutting method is acceptable residual stress measurement method [6]. A small pieces of materials are 
extracted from base material in cutting method. Then plastic deformation is calculated during and after cutting 
the material in order to stress relaxation. In addition to cutting method, X-ray diffraction that is a non destructive 
method was used to measure residual stress in this study. The distance between atomic planes in crystal 
structure can be increase or decrease thanks to applied stress and residual stress. If there is a residual stress 
in materials, this distance shows difference from non-stress regions. This difference is used then residual 
stress value is calculated [7]. The aim of this study was to measure residual stress and compare between this 
two methods. 
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Fig. 1 Residual Stress Measurement Methods [5] 

2. EXPERIMENTAL PROCEDURE 

In this study, residual stress was measured by using cutting and X-ray diffraction method. The chemical 
composition of rails was shown in Table 1 . 

Table 1 Chemical composition of rails were used in study [6] 

wt. % ppm Rm (MPa) 

C Si Mn P 

(max) 

Cr 

(max) 

Al 

(max) 

V 

(max) 

O H 
 

0.60-0.82 0.13-0.60 0.65-1.25 0.030 0.15 0.004 0.030 20 2.5 880 

After the residual stress measurement, brinell hardness of three samples were measured. The regions of 
hardness were shown in Fig. 2 . Brinell hardness tests were performed under 187.5 kg load for 15 sec. 
accordance with the relevant standard. And finally, the rails were prepared as in standard metallographic 
procedure then their microstructures were analysed with Scanning Electron Microscope (SEM). 

 

Fig. 2  Hardness regions of rails [6] 
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3. RESULTS AND DISCUSSION 

Residual stress was measured of five rails, each of them has 1 meter long, by cutting method20 mm long slice 
was extracted from 1 m long rail according to this standard for residual stress measurement and strain gauge 
that is an electrical apparatus was used. During cutting, strain values of rails were obtained as a graphic. After 
cutting, hooke law was used then residual stress values were found. The residual stress values of specimens 
was given in Table 2 . 

Table 2  Residual stress values of rails by cutting method 

Sample 

No 

Strain 

(µm/m) 

Residual Stress 

(MPa) 

1 630 129 

2 550 115 

3 748 155 

4 636 130 

5 858 178 

In cutting method, residual stress values were around between 115 MPa and 180 MPa. The highest residual 
stress was 178 MPa and the lowest is 115 MPa. In additon to cutting method, X ray diffraction method was 
used after taking specimens in appropriate size from RS (Rail surface) regions. The necessary parameters 
which were used in X-ray diffraction residual stress measurement was given in Table 3 . 

Table 3  Parameters were used in X-ray diffraction method 

hkl surface Lattice parameter (nm) Young 

Modulus 

(Gpa) 

Poisson 

Ratio 

Wavelength 

(µm) 

Brag 

Angle a b c 

222 2.86640 2.86640 2.86640 207 0.3 1.540562 137.18 

Residual stress measurement values by X-ray diffraction method was given in Table 4. 

Table 4   Residual stress values (X-ray diffraction method) 

Sample 

No 

Residual Stress 

(MPa) 

1 129 

2 115 

3 155 

4 130 

5 178 

These rail specimens which have same casting number showed different residual stress value. The main 
reason for this situation was different cooling rate of specimens. Therefore, residual stress was changed 
between 115 MPa and 178 MPa. These values were higher when X-ray diffraction method was used. The 
highest residual stress was 378 MPa and the lowest was 207 MPa in non-destructive method. Results of these 
two methods are compared in Fig. 3 . 
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Fig. 3  Comparison between residual stress measurement methods of samples 

There was a consistency between destructive and nondestructive method. After residual stress measurement 
with two methods, hardness distribution was performed to three of five samples. Their hardness values were 
given in Table 5 .  

Table 5  Hardness values of three samples 

Measurement 

Regions 

RAIL-1 

(129 MPa residual 
stress) 

RAIL-2 

(115 MPa residual 
stress) 

RAIL-5 

(178 MPa residual 
stress) 

RS 284 281 291 

1-1 281 276 276 

3 270 270 267 

1-3 276 274 280 

2-2 273 272 269 

2-1 278 272 270 

1-2 277 275 282 

4-2 280 277 280 

4-1 279 276 282 

   

a)                                                      b)                                                   c ) 
Fig. 4  SEM images of rail a) 2000X, b) 5000X, c) 10000X 

According to the EN 13674-1 Standard, these regions had been shown in Fig. 2 . Residual stress changed with 
hardness. The main reason was to have different cooling rate of specimens for both residual stress and 
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hardness. After hardness and residual stress measurement, microstructure analysis was performed of rail 
which has the biggest residual stress. SEM microstructures of this specimen were shown in Fig. 4 . 

4. CONCLUSION 

Residual stress was measured both destructive and nondestructive method in rails. The residual stress values 
were different but there were a consistency between these two methods. For example, if the sample has 
biggest residual stress in cutting, at the same time ıt has biggest residual stress in X-ray diffraction method. In 
X-ray diffraction method, specimens have higher residual stress than in the other method. The reason for this 
situation, there is a regional residual stress analysis of materials. So that it isn’t accepted method in rails. 
Residual stress changed with hardness because of the fact that both residual stress and hardness are mainly 
effected by cooling conditions.  
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Abstract  

A failure analysis has been performed to investigate the root cause for the rejection of the H10 (DIN 1.2365) 
hot work tool steel of the Hatebur forging machine. The punch is subjected to intensive thermal shocks, 
cyclically variable loads and high pressure at high temperatures. Although several surface defects are found 
related to different degradation phenomena, the higher thermal expansion occurred at the surface, compared 
with the inner part of the die, makes thermal fatigue the main failure responsible. In fact, thermal conductivity 
of an alloy will depend upon temperature and microstructure and therefore time and of course chemical 
composition. Damage analysis including dimensional control, surface analysis and metallographic analysis is 
completed by ThermoCalc and JMatPro calculations done for the standard 1.2365 tool steel. These are very 
useful tools to know in advance which are the stability ranges of the phases present (at equilibrium and non-
equilibrium conditions), the elements in solid solution, the nature of the carbides, CCT curves and some other 
features for a better understanding of the failure analysis of the described system.  

Keywords: Failure, hot work tool steel, thermal fatigue, ThermoCalc, JMatPro 

1. INTRODUCTION 

Closed-die forging is a type of forging, where a billet with carefully controlled volume is deformed by a punch 
in order to fill a die cavity without any loss of material. Material flow over dies and punches causes a great 
thermal and mechanical interaction between dies and material. This interaction is the usual origin of die 
failures: abrasive die-wear, thermal fatigue, mechanical cracks and plastic deformation. Many of these 
phenomena often occur simultaneously and the correlations between them depend mainly on the design of 
the tools, the conditions in which they are forged and made, the heat treatment of the tool material and 
others.[1,2] Tooling life in hot forging operations is a main factor of production costs for long batches of forged 
parts. Forging temperature is usually around 1250°C and this results in die temperatures of about 300-400°C. 
As a result of cyclic forging operations, dies material fails. In this sense, failure mechanisms are the basis for 
establishing the steel requirements regarding mechanics, thermal stability and microstructure. For this reason 
minimizing the dies failure and increasing tooling life is a well-known challenge for forging process designers. 
Designing and manufacturing of hot forging dies and die materials selection are very important issues in the 
production of forged parts, because their cost represent around 15-20% of the parts final cost. [1]  

The study case of the present work is the forging process of an automotive transmission part. This process is 
divided in four stages, being the final the most critical one, because dimensions must be obtained according 
to previously defined tolerances. The punch, which is made of DIN 1.2365/AISI H10 case hardened by nitriding, 
is used in the forging process and it is the most critical die due to its complex shape and the loads it has to 
support. The punches are rejected after the manufacture of 6000-7000 parts. In the present failure analysis 
two used punches (U1 and U2) and a new one (N1) are studied.  
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2. EXPERIMENTAL  

2.1.  Failure Analysis 

To evaluate the importance of each failure mechanism a full analysis has been performed regarding a 
macroscopic inspection, dimensional control, surface analysis by scanning electron microscopy (SEM), 
metallographic analysis, mechanical and chemical characterisation. The used punches (U1 and U2) present 
different types of defects (Fig. 1 ) on the working surfaces: surface roughness, cracks, marks related to the 
area of the gas outlet and a dark colouration on the whole surface due to oxidation. Areas with a polished 
appearance are also visible and this is coherent with the operation of wear mechanism related to the tool 
movement and the friction created between the tool and the part. 

 

Fig. 1  Defectology present in the working surfaces 

Areas with a higher roughness have a crazed appearance and given the working conditions of the parts 
(temperature and stress cycles) the cracks that appear in these areas are related to thermal fatigue. In fact, 
SEM analysis reveals cracks of different sizes that form crack nets and they are not only longitudinal but also 
transversal. The finer crack nets are associated to areas with a polished surface which probably only affects 
the oxide layer while the areas with high roughness have coarser crack nets which suggest a greater length 
of the cracks (Fig. 2 ).  

 

Fig. 2  SEM micrograph of cracks net and oxides on ref. U1  

The presence of cracks with different sizes points to the operation of a mechanism extended in time as it is 
the case of thermal fatigue. Moreover, the transversal analysis of some sections of the punches have revealed 
the presence of cracks in all of them. The triangular morphology of the cracks, their progression perpendicular 
to the surface and the presence of oxides inside them confirm the operation of a thermal fatigue or heat 
checking process (Fig. 3 ). Due to the intensive thermal cyclic loads, produced by the alternate heating and 
cooling of the tool surfaces, the material is alternately tensioned and compressed whereby thermal stresses 
arise resulting in a network of cracks producing thermal fatigue. In fact, there is a greater thermal expansion 
at working surfaces than in the inner side of the die. This expansion difference causes plastic deformation at 
the surface which results in tensile stresses and cracking during cooling. In addition, the presence of cyclically 
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variable mechanical loads lead to fatigue processes, which intensify as the network of cracks caused by 
thermal fatigue appears, resulting in macrocracks. Since the mechanisms of thermal fatigue and those of 
mechanical fatigue are mutually dependent, they are considered jointly as thermomechanical fatigue. This is 
a kind of wear in which a local loss of cohesion and the resulting material loss are caused by material fatigue 
due to the cyclic action of stresses (generated by high pressures, i.e. mechanical loads and temperature 
gradients) in the forging die surface layer [3,4,5]. 

 

Fig. 3  Light micrographs of ref.U1. Left image: presence of triangular cracks and oxides filling them. Right 
image: etch condition, presence of a nitrided layer 

 

Fig. 4  SEM micrograph. Presence of marks attributed to an erosion process 

Some other defects are found in the area close to the small holes that serve as gas outlet (gas channels). Due 
to the morphology of the marks and cavities analysed by SEM (Fig. 4 ), it is confirmed that these surface 
defects correspond to an erosion failure mechanism. In order to evaluate the level of wear and the presence 
of plastic deformations a dimensional control has revealed no significant change dimensions after use which 
concludes a minimum effect of a wear mechanism and plastic deformation. However, at microscopic scale the 
punches surfaces present patterns characteristic of the operation of this mechanism: plucked away material, 
plastic deformation of asperities and marks aligned with the relative movement. The nitridation layer depth of 
the punches is approximately 0.16 mm and has a diffusion layer with a similar thickness along almost all the 
surface. This fact confirms the minimum effect of the wear mechanism. However, there are some areas where 
the white compound layer is eliminated and the hardness is reduced. 

2.2. ThermoCalc and JMatPro calculations 

Phase evolution analysis as a function of temperature is done by ThermoCalc and JMatPro for standard 1.2365 
steel grade. The calculations done by ThermoCalc assume equilibrium. The phase combinations at a given 
temperature in a given alloy have the lowest energy possible and have had sufficient time to attain that state. 
However, in real tool steels processing often there is insufficient time for the alloying elements to completely 
partition themselves between the various phases by solid state diffusion. Thereby, equilibrium calculations 
represent the phases which are at the beginning and at the end of the process. Martensite, which is the main 
microstructure of the H10 tool steel after the corresponding thermal treatment, is a non-equilibrium phase that 
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is predicted by JMatPro. During the austenite-martensite diffusionless transformation, the carbon and the 
alloying elements are directly incorporated and inherited into the martensite. The temperature range where 
austenite and martensite coexist is important for a correct heat treatment design. In this sense, Ms is directly 
affected by the presence of alloying elements, in fact, they lower the Ms temperature. Below this temperature 
martensite coexists with austenite and it increases with decreasing temperature. Afterwards, when martensite 
is tempered, the supersaturation of carbon is relieved by carbides precipitation. At tempering temperatures 
where alloy elements are able to diffuse, alloy carbides precipitate. When introducing strong-carbide forming 
elements new phases can be introduced and may dramatically change phase equilibrium in tool steels. The 
simulations performed by ThermoCalc and JMatPro will help understanding all the aforementioned facts. The 
chemical composition of the material (U1) is in accordance with the specifications for a 1.2365 steel grade 
according to UNE-EN ISO 4957 (Table 1 ). 

Table 1  Chemical composition of ref. U1, A3 and M23C6 and M6C precipitation temperatures 

REF 
Chemical Composition A3(ºC) 

ThermoCalc 

A3 (ºC) (1K/s) 

JMatPro 

T(ºC) 

M23C6 

T(ºC) 

M6C C% S% Si% Mn% P% Cr% Mo% V% N% 

U1 0.31 <0.01 0.32 0.3 0.016 2.9 2.7 0.4 0.0077 863 866 797 629 

 

Fig. 5  Left image: light micrograph of a longitudinal sample ref.U1: martensitic and bainitic microstructure. 
Right image: presence of carbides 

The metallographic analysis reveals that the microstructure of the new punch corresponds to a quenched and 
tempered material (3 times) that has a martensitic and bainitic structure with finely dispersed carbides. When 
examining the microstructure of the used punches no visible evolution due to thermal cycling is found, the 
matrix remains being martensitic and bainitic as shown in Fig. 5. EDS analysis of the carbides reveals that 
they are formed mainly by molybdenum carbides, with presence of chrome and vanadium.  

The calculations done for 1.2365 standard grade by ThermoCalc show that Ac3 is approximately 860ºC, and 
that the main carbides are M23C6 ones, but also M6C carbides are present being mainly M=Mo. Although Cr is 
the main element in the M23C6 carbide type, which is known to have high coarsening kinetics [6], it is 
remarkable that a considerable wt% of Cr still remains in solid solution. On summary, the actual chemical 
composition of the punches is prone to high coarsening kinetics carbides precipitation, having high contents 
of Cr in solid solution, low contents of M6C carbides precipitation, which have good stability for secondary 
hardening and low coarsening kinetics. It is known that the tempering resistance of hot work tool steels is 
improved if the amount of carbides for precipitation by secondary hardening is high and it is also dependent 
on another important feature such as the stability of the carbides. This stability depends itself on carbides 
precipitates size and distribution, and on their resistance to coarsening and coalescence. Studies have shown 
that Cr rich carbides such as M7C3 and M23C6 can easily coalesce and coarsen while increasing molybdenum 
content generates more stable carbides.[6] Besides, CCT curves reveal that the steel grade is prone to 
martensite formation as shown in Fig. 6 , but a little presence of bainite microstructure is also found, which 
agrees with the JMatPro calculations. On austenising temperature secondary carbides decompose, thereby 
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releasing alloying elements, which are substitutionally dissolved and carbon is interstitially dissolved in the 
austenite lattice. During cooling, these substitutionally dissolved carbide forming elements improve the 
hardenability, reducing the rates of the diffusion controlled pearlite and bainite formations.  

 

Fig. 6  CCT-diagrams and phase stability diagram of 1.2365 (JMatPro Calculations) 

If during quenching, besides martensite, also bainite and pearlite are obtained, toughness and tempering 
resistance might be reduced. Further triple tempering has the purpose of (i) to transform retained austenite, if 
present (ii) changing the martensitic structure towards quasi-equilibrium where carbides are formed and (iii) 
stress relieving introduced by quenching and as a result proper toughness and ductility is obtained. As said 
before, martensite plays an important role in the evolution of tool steel microstructure by presenting a 
supersaturated matrix structure for carbide precipitation and secondary hardening.  

Very in line with the microstructure evolution and the failure analysis results, it is known that there is a direct 
relation between the phases and the thermal conductivity of the steel grade. Without changing composition, a 
large number of different compositions can be achieved, having different constituents of different compositions 
and distributions. [7] Since there is a large effect on thermal conductivity by any disturbance of the periodicity 
of the lattice, the temperature and thermal history of steels can be expected to greatly influence conductivity, 
thus thermal conductivity of an alloy will depend upon temperature and microstructure (therefore time). Alloying 
elements promote lattice distortions and cause disturbances as it happens in the case of metals where 
electrons provide additional contribution to the thermal conductivity. The thermal conductivity of steel alloys 
diverge as temperature is decreased, pure iron having the highest thermal conductivity and followed by carbon 
steels, alloy steels and then by high alloy steels. High alloy steels have lower thermal conductivities at normal 
ambient temperatures than at higher temperatures [8]. Miettinen [9] has developed special algorithms and has 
shown that there is a direct relation between thermal conductivity value and some elements at a temperature 
region, which concludes that there is a direct relation between chemical composition of the steel grade and 
the thermophysical value but the effect of cooling on resulting microstructures and the presence of special 
types of carbides must also be considered. 

3. CONCLUSIONS 

Punches do not present any significant deterioration by wear nor by plastic deformation, as it has been proved 
by the dimensional control and, in the case of wear, by the thickness of the nitrided layer. Deterioration of the 
punches is caused by the formation of cracks originated by thermal fatigue evidenced by the presence of 
multiple cracks perpendicular to the surface. Both oxidation and thermal stresses are coherent with the 
operating conditions of the punches: high temperatures and thermal cycles. The fatigue mechanism is leaded 
by the differences in thermal expansion between the die surface and its interior. Thermal conductivity controls 
the magnitude of the temperature gradients that occur in components during manufacture and use and 
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depends on the constituents of the matrix which may affect negatively this value. The microstructure of the 
material, with a martensitic and bainitic matrix, is consistent with a quenching and tempering heat treatment.  

High alloyed steels are prone to low thermal conductivities, and it is known that this property depends on lattice 
distortion. It turns out from ThermoCalc and JMatPro calculations that some factors are known to distort the 
martensitic (and bainitic) lattice: the presence of some elements in solid solution (as it is the case of Cr) and 
M23C6 Cr carbides, which have high coarsening kinetics and may also affect tempering resistance. M6C 
carbides are also present, which are rich in Mo and good for secondary hardening. On summary, heat checking 
resistance, probably the main factor limiting the life of the punches, can be improved by actuating on: top 
operating temperature, cooling rate and die lubricant, thermal cycle and die material. In the latter, the evolution 
of the constituents due to alloying elements and thermal treatment are important factors that are known to 
affect the thermal conductivity and the thermal fatigue resistance of the hot work tool steel.  
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Abstract  

The subject of the research is study of an elastic-plastic behavior of  the materials, S355N steel and 
Domex700MC steel, which are used in welded construction parts of car bodies, the Domex700MC steel is 
used with the intention of decreasing the weight of the parts. The solved problem is to determine the local 
static parameters of the steels without the possibility to use the standard mechanical testing. In order to assess 
the strength decrease, the critical area was experimentally simulated. The main aim of the paper is to ascertain 
strength differences in the heat affected areas originating as a result of welding. As the main tool for the 
assessment of the elastic-plastic response, the methodology based on an instrumented penetration test with 
the use of a cylindrical indenter was chosen.  For validation of the used method, the standard tensile test was 
performed. The aim of the work is to state optimal methods for determining of yield strength and to find a 
changes tendency in these areas. The comparison these steels revealed different changes due to welding 
process. The substantial decrease of the yield strength of Domex700MC was observed on contrary to stable, 
or partially increased, yield strength of the S355N steel. Structural analyses revealed a different material 
response of the evaluated steels, according to a different hardness in the heat affected zone.  

Keywords: Mechanical properties, indentation method, microstructures, hardness, tensile test 

1. INTRODUCTION  

The demands made by the present manufacturers, especially by those from the vehicle industry, on 
construction material qualities are the impetus to the enhancement of the standard construction materials. 

The materials have to comply with many, very often contradictory, qualities. On one hand, it is a higher yield 
stress and strength, and, on the other hand, sufficient tensibility and weldability [1].  

In order to provide the maximum safety for the passengers simultaneously with the lowering operational weight 
of vehicles, the advanced high strength steels (HSS, AHSS) have been recently used in the production of car 
bodies. These groups of steels bring specific combinations of mechanical parameters, abilities of dynamic 
reinforcement together with keeping tendency to ductile fracture in a wide range of working temperatures but 
also specific requirements for technological operations - primarily for forming and welding [2]. 

These high demands are also met by the micro-alloyed steels which contain a defined number of alloying 
elements which create strengthening precipitates. The typical manufacturing technology of the steels is a 
controlled rolling in the area of austenite during temperatures around 1000 °C and subsequent moulding at 

lower temperatures (around 800 °C) [3]. DOMEX 700MC is representative of steel used for the production of 
safety components in the automotive industry. The welded joints are distinctive by the heat affected zone which 
is characterized by a different structure and attributes. In the case of common steels, in which the size of their 
grain together with precipitating phases layout do not have such a big influence on the resulting attributes. A 
very important problem comes in the case of micro-alloyed steels, which get their specific attributes thanks to 
the above mentioned factors [4]. The aim of the work was to validate suitable methodology for direct evaluation 
of mentioned structural and strength heterogeneity in these zones. As the main tool for assessing the elastic-
plastic response, the methodology based on the instrumented indentation test which uses a cylindrical indenter 
was chosen [5]. The tensile test was chosen as a reference method.  
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4. EXPERIMENTAL PROCEDURE  

The samples for the experiment were chosen from fine-grained steel S355N and high strength steel DOMEX 
700MC, both as a prospective material for lowered weight frame for application in transport means [4]. The 
chemical composition of both steels is stated in Table 1 . Experimental weld joints were prepared according 
the common requirements for both steels. Welding technology has been selected manual metal arc welding. 

Table 1 The composition of [wt. %] 

DOMEX 
700MC 

 

C Mn Si P S 

0.12 2.1 0.1 0.025 0.01 

V Al Ti B  

0.2 0.015 0.15 0.004  

S355N 
C Mn Si P S 

0.22 1.6 0.55 0.03 0.03 

 

Basic evaluation of induced mechanical changes was based on the hardness measurement, the elastic-plastic 
response was evaluated by indentation test both parent materials compared to heat affected zone. Validation 
of suggested methodology for yield strength assessment was based on experimental creation of heat affected 
zone. Samples (dimensions in Fig. 1 ) were submitted to temper treatment as a simulation of a welding temper 
influence. 

 
Fig. 1  The shape of the sample 

During welding, different thermal zones occurred and a different structural changes as a consequence of 
welding cycle with entire wide of heat affected zone 2.5 mm for S355N a 3.5 mm for Domex 700MC. Cylindrical 
indenter 1.2 mm in diameter was used  for performed indentation test. In order to monitor the strength loss of 
both materials by suggested methodology, the temperature of 1000°C in furnace was chosen as a 
representative level of thermal influence for sublayer. This attitude enables uniaxial testing of simulated 
affected zone with homogenous microstructure in tested deformation zone. Resulting values of strength loss 
evaluated by hardness measurement are stated in the Table 2 . 
 

 

 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

478 

Table 2 Hardness differences (HV10) induced by experimental welding vs. experimental temper treatment: 

• SA/SU/SO - S355N (experimental temper treatment affected/ unaffected parent material /heat affected 
zone of original weld) 

• DA/DU - DOMEX 700MC (affected/unaffected/ heat affected zone of original weld) 

S355N      

SA-01 162 SU-01 182 SO-01 173 

SA-02 160 SU-02 182 SO-02 178 

SA-03 162 SU-03 184 SO-03 193 

SA-04 163 SU-04 182 SO-04 182 

SA-05 160 SU-05 184 SO-05 180 

Average value 161  183  181 

DOMEX 700MC      

DA-01 179 DU-01 288 DO-01 230 

DA-02 180 DU-02 290 DO-02 240 

DA-03 178 DU-03 293 DO-03 255 

DA-04 182 DU-04 288 DO-04 262 

DA-05 180 DU-05 291 DO-05 258 

Average value 180  290  249 

4.1. Structural analyses of heat induced changes 

Domex AHSS offers superior strength, high impact toughness, good weldability, formability and cutting 
properties and alloys to reduce the weight without sacrificing strength. The chemical analysis, consisting of 
low levels of carbon and manganese has precise addition of grain refiners such as niobium, titanium or 
vanadium. This makes Domex Steels the most competitive alternative for cold formed and welded products. 
Domex 700MC has obtained its mechanical properties by a quenching process.  

     

  Fig. 2 Microstructure of unaffected Domex steel       Fig. 3 Microstructure of Domex steel-heat affected zone 

The Fig. 2  shows the microstructure in natural form with visible cold-forming effect.  Irregular, locally rough 
carbide precipitation was observed in heat affected zone of butt weld performed by shielded metal arc welding. 
Additionally, the recrystallization of primary deformed grains and mild coarsening were observed (Fig. 3 ). All 
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of these processes are generally source of the impairment of strength and impact toughness. 
The unaffected ferritic-pearlitic microstructure of S355N steel is pictured in Fig. 4 . Contrary to the Domex 
700MC, no substantial softening processes were observed in heat affected zone, except of grain coarsening 
effect in area adjacent to the fusion zone. The desk shape carbides forming, partially bainitic transformation 
suppressed the grain coarsening effect and even induced the local increasing of hardness (Table 2 ). 

    

   Fig. 4 Microstructure of unaffected S355N steel      Fig. 5 Microstructure of S355N steel-heat affected zone 

4.2. Used indentation method 

Universal hardness tester Zwick ZHU2.5 was used for the experiment. The load on the cylindrical indenter was 
elected 2.5 kN. According to Hecky´s hypothesis  about  behaviour of the material during extrusion of a 
cylindrical indenter, the ratio of measured instrumented yield force to relative yield force in shear is 2.57 [1]. 

Fig. 6  Process of indentation method (a), generated values of the the yield strength (b) 

Because of high number of measurement data there was used Visual Basic macro in Microsoft Excel 2010. 
This macro averaged data from all measurement specimens and also detected indentation Yield Strength (YS). 
The averaged curve is also fitted by user defined scale and on this fitted curve is detected YS. Drop of directive 
is decisive for definition of YS, in this case was defined on 10per. It is shown in Fig. 6b) . The process of 
evaluating the shear yield strength is based on the method of least squares. 

Table 3  Indentation Method - indentation shear yield strength vs. tensile yield strength 
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Sample Indentation Method [MPa] Yield Strength - 
tensile test [MPa] 

Sample Indentation 
Method 
[MPa] 

Yield Strength - 
tensile test [MPa] 

SU-01 370 352 SA-01 340 333 

SU-02 355 335 SA-02 330 320 

SU-03 350 328 SA-03 315 318 

SU-04 355 330 SA-04 325 323 

SU-05 372 355 SA-05 333 335 

AVERAGE 360 340  328 326 

Sample Indentation Method [MPa] Yield Strength - 
tensile test [MPa] 

Sample Indentation 
Method 
[MPa] 

Yield Strength - 
tensile test [MPa] 

DU-01 720 690 DA-01 330 325 

DU-02 725 710 DA-02 325 324 

DU-03 695 705 DA-03 320 330 

DU-04 705 710 DA-04 335 335 

DU-05 710 690 DA-05 330 333 

AVERAGE 711 701   328 329 

3. CONCLUSION 

Evaluation of elastic-plastic response in heterogeneous heat affected zone was study.  For the experiment, 
two steels were used - structural steel S355N and high strength steel DOMEX 700MC in order to discover the 
intensity of the strength changes. The experimental welding joints were prepared. For validation of used 
methodology of yield strength assessment both steels were subject to simulation of heat load of 1000°C and 
evaluated by standard tensile test. Comparison of welding vs. simulated temper exploitation was performed 
by hardness measurement and structural analyses.   

The main aim of the experimental work was to assess the yield strength with the help of the indentation method. 
The tool for the method was the cylindrical indenter. The acquired characteristic curve was converted 
according to the relationships for tension in material into the shear yield strength. For the purpose of 
assessment, the least square methods was used and the elastic-plastic borderline of the tested material was 
evaluated. 

It was found that the tested methodology is applicable for evaluation of local mechanical heterogeneity such 
as heat affected zone of welds. The difference of YS originating between the results obtained through different 
methods (indentation test vs. tensile test) can be caused by: 

• A local heterogeneity of the examined sample  

• Presence sublayers with different strength in the heat affected zone 

The main advantages of the indentation method are as follows: 

• The assessment of changing mechanical attributes resulting from welding 

• Direct method for evaluation of shear yield strength 
• The complicated sample preparation is not necessary 
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Abstract 

On the surface of a 17-4 PH stainless steel, powders from the cermet group were submitted, using the plasma 
thermal spray technique on a METCO SULZER installation. Thereafter, a part of the sprayed samples were 
remelted at the surface withu the Nd:YAG laser beam, on a Trumpf HL 123 LCU installation. The cavitation 
behavior of the samples was tested using an ultrasonic vibratory cavitation erosion equipment. The 
examination at the optical microscope and scanning electronic microscope of the marginal layer and of the 
cavitated surface revealed the formation of a dense microstructure, finished by remelting, which explains the 
increase by 133 % of the erosion resistance compared with the structural state obtained through 1050 °C 
solution treatment with air cooling. 

Key words: 17-4 PH stainless steel, cavitation erosion, thermal spraying, laser remelting 

1. INTRODUCTION 

For many applications, structural materials suffer from various types of surface degradation by corrosion and 
wear phenomena. In the case of hydraulic turbines, generating low pressure regimes should be avoided 
because it affects their lives. If these cavities, appeared in the low pressure zones, enter a high pressure zone, 
it produces their implosion, and as a result, microjets with sufficient high speed are formed [1-3]. The impact 
of these microjets with the solid adjacent surfaces generates tensions with a magnitude of several hundred 
megapascals [3]. Such tensions are source of important material losses in the surface zone of the solid, 
phenomenon called cavitation erosion [4 - 7]. In order to reduce or avoid losses through cavitation, high 
performance coatings of oxides, carbides and nitrides of Al, Ti, W and Cr are used, which may be applied to 
the substrate material. Research has shown that even though the TiN and Cr-N coatings are attractive due to 
the high hardness, they are not favorable to the phenomenom of cavitation due to the occurrence of 
delamination [8, 9]. 

In this paper we propose to improve the resistance to erosion by cavitation, using the plasma sputter deposition 
technique of cermet layers, which are then remelted with the laser beam in order to obtain a finishing of the 
microstructure and implicitly improved resistance to erosion by cavitation. 

2. RESEARCH MATERIAL. WORKING METHODS 

From a 17-4 PH stainless steel charge whose chemical composition is shown in Table 1  were made cavitation 
samples that were subjected to the hardening treatment for release in solution from the temperature of 1050 
°C with air cooling, and then some of them were covered at the surface with powders from the cermet group, 
type Al2O3 30(Ni 20Al), by thermal spraying using the METCO SULZER installation. At two sets of these 
samples, the spray coating was remelted with the Nd:YAG laser beam, on the Trumpf HL 124P LCU 
installation, with two regimes having identical power and frequency (800 W and 10 Hz) but different durations 
(of 8 ms and 10 ms, respectively). In Table 2  chemical composition of this type of powders is given and in 
Table 3  are its main features. 
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Table 1 The chemical composition of the examined steel 

Additional and alloying elements (wt. %) 

C Si Mn Ni Cr Mo Al Co N Cu P S 

0.10 0.50 1.56 4.12 15.57 2.11 0.58 2.04 0.046 0.18 0.031 0.029 

Table 2 The chemical composition of the ceramic powder type Al2O3 30(Ni 20Al) [10] 

Chemical composition (wt. %) 

Al2O3 Ni 20Al TiO2 SiO2 Fe2O3 Others 

Balance 29 - 31 < 3 < 1.5 < 0.7 < 1 

Table 3 Defining specifications of the powders [10] 

Nominal particle 
size distribution Color 

Morphology Manufacturing method 

Ceramic Metal Ceramic Metal 

- 90 + 10 µm Brownish 

Grey 

Angular / 

Blocky 

Spheroidal Fused and 
Crushed 

Chemically Clad 
Composition 

The cavitation erosion tests were conducted in the Laboratory of Cavitation, on the vibratory machine with 
piezoceramic crystals T2, built after the regulatory requirements of ASTM G32-2010 [1,11,12], using drinking 

water from the local network as working fluid, whose temperature was maintained at the value of 22 ± 1 °C. 
The research procedure, looking at the stages, conducting mode and manipulation of samples, macro - and 
microscopic analyzes of the eroded surface, as well as the recording of the experimental results, are those 
specific to the laboratory and in accordance with the standards of ASTM G32-2010 [6,7,11,12]. 

3. EVALUATION AND INTERPRETATION OF EXPERIMENTAL RE SULTS 

The analysis of the behavior to cavitation erosion of the ceramic powders, submitted by the process mentioned 
above, is carried out on the basis of the specific curves which give the cumulative average penetration depth 
of erosion, MDE, and its speed, MDER, depending on the duration of the cavitation attack, Figs. 1, 2 . For the 
evaluation of the resistance, these curves are compared to those recorded for the same steel, subjected to the 

heat treatment of quenching for release in solution at 1050 °C with air cooling. The comparison is performed 
by the evolutionary way of the curves in time and through the specific values of the MDE and MDER 
parameters at the end of the research (after the 165 minutes of attack). 

The MDE(t) and MDER(t) curves, of approximation/mediation of the experimental results, are statistically built 
with the relations established by Bordeaşu et al. [13]. The experimental results, from Figs. 1, 2 , represent the 
means of those obtained on a set of three samples from each type of treatment and ceramic powder coating. 

The evolution of the curves and the dispersion of the experimental points towards the mediation curves 
highlight significant differences regarding the effect of processing conditions on the behavior of cavitation. 

From the analysis of these data, the following observations can be drawn:  
• the coatings produced by plasma spraying present a mean depth of erosion after 165 minutes of 

cavitational attack, decreased by 84 % (Fig. 1 ) compared with the structural state obtained by solution 
treatment and a mean depth erosion rate reduced by 95 % (Fig. 2 ); 

• the laser remelting of the sprayed layer provides a significant increase to cavitation, the greater as the 
laser pulse duration was longer; thereby, the MDE values are reduced by 133 % compared to those 
specific to the heat treatment (Fig. 1 ) and with 27 % compared to those obtained by coating the surface 
by spraying (Fig. 2 ). 
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• as an order of magnitude, after the ratio between the values which tend to stabilize the depth penetration 
rates of erosion, the resistance to cavitation of the remelted layer with the laser radiation having a 
duration of 10 ms is greater then about 1.2 times compared to the remelted layer with the laser beam 
having a duration of 8 ms, by about 2.4 times compared to the surface of the annealed solution sample 

at 1050 °C. 

 

Fig. 1  Dependence of mean depth erosion against time exposure: 1 - Quenched 17-4 PH steel at 1050 °C 
with air cooling 2 - Thermal sprayed 17-4 PH steel without remelting 3 - Thermal sprayed 17-4 PH steel with 
remelting (P=800 W; f=10 Hz; pulse duration 8 ms) 4 - Thermal sprayed 17-4 PH steel with remelting (P=800 

W; f=10 Hz; pulse duration 10 ms) 

 

Fig. 2  Dependence of mean depth erosion rate against time exposure: 1 - Quenched 17-4 PH steel at 1050 
°C with air cooling 2 - Thermal sprayed 17-4 PH steel without remelting 3 - Thermal sprayed 17-4 PH steel 
with remelting (P=800 W; f=10 Hz; pulse duration 8 ms) 4 - Thermal sprayed 17-4 PH steel with remelting 

(P=800 W; f=10 Hz; pulse duration 10 ms) 

The explanation is related to the high hardness of the sprayed layer and remelted from the attacked surface 
(HV0.2 = 760...810 daN/mm2), the main mechanical property, as evidenced by the research of Garcia and 
Hammitt [3], as being a large effect in the resistance to cavitation. 

The image shown in Fig. 3a  reveals the obtaining of a fine microstructure of the remelted layer, without 
porosites and other defects of continuity, with a good metallurgical bond at the substrate. After the cavitational 
attack, the same transversal section through the remelted layer with the laser beam (Fig. 3b ) highlights an 
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uniform degradation of its microstructure, with the pinchings produced mainly on the interface between the 
structural matrix and the particles of chemical combinations. 

The examination by scanning electron microscopy of the surface topography tested by cavitation erosion 
(Fig. 4a,b ) highlights the formation of crusts of similar forms, waves and uniformly distributed, at the processing 
with the laser beam. Also, as expected, an attack occurs preponderently, with pinching, which develops in 
microcraters, at the base of the waves created by the laser beam. 

          

                  a                                                                                    b- 

Fig. 3  Micrography of a transversal section through the sprayed and remelted layer with the laser 
beams, x 300: a - before cavitation ; b - after the cavitation test 

                       

                            a                                                                           b 

Fig. 4  SEM image of the laser remelted layer and tested to cavitation: a - lower magnification; b - detail 

4. CONCLUSIONS 

Covering the surface of parts which work in cavitation regime, with powders from the cermet group, type Al2O3 
30(Ni 20Al), followed by power laser beam remelting, frequency and duration well defined, favors an increase 
in resistance to cavitation erosion by 133 %, compared to the structural state obtained by solution treatment 

at 1050 °C with air cooling. 
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The fine, dense, free of porosity microstructure, with high hardness, resulted by applying plasma spraying 
followed by laser beam remelting explains the pronounced improvement of the resistance at the wear by 
cavitation. 
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Abstract  

This work contains a detailed description of the influence of continuous heating from as-quenched state on 
microstructure development in the 17-4PH steel. The temperature ranges of the phase transformations 
occurring during heating from the as-quenched state (tempering) were determined from dilatometric tests. An 
interpretation of heating dilatometric curves was also presented. The temperature ranges of the occurred 
transformations during tempering of investigated steel were drawn on CHT (Continuous Heating 
Transformations) diagram. Moreover, the microstructure development in investigated samples, reflecting the 
extension of the phase transformations during tempering, was discussed as well. In as-quenched state the 

microstructure of investigated steel consist of low carbon martensite, ferrite δ banding, and niobium secondary 
carbides of MC type, which have not been dissolved during austenitizing. Changes in the microstructure of the 
investigated steel, during the heating from the as-quenched state result in precipitation of transition iron 

carbides, transformation of small amount of retained austenite into martensite, and precipitation of the Cuε 
phase. There were no significant changes in the chemical composition as well as in the morphology of the δ- 
ferrite.  

Keywords : 17-4PH steel, tempering, kinetics, phase transformations, CHT diagram 

1. INTRODUCTION  

The study of phase transformations in alloys, a specially steels, is essential of primary importance for the 
optimization of thermal and thermomechanical treatments. One of the most popular techniques is dilatometry. 
A simple principle which consists of heating and/or cooling a material while measuring dimensional changes 
as a function of temperature or time has been studied. Dilatometry allows monitoring of any bulk phase 
transformation occurring in metals and alloys, such transformations being detected as soon as the densities 
of phases differ [1-8]. Dilatometry is commonly used for intermetallic phase precipitation kinetics analysis of 
precipitation hardening alloys, such as nickel based alloys [8-11].  

Precipitation-hardened stainless steels were first developed during the 1940s, and since then, they have 
become increasingly important in a variety of applications in which their special properties can be utilized. The 
most important of these properties are ease of fabrication, high strength, relatively good ductility, and excellent 
corrosion resistance. The 17-4 PH (precipitation hardening) stainless steel is a martensitic stainless steel 
containing up to 5 wt. % Cu and is strengthened by the precipitation of highly dispersed copper particles in the 
low carbon martensite matrix. This steel is more common than any other type of precipitation hardened 
stainless steels and thus has been used for variety of applications including oil field valve parts, chemical 
process equipment, aircraft fittings, pump shafts, gears, paper mill equipment, and jet engine parts [12-15]. 
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2. EXPERIMENTAL 

The research was performed on 17-4PH steel. The chemical composition of investigated steel is given in 
Table 1 . The dilatometric investigations were performed using the Adamel DT1000 high-speed dilatometer. 
Specimens of 2 mm in diameter and height of 12 mm, were austenitized for 20 minutes at 1040 °C, quenched 

and heated to 700°C at a rate ranging between 0.05 and 35 °C/s. Additionally, the quenched samples were 
heated with a rate of 0.05 °C/s up to chosen temperatures. The microstructure of the investigated steel was 
examined by a light microscope Axiovert 200 MAT and the Zeiss scanning electron microscope with Tident 
XM 4 system of the EDAX Company - energy dispersive X-RAY (EDS) analysis and JEM 200CX transmission 
electron microscope.  

Table 1  Chemical composition of the investigated steel (wt. %) 

Grade C Mn Si P S Cr Ni Nb Cu Fe 

17-4PH 0.04 0.88 0.32 0.022 0.002 15.96 4.31 0.26 3.53 bal. 

The microstructure of the investigated steel in as-delivered condition is presented in Fig. 1 . The microstructure 
consist of tempered martensite, ferrite δ banding (Fig. 1b ) as well as niobium secondary carbides of MC type. 
Hardenss of the steel in as-delivered condition is 366 HV10. Microstructure of investigated steel after 
quenching from 1040 °C is presented in Fig. 2 . In as-quenched state the microstructure of the investigated 

steel consist of low carbon martensite, ferrite δ banding (Fig. 2b ) as well as niobium secondary carbides of 
MC type which have not been dissolved during austenitizing (Fig. 2c ). Hardness after quenching is close to 
the hardness in as-delivered condition, and equal 360 HV10.  

a) b) c) 

Fig. 1  Microstructures of the 17-4PH steel in as-delivered condition: a) Light microscope, b) SEM, c) TEM 

a) b) c) 

Fig. 2  Microstructures of the 17-4PH steel after quenching from 1040 °C: a) Light microscope, b) SEM, 
c) TEM 
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3. RESULTS AND DISSCUSION 

Fig. 3  shows a dilatogram of the quenched samples heated with a rate of 0.5 °C/s, along with the 
corresponding differential curve showing a method of an interpretation of dilatograms, basing on which a CHT 
diagrams were created. It is apparent that during, the first stage of tempering, the investigated steel exhibits 

shrinkage, which may mainly be attributed to transition iron carbide precipitation. This shrinkage starts at εs 
temperature, and ends at εf one. When the εf temperature is reached, a positive dilatation effect connected 
with retained austenite transformation can also be noticed. This effect is noticeable in the temperature range 
of retained austenite starts (RAs) ÷ retained austenite finish (RAf). Both above mentioned effects, especially 
dilatation effect related to retained austenite transformation, are not intensive. Between (Cuε)s and (Cuε)f 

temperatures the precipitation of copper rich phase (Cuε) takes place. Fig. 4  shows CHT diagram for the 
investigated steel. The diagram shows the ranges of iron transition carbide and the temperature range for the 
transformation of the retained austenite as well as the temperature range of precipitation of copper rich phase 

(Cuε). As can be noticed, transformation start and transformation finish temperatures increase with an 
increasing heating rate from 0.05 to 35 °C/s. 

 
Fig. 3  The dilatometric curve of heating with the rate of 0.5 °C/s as well as the coresponding differential 

curve with marked interpretation of phase transformation occured in the 17-4PH steel during heating from 
as-quenched state 

 

Fig. 4  CHT diagram for investigated steel. The temperatures of the end of heating the samples for 
metallographic investigation are marked red 
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Continuous heating from as-quenched state up to 240 °C and 450 °C (Fig. 5 ) does not caused visible changes 
in the microstructure of investigated steel. But it is worth to note, that heating up to 450 °C increased hardness 

to 396 HV10. It is results of precipitation starts of copper rich phase (Cuε) - see Fig. 4 . Unfortunately we were 
not able to find it in the microstructure, even by use TEM. Visible changes in the microstructure of the 
investigated steel were caused by heating it up to 540 °C (Fig. 6 ) and 600 °C (Fig. 7 ). There are clearly visible 
grain boundaries of a prior austenite and the morphology characteristic for tempered martensite. SEM image 
presented in Fig. 6b  and TEM images included in Figs. 6c and 7c  show precipitates of copper rich phase 
(Cuε). 

a) b) c) 

Fig. 5  The microstructure of investigated 17-4PH steel after quenching from 1040 °C and heated up to 450 
°C with the rate of 0.5 °C/s: a) light microscope, b) SEM; c) TEM 

a) b) c) 

Fig. 6  The microstructure of investigated 17-4PH steel after quenching from 1040 °C and heated up to 540 
°C with the rate of 0.5 °C/s: a) light microscope, b) SEM; c) TEM 

a) b) c) 

Fig. 7  The microstructure of investigated 17-4PH steel after quenching from 1040 °C and heated up to 
600°C with the rate of 0.5 °C/s: a) light microscope, b) SEM; c) TEM 

Fig. 8  shows influnce of temperature, up to which sample was heated after quenching (heating rate 0.05 °C/s), 
on hardness of investigated steel. The highest increase of hardness takes place in the temperature range of 
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450÷540 °C (in the range of precipitation of copper rich phase). Above 540 °C precipitation of the Cuε slows 
down and matrix recovery causes hardness decrease.  

 

Fig. 8  Dependence of hardness of samples of investigated steel on the heating temperature after quenching 
(heating rate 0.05 °C/s) 

4. CONCLUSIONS 

In as-quenched state the microstructure of investigated steel consist of low carbon martensite, ferrite δ banding 
as well as of not dissolved during austenitizing niobium secondary carbides of MC type. Changes in the 
microstructure of the investigated steel during heating from the as-quenched state results from precipitation of 
transition iron carbides, transformation of small amount of retained austenite into martensite and mainly the 

Cuε phase precipitation. There were no significant changes in the chemical composition as well as in the 

morphology of the δ-ferrite.  

During continuous heating from as-quenched state the highest hardness increase takes place in the 
temperature range of 450÷540 °C (in the range of precipitation of copper rich phase). Above 540 °C 

precipitation of Cuε slows down and matrix recovery causes hardness decrease.  
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Abstract   

Soft annealing is an important and time demanding part of bearing steel treatment process. The experimental 
program of accelerated carbide spheroidisation deals with significant shortening of the time necessary for 
producing steel microstructure consisting of ferritic matrix and globular carbides. Globular carbide particles 
and the grain size of the matrix are significantly smaller after accelerated carbide spheroidisation process in 
comparison with conventional long-duration soft annealing. This fact ensures finer martensitic structure after 
hardening and this shows that the microstructure and properties of final hardened product are dependent on 
previous spheroidisation annealing. Finer carbides in structure enhance hardness and facilitate carbide 
dissolution during austenitisation. This effect enables quenching temperature lowering. It reduces the energy 
demand of the quenching process and mitigates the risk of residual stresses and distortion. The main objective 
of the present research was to identify the effect of the initial size of carbides and prior austenite grains upon 
the final microstructure and hardness of induction-quenched 100CrMnSi6-4 bearing steel. Microstructure 
evolution and hardness were monitored during austenitisation, quenching and subsequent tempering. 
Microstructure and properties after accelerated treatment were compared with those after conventional long-
duration treatment. 

Keywords: ASR, Accelerated Carbide Spheroidisation, Induction quenching, Bearing steel 

1. INTRODUCTION 

Typically, high-carbon bearing steels are supplied to bearing manufacturers in soft-annealed state [1]. Soft 
annealing ensures carbide spheroidisation, reduced hardness, good formability and a favorable microstructure 
for hardening. It involves long holding times at temperatures, which are usually slightly above the A1 
temperature, and subsequent cooling in furnace. Diffusion-based processes [2] of this type are usually time-
consuming and their times of up to tens of hours [3] make this type of annealing a very expensive heat-
treatment process. 

During the manufacture of bearings, bearing steels undergo hardening which consists of austenitisation, 
quenching and tempering. Sufficient amount of carbon should be dissolved into austenitic matrix during 
austenitisation for the desired material hardness after quenching to be achieved. On the other hand, 
undissolved carbides also have to be present in austenite to provide the pinning effect that prevents the 
austenite grain from coarsening. They also improve the wear resistance of the final structure. Quenching 
transforms the austenitic matrix to martensite. The finer the martensite, the better bearing performance is 
generally expected [4]. The final step, tempering, is necessary for internal stress relief, retained austenite 
decomposition and for dimensional stability during the bearing’s lifetime.  

The present paper describes a novel accelerated spheroidising process (ASR) and gives a comparison 
between the ASR and the conventional long-time soft annealing. Accelerated carbide spheroidisation can be 
induced by either heat treatment [5] or by thermomechanical processing [6]. Accelerated carbide 
spheroidisation leads to a significantly finer microstructure than long-duration soft annealing [7].It is a more 
favourable condition for subsequent quenching and tempering. The main objective of the present research 
was to identify the effect of the initial size of carbides and prior austenite grains upon the final microstructure 
and hardness of induction-hardened 100CrMnSi6-4 bearing steel. Microstructure evolution and hardness were 
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monitored during austenitising, quenching and subsequent tempering. The austenitising time and temperature 
used after both accelerated and long-duration annealing were gradually optimised. 

2. EXPERIMENTAL 

2.1. Initial state 

The experimental material was the 100CrMnSi6-4 bearing steel with a chemical composition given in Table 1 . 
Fine and coarse initial states were obtained by ASR process (Accelerated Spheroidisation and Refinement) 
and conventional soft annealing. The accelerated carbide spheroidisation was performed by temperature 
cycling around A1 temperature by induction heating. This treatment lasted 5 minutes. Long-duration soft 
annealing was conducted in atmosphere furnace. The schedule comprised heating to 790  C and slow cooling 
in the furnace. The soft annealing lasted 22 hours. 

Globular carbide particles and the grain size of the matrix are significantly smaller after accelerated carbide 
spheroidisation process (Fig. 1)  in comparison with conventional long-duration soft annealing (Fig. 2) . 

Table 1  Chemical composition of the 100CrMnSi6-4 steel (wt. %)   

C Si Mn P S Cr Ni Al Cu 

0.94 0.65 1.16 0.014 0.012 1.54 0.03 0.026 0.02 

 

Fig. 1  Microstructure after ASR process, 264 HV10 

 

Fig. 2  Microstructure after long-duration annealing, 
208 HV10 

2.2. Hardening 

The annealing (ASR or long-duration annealing) stage was followed by hardening, i.e. by quenching and 
tempering. 

Austenitising was carried out using induction heating, as was the accelerated spheroidising process. The 
chosen heating rate was approximately 80 °C per second. Austenitising (quenching) temperature was between 
850 °C and 1050 °C and the austenitising times were 5 and 20 seconds. Austenitising was followed by 
quenching in oil and tempering in an atmosphere furnace at the temperature of 240 °C for 4 hours. The 
carbides after ASR process were substantially smaller than after other treatments. These carbides were thus 
expected to dissolve more readily at a lower austenitising temperature. Quenching temperatures were 
therefore chosen in the range between 850 °C and 1000 °C. For specimens upon long-duration annealing, this 
range was 900-1050 °C. The main objective was to determine the process window, i.e. suitable quenching 
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temperatures and times in relation to the initial condition of the material. The microstructure and hardness of 
individual specimens were studied after both quenching and tempering. 

3. RESULTS AND DISCUSSION 

3.1. Hardness and Microstructure 

Hardness of the specimens was measured by Vickers method with the load of 3 kg. Hardness values were 
measured after quenching in oil and subsequent tempering. Quenching and tempering was preceded by either 
ASR or conventional long-time annealing. The line of indentations spaced at 0.5 mm was on the specimen 
cross-section along the entire diameter, starting 0.5 mm from the edge. The values across the cross-section 
were very similar. Table 2 shows the resulting averages from three values measured at 1.5 mm, 2 mm and 
2.5 mm below the specimen surface.  

Table 2  Hardness after quenching and tempering of ASR-processed and long-duration annealed specimens 

Austenitisation 

ASR Long-duration annealing 

HV3 after 
quenching 

HV3 after 
tempering 

HV3 after 
quenching 

HV3 after 
tempering 

850 °C/5 sec. 782 716 - - 

850 °C/20 sec. 860 740 - - 

900 °C/5 sec. 816 747 827 680 

900 °C/20 sec. 828 743 859 706 

950 °C/5 sec. 735 693 831 708 

950 °C/20 sec. 697 679 839 712 

1000 °C/5 sec. 709 626 723 681 

1000 °C/20 sec. 669 644 725 693 

1050 °C/5 sec. - - 723 682 

1050 °C/20 sec. - - 730 665 

The hardness measurement revealed the same trend for both initial states - ASR, long-duration soft annealing. 
Samples quenched from the lowest quenching temperatures after 5 sec. austenitising time exhibited lower 
hardness due to low carbide dissolution. The hardness increased substantially with austenitising time increase 
to 20 seconds.  

Higher quenching temperature led to higher carbide dissolution. Hardness, after quenching, showed decrease 
for both annealed stages with increasing quenching temperature in comparison with maximal hardness 
obtained at the lowest quenching temperature.  

The hardness, after quenching and tempering, shows similar trends like just after quenching. However 
hardness differences among regimes are not so pronounced in case of the lowest and second lowest 
quenching temperature for both initial states. 

Treatment after ASR process 

Heating to the lowest quenching temperature 850 °C after ASR process retains most of the carbides in the 
structure. Carbide dissolution is most intensive on the boundaries of prior austenitic grains (Fig. 3). 
Austenitisation begins at grain boundaries and carbides were dissolved for the longest times in those regions. 
Hardness was dependent significantly on the austenitising time at the lowest quenching temperature.  
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Prolonged austenitising time caused hardness increase by almost 80 HV3, seemingly due to higher carbide 
dissolution. However, there was observed also the highest hardness decrease during tempering, 120 HV3. 
There was no significant amount of retained austenite detected in the structure. 

 

Fig. 3 ASR - 850 °C/20 sec.-oil, 860 HV3 

 

Fig. 4  ASR - 900 °C/20 sec.-oil, 828 HV3  

Quenching temperature enhancement to 900 °C led to higher carbide dissolution. Martensite matrix was 
homogeneous in the sample (Fig. 4 ). Prior austenitic grain boundaries were not outlined by any microstructural 
feature.  

Structures after quenching from temperatures 950 °C and 1000 °C were very similar. Carbides were almost 
completely dissolved regardless austenitising time and the microstructure consisted of coarse plate martensite 
with significant amount of retained austenite. Hardness was significantly decreased by retained austenite 
presence.  

Treatment after long-duration soft annealing 

Microstructure of samples with initial state after long-duration soft annealing was morphologically identical with 
those after ASR process, only coarser. Thus results obtained after quenching and tempering follows the same 
trends in terms of hardness and final microstructure. Only difference is temperature shift caused by coarser 
structure. Similar microstructures and maximal hardness were obtained by regimes with quenching 
temperature by 50 °C higher in comparison with ASR treated samples with finer structure. 

Carbides remained mostly undissolved after quenching from the lowest quenching temperature 900 °C. There 
were present areas with more and less dissolved carbides, nevertheless the martensitic matrix exhibited the 
same morphology in whole sample (Fig. 5 ). 

Quenching temperature 950 °C led to higher carbide dissolution accompanied with coarser martensite 
structure with small amount retained austenite in final structure. 

Quenching temperatures 1000 °C and 1050 °C led to almost complete carbide dissolution. Carbide dissolution 
rate is slower for coarser structure. Hardness decrease with increasing quenching temperature was smaller 
than for ASR treated samples. This decrease was caused again by retained austenite occurrence in martensitic 
matrix (Fig. 6 ).  

The highest hardness for both initial states after quenching was ca 860 HV10. It was achieved at temperatures 
850 °C resp. 900 °C and 20 sec. hold for finer resp. coarser initial state. There was significant amount of 
undissolved carbides for both cases. Hardness after quenching drops with austenitising temperature increase 
significantly. However, hardness after quenching and tempering is stable in 50 °C temperature range for fine 
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and coarse microstructure (Table 2 ). The hardness decreased less during tempering for fine-structured 
samples than for coarse-structured. 

Martensite hardness is determined mainly by its carbon content and amount of retained austenite. If those 
parameters were the same for fine and coarse structure, resulting hardness after quenching was very similar. 
Tempering apparently reveals effect of structure fineness. The same hardness after tempering (ca. 740 HV3) 
was achieved for different microstructures after quenching for the fine initial state. Samples with coarser 
structure, having the comparable hardness after quenching with the fine-structured ones, reached after 
tempering lower hardness (ca. 710 HV3). Possible explanation is smaller martensite crystal size in finer 
microstructure accompanied with possibly denser carbide precipitation during tempering. 

4. CONCLUSION 

Induction hardening of 100CrMnSi6-4 bearing steel was performed for two initial states - fine structure obtained 
from ASR process (Accelerated Spheroidisation) and coarse structure obtained from long-duration soft 
annealing. Influence of the initial microstructure on the final hardness and microstructure was investigated. 
Finer structure spheroidised carbides in initial structure lead to finer martensite after quenching and higher 
hardness after tempering. Austenitisation kinetics was also affected, because fine carbides dissolved at higher 
rates. Sufficient carbide dissolution was achieved at austenitising temperature by 50 °C lower in comparison 
with coarse-structured material.  
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Abstract 

Today’s advanced steels are required to possess high strength and ductility. One way of achieving 
a favourable ductility level and a very high ultimate strength is to stabilize retained austenite in martensitic 
matrix. Among heat treatment processes capable of producing such microstructure, there is the Q&P process 
(Quenching and Partitioning). It can produce microstructures consisting of martensite and a certain amount of 
retained austenite, which exhibit strengths above 2000 MPa and elongation levels of 10-15 %. For some 
processes, it is appropriate to depress the Ms and Mf temperatures and modify the ferritic and pearlitic 
transformations to occur at lower cooling rates. By choosing an appropriate steel chemistry, the retained 
austenite can be stabilized in martensitic matrix at lower temperatures than in the ordinary Q&P process. Four 
steels were selected for the present experimental programme. Several heat treatment sequences were tried 
with these steels and multiple parameters were varied: austenitizing temperature, cooling rate, quenching 
temperature and the carbon partitioning temperature. 

Final strengths of the steels were in the range of 1750-2400 MPa and their A5 mm elongation level was up to 
10 %. The morphology and distribution of retained austenite dictate the resulting mechanical properties. The 
microstructures were studied using transmission electron microscopy. The distribution and morphology of 
retained austenite were examined using diffraction analysis (SAED) and bright and dark-field illumination. X-
ray diffraction was employed to measure the volume fraction of retained austenite. The values were between 
9 and 15 %. 

Keywords:  Q-P process, retained austenite, AHSS, UHSS, transmission electron microscopy, XRD 

1. INTRODUCTION  

Current trends in the processing of high-strength low-alloy steels consist in an effort to achieve the best 
possible toughness while maintaining high strength of the processed material. This can be accomplished by 
several methods. The methods include long-time low-temperature austempering, TRIP processing and Q&P 
processing. Long-time low-temperature austempering can produce tensile strengths of more than 1500 MPa 
and hardness levels of 420-480 HV10. The resulting microstructure can show elongations between 15 and 
20 % [1]. Long-time low-temperature austempering is characterized by long holding times of several tens of 
hours, by low temperatures and by the use of various media, typically molten salt baths. The resulting 
microstructure consists of very fine bainitic ferrite [2]. The weakness of this procedure is its long annealing 
times. It is also the reason why it has not found use in industry. In TRIP steels, the desired properties are 
achieved thanks to their microstructure containing bainite, ferrite and retained austenite (RA). During 
deformation, RA transforms to deformation-induced martensite. These steels can have strengths up to 
1200 MPa [3]. The third method is the Quenching and Partitioning (Q&P) process, which allows strengths of 
more than 2000 MPa to be obtained, together with an elongation of about 10 %. An important aspect of this 
process is the stabilisation of austenite in the martensitic matrix. One of the ways of obtaining martensitic 
structure with the desired fraction of retained austenite is a special heat treatment procedure described below. 
It is characterized by rapid cooling from the austenite region to a temperature between the Ms and Mf. During 
such cooling, martensite forms, while a portion of austenite remains untransformed. During subsequent 
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isothermal holding, the retained austenite becomes stabilized thanks to carbon which migrates from the super-
saturated martensite to austenite. According to current knowledge, this austenite exists primarily in the form 
of thin films between martensite laths or plates [4-7]. In this respect, it differs from the granular austenite in 
TRIP steels. An important factor in stabilizing the retained austenite by this heat treating sequence is the 
chemistry of the material. 

2. EXPERIMENTAL PROGRAMME 

The use of the Q&P process in real-world processing depends on the ability to interrupt quenching between 
the Ms and Mf temperatures. With respect to this issue, four new experimental steels have been proposed. 
Their special chemistries were designed to depress the Ms and Mf temperatures (Table 1 ). The aim of this 
effort was to explore whether the process can be simplified and other quenching media or procedures can be 
used. In all of these experimental steels, the Ms and Mf temperatures were depressed predominantly through 
additions of manganese, silicon and chromium. Silicon was added in order to prevent carbide formation and 
facilitate the super-saturation of martensite with carbon. Molybdenum was employed to reduce the Ms and Mf 
temperatures and to shift the start of ferritic and pearlitic transformations towards lower cooling rates. Nickel 
was added in small amounts to stabilize austenite during cooling, to enhance hardenability and to provide solid 
solution strengthening. The carbon content was the same in all steels: between 0.42 and 0.43 %.  

These chemistries have been developed with the aid of the JMatPro software which was used for calculating 
the approximate transformation temperatures. In the AHSS-1 steel, the manganese level was 2.5 % and the 
silicon level was 2 %. The calculated Ms and Mf temperatures were 218 °C and 88 °C, respectively. In order 
to find whether molybdenum affects mechanical properties and transformation temperatures, its content in the 
AHSS-2 steel was chosen as 0.15 %. This molybdenum content has not altered the Ms and Mf temperatures 
in any substantial way. The Ms temperature was 214 °C and the Mf was 83 °C. In AHSS-3, the nickel level 
was set at 0.5 % to achieve the desired hardenability and to depress the martensitic transformation 
temperatures. The Ms and Mf temperatures were 209 °C and 78 °C, respectively. In AHSS-4, the nickel and 
molybdenum levels were identical to the previous two steels. The resulting chemistry led to the lowest 
transformation temperature Ms of 204 °C and the Mf of 73 °C.  

The maximum calculated difference between the Mf values was a mere 15 °C. Yet, even this small variation 
may play a role in the process and in the choice of quenchants. 

Table 1 Chemical composition of the experimental steels AHSS-1 - AHSS-4 [wt. %] 

 C Mn Si P S Cu Cr Ni Al Mo Nb Ms Mf 

AHSS-1 0.430 2.5 2.03 0.005 0.003 0.07 1.33 0.07 0.008 0.03 0.03 218 88 

AHSS-2 0.428 2.48 2.03 0.005 0.003 0.07 1.46 0.08 0.004 0.16 0.03 214 83 

AHSS-3 0.419 2.45 2.09 0.005 0.002 0.06 1.34 0.56 0.005 0.04 0.03 209 78 

AHSS-4 0.426 2.46 1.99 0.005 0.002 0.06 1.33 0.56 0.005 0.15 0.03 204 73 

2.1 Q&P Process 

To find whether this heat treating sequence is viable, several important parameters of the Q&P process had 
to be trialled and optimised for the experimental steels which had been designed on the basis of calculations. 
These parameters included austenitising temperature, soaking time at austenitizing temperature, cooling rate, 
quenching temperature and partitioning temperature and time. A number of heat treatment schedules (Table 2 ) 
were tried with the goal of appropriate stabilization of austenite. The cooling from the austenitising temperature 
(TA) to the quenching temperature (QT) of 150-100 °C took place at the rates of 1 °C / s, 5 °C / s, 10 °C / s 
and 16 °C / s. The partitioning temperature (PT), at which carbon diffuses from super-saturated martensite, 
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was set at 150-200 °C. Specimens treated in this way were then used for metallographic examination and 
mechanical testing. 

The retained austenite fraction was measured using X-ray diffraction. The distribution and morphology of 
retained austenite in martensitic matrix were studied in selected specimens using selected area electron 
diffraction (SAED) and bright field and dark field illumination in a transmission electron microscope. 

Table 2 Heat treatment schedules 

Schedule number TA [°C]/tA [s]  Cooling rate [°C/s] QT [°C]  PT [°C] /tPT [s] 

1 850/100 1 100 150/600 

2 850/100 5 100 150/600 

3 850/100 10 150 200/1200 

4 850/100 16 150 200/600 

3. DISCUSSION OF RESULTS 

In all steels, the resulting microstructures consisted of a majority of martensite, a small amount of bainite and 
a fraction of retained austenite (Figs. 1-4 ). The ultimate strength was between 1750 and 2400 MPa and the 
elongation reached approx. 10 %. The retained austenite volume fraction in the martensitic matrix was up to 
15 vol. %, which corresponds to the lower limit of the ultimate strength achieved. This material contained the 
largest fraction of retained austenite (Table 3 ). As the best values have been achieved in the AHSS-3 steel 
(UTS of 2400 MPa, elongation of 10 % and RA of 15 %), its specimen was subsequently studied using 
transmission electron microscopy (TEM). TEM allows the microstructure and the presence of retained 
austenite to be explored in greater detail. 

Table 3 Retained austenite fractions in individual Q&P-processed AHSS steels 

Material Fraction of γ-Fe [vol. %] 

AHSS-1 9 % 

AHSS-2 14 % 

AHSS-3 15 % 

AHSS-4 15 % 

    

Fig. 1 AHSS-2 - cooling rate: 16 °C / s   Fig. 3 AHSS-1 - cooling rate: 1 °C / s 
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Fig.  7 Diffractogram of the martensitic 
matrix with selected austenite diffraction 
spots under dark field illumination. Zone 
axis of diffraction: z =  [1 1 1], AHSS-3 

        

Fig. 2 AHSS-2 - cooling rate: 16 °C / s     Fig. 4 AHSS-1 - cooling rate: 1 °C / s 

First, the material was observed under bright-field illumination. Individual martensite laths were found which 
had grown from the prior austenite grain boundaries (Fig. 5 ). The martensitic matrix was confirmed using 
SAED. Retained austenite in the martensitic matrix was identified using dark-field illumination and selected 
diffraction spots. It was found along prior austenite grain boundaries, sub-grain boundaries and boundaries of 
martensite laths (Figs. 6-11 ). 

  
Fig. 5 Prior austenite grain in martensitic matrix, Fig. 6 Martensitic matrix under bright-field  

                  AHSS-3                                  illumination, AHSS-3 

     

 Fig.  8 Distribution of retained austenite under dark 
field illumination, AHSS-3 
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4. CONCLUSION 

A novel heat treatment procedure based on the Q&P process has been tested on newly-developed AHSS-
type low-alloy steels alloyed with manganese, silicon, chromium, molybdenum and nickel. The procedure 
involved low-temperature treatment, in which quenchants other than the commonly used ones can be applied 
in the future. The purpose is to replace molten salt baths with quenchants based on water, steam, polymers 
or mist. Quenching oils are considered to be another alternative. The use of various cooling rates during the 
quenching of these experimental steels proved that within the broad range between 5 °C / s and 16 °C / s, 
martensite-based hardening microstructures with a fraction of retained austenite of up to 15 % can be obtained 
and strengths between 1750 and 2400 MPa can be achieved. The highest contend of retained austenite 
shoved AHSS-1 and AHSS-3 steels with increased content of Ni (0.56 %). Transmission electron microscopy 
observation of the steel AHSS-3 which showed the best results revealed the distribution of retained austenite 
along prior austenite grain boundaries and subgrain boundaries.  
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Fig.  9 Martensitic matrix under bright-field 
illumination, AHSS-3 

Fig.  10 Diffractogram of the martensitic matrix 
with marked spots taken to verify the presence of 

austenite. Zone axis of diffraction: z = [3 5 6], 
AHSS-3 

Fig.  11 Distribution of retained austenite under 
dark field illumination, AHSS-3 
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Abstract 

This work presents results of the analysis of phases formed in a SUPER 304H steel during a medium-term 
static isothermal ageing (675 °C/15000 h). The investigations of the precipitates were especially focused on 
the occurrence of sigma-phase because its formation leads to the serious embrittlement. 

The evaluation and distribution of brittle sigma-phase were determined on macroscopic level by using light 
microscopy/colour etching. The microstructure was also investigated on microscopic level by scanning electron 
microscopes Tescan Lyra 3 and JEOL JSM 5410 equipped by electron backscatter diffraction unit and by 
transmission electron microscope Jeol 2100F. This work also investigates the effect of sigma-phase formation 
on the impact strength of an aged state of SUPER 304H steel. For comparison reasons the microstructure and 
the mechanical properties of the initial as-received) state were also investigated. It was found that the formation 
of brittle sigma-phase in the aged and therefore degraded microstructure led to the significant decrease of the 
impact strength. The influence of brittle sigma-phase on long-term durability of the degraded steel regarding 
its insufficient impact strength is discussed. 

Keywords: Austenitic steel, medium-term ageing, SUPER 304H, sigma-phase, impact strength 

1. INTRODUCTION 

1.1. Description of material and application of mat erial 

SUPER 304H is fully austenitic steel used for construction of super heaters of ultra-supercritical power plants 
[1]. Ratio of base alloying elements 18/9 (Cr Ni) is used. For an improving of creep resistant properties nitrogen, 
niobium and copper are used up to 0.12 (N) 0.6 (Nb) 3.5 (Cu) mass percent [2]. It should be note that average 
in-service conditions of steam are temperature of 650 °C and pressure of about 25 MPa. 

2. EXPERIMENTAL PART 

2.1. Initial (as-received) state 

Austenitic structure of initial state without PWHT (post welding heat treatment) is shown at the first figure in 
Fig. 1 . There are no particles at grain boundaries. In line formation with the same orientation as tube axis the 
niobium carbonitrides precipitated. Some of niobium precipitates have dimension about 20 μm (Fig. 1 ). In initial 
state is no particles which can be identified as sigma-phase were observed. 
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Fig. 1  Maps of chemical composition SEM/EDS - initial state 

2.2. State after 15 000 hours of ageing at 675°C 

After 15 000 hours of isothermal ageing (675 °C) significant changes in microstructure occur. As shown in 
Fig. 2  there are several new types of precipitates. At the grain boundaries the chromium carbides and niobium 
carbonitrides precipitated. The niobium carbonitrides which have dimensions up to 3 μm precipitated inside 
the grains. The last group of precipitates can be identifying like sigma-phase with maximal dimension of about 
6.5 μm. 

 

 
  

   

Fig. 2  Maps of chemical composition SEM/EDS - state after 15 000 h of ageing [3] 
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For identification of sigma-phase particles transmission electron microscopy was used. Fig. 3  shows chemical 
composition maps made by EDS-detector at thin foil. There (Fig. 3 ) are three elliptic particles which can be 
possible sigma-phase. The length of these particles is around 2.5 μm. 

  

   

   

Fig. 3  Maps of chemical composition TEM/EDS - state after 15 000 h of ageing [4] 

Identification of particles by using chemical composition is shown in Fig. 4 . In the case of sigma-phase the 
nominal chemical composition is shown at Fig. 4 , too. 

Lines obtained from transmission diffraction were compared whit theoretical model for sigma-phase. 
Conformity with the theoretical model is at Fig. 5b . 
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Point analysis of chemical composition 
of sigma-phase (w. %) 

Fe 53,1 

Cr 40,8 

Ni 3,2 

Mo 2,2 

Si 0,8 
 

Fig. 4  Identification of particles and chemical composition 
of sigma-phase - state after 15 000 hours of ageing [3] 

 

  

Fig. 5  EBSD lines obtained in the analysis of sigma phase in the steel Super 304H 
a) measured lines b) conformity with the theoretical model [3] 

     

     Fig. 6   EBSD analysis [3] 

 

Sigma-phase 

Chromium carbide 

Niobium carbonitride 

a) b) 

Phase map is shown in [1]. Identification of phases: 
• Red - Austenitic matrix 
• Green - Chromium carbide 
• Light blue -sigma phase 

Phase map shown that sigma-phase precipitates are 

situated at grain boundaries, respectively inside grain. 
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2.3. State after 20 000 hours of ageing 

Changes between states after 15 000 and 20 000 hours of ageing include an increase of size of sigma-phase. 
Sigma-phase has dimension about 10 μm (Fig. 7 ) which can lead to significant decreasing of the impact 
strength. 

   

   

Fig. 7  Maps of chemical composition SEM/EDS - state after 20 000 h of ageing 

2.4. Possible approach to quantification amount of sigma-phase in microstructure 

It is possible to say that amount of Sigma-phase in microstructure lead to decreasing of the impact strength. 
Possible approach for quantification of sigma-phase in quite lower magnification would be using of light-
microscopy/color etching (LM). Comparison of the microstructure from LM and the microstructure from SEM 
is shown in Fig. 8 and Fig. 9 . White particles in Fig. 8 are sigma-phases. These white particles have sufficient 
contrast in comparison with matrix. Thus, image analysis for quantification of amount of sigma-phase will be 
possible to use. 

  

Fig. 8  Microstructure after color etching (sigma-phase            
is white) [4] 

Fig. 9  Microstructure with marked phases for 
comparison with Fig. 8  [4] 

Chromium carbide 

 Niobium carbonitride 

Sigma-phases 
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3. CONCLUSIONS 

Initial state 

The particles observed in the microstructure of initial state were niobium carbonitride and in the less amount 
chromium carbide. Two different shapes of niobium particles were observed: 
• Separated niobium particles with the size up to 20 μm (Fig. 1 ) 

• Niobium particles with linear orientation and the size up to 5 μm (Fig. 1 ) 

Chromium carbides were precipitated at intersection of grain boundaries. 

No sigma-phase was observed. 

The impact strength of initial state was 109.4 ±4.4 J/cm2 (average value from 6 measurement) 

State after 15 000 hours of ageing 

Particles observed after 15 000 of ageing were niobium carbonitride, chromium carbide and sigma-phase. 
Niobium particles were observed inside grain and had dimension up to 3 μm (Fig. 2 ). Chromium carbides were 
located at grain boundaries with dimension of about 0.4 μm. sigma-phase precipitated in two different shapes 
(Fig. 2 ): 

• Round shape with dimension about 3 μm (max. up to 6.5 μm) 
• Lamellar with thickness about 1 μm, length up to 5 μm 

State after 20 000 hours of ageing 

Particles observed after 20 000 hours of ageing were niobium carbonitride, chromium carbide and sigma-
phase. No changes for niobium particles and chromium carbides were observed. Dimension of sigma-phase 
precipitated at intersection of grain boundaries increased to max. dimension 10 μm. 

The impact strength of state after 20 000 hours of ageing was 28.2 ± 0.6 J/cm2 (average value from 3 
measurement) 

It is possible to say that the sigma-phase in the microstructure precipitate and grows during ageing. It lead to 
an embrittlement of SUPER 304H steel. Precipitation of sigma-phase at intersection of grain boundaries and 
a decrease in the impact strength of steel SUPER 304H can lead to serious problems during lifetime of super 
heaters. 
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Abstract   

Hydrogen diffusion characteristics were studied in C-Mn-Si TRIP 800 steel containing 0.05 mass % of 
phosphorus. The steel was tested in as-received state and also in states corresponding to 5 and 10 % tensile 
deformation. Steel microstructure was analyzed by light microscopy, scanning electron microscopy and X-ray 
diffraction. Hydrogen diffusion characteristics were studied by means of electrochemical permeation method. 
Two build up transients corresponding to lower and higher charging current densities as well as a decay 
transient were recorded during permeation experiments. In the as-received state, steel microstructure 
consisted of ferrite, bainite and approx. 14 % of retained austenite. The tensile deformation resulted in a 
decrease of retained austenite content and in a considerable increase of yield and tensile strength. Hydrogen 
diffusion coefficients of the studied TRIP steel varied from 1.6 x 10-7 cm2·s-1 to 1.3 x 10-6 cm2·s-1. The lowest 
values corresponded to the as-received state - without deformation; the highest ones corresponded to 5 % 
tensile deformation. For one state, the lowest values of hydrogen diffusion coefficient were observed during 
the first build up transient. During the second build up transient corresponding to the higher charging current 
density, hydrogen diffusion coefficients increased markedly reflecting thus the fact that hydrogen trapping was 
less pronounced. For decay transients hydrogen diffusion coefficients were situated between values obtained 
for the 1st and 2nd build up transients. Very high sub-surface hydrogen concentrations (up to 35 ppm) were 
obtained from the permeation results. 

Keywords: TRIP steel, hydrogen diffusion, electrochemical permeation method 

1. INTRODUCTION 

Recently, new steel grades have been developed, which belong to so-called advanced high strength steels 
(AHSS). TRansformation-Induced Plasticity (TRIP) steel represents one kind of AHSS. It demonstrates 
superior mechanical performance of high strength and very good fracture toughness [1]. For these reasons, 
TRIP steel is regarded as one of the most promising candidates for automotive applications. TRIP steels are 
based on the C-Mn-Si chemical composition in most cases. Nevertheless, silicon may cause serious difficulties 
during hot-dip galvanizing. For this reason, silicon can be partially or totally replaced by aluminum [2]. Variants 
of TRIP steels have also been developed with high phosphorus content, again to improve conditions of hot-
dip galvanizing and to facilitate retained austenite stabilization [3]. The appropriate amount of retained 
austenite in the TRIP steels (10-15%) is essential with respect to optimal mechanical properties [1]. All kinds 
of TRIP steels seem to be susceptible to hydrogen embrittlement [4-6]. This problem has got practical 
importance as there is a risk of hydrogen embrittlement during acid pickling, an operation preceding hot-dip 
galvanizing. Recently, Zhu et al. [7] found out that the resistance of the TRIP steels to hydrogen embrittlement 
can be improved by cryogenic and tempered treatment. The authors attributed this improvement to a higher 
stability of remained retained austenite during straining as hydrogen induced cracks always initiated from the 
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fresh untempered martensite formed during plastic deformation. Depover at al. [8] studied susceptibility to 
hydrogen embrittlement in several kinds of advanced high strength steels using slow strain rate tests. They 
found out that TRIP steel was the most susceptible to hydrogen embrittlement of all studied materials. The 
authors correlated that behavior to the fact that retained austenite represents a deep, irreversible trap for 
hydrogen in the TRIP steel and martensite formed during deformation, which inherits this high amount of 
hydrogen, becomes extremely brittle. Hyun Ryu et al. [9] studied hydrogen trapping in the TRIP steels with 
different retained austenite stability. They showed that retained austenite serves as a deep trapping site in the 

TRIP steels. After γ→α’ transformation hydrogen becomes more mobile and can provoke hydrogen 
embrittlement of the TRIP steel. The susceptibility to hydrogen embrittlement in the TRIP steels is thus closely 
related to hydrogen diffusion characteristics. Nevertheless, there are still only few literature data concerning 
hydrogen diffusion in the TRIP steels. Ly [10] found out that in the C-Mn-Si TRIP steel containing approximately 
7% of retained austenite the hydrogen diffusion coefficient was rather low (about 1 x 10-7 cm2·s-1), while the 
sub-surface hydrogen concentration was higher in comparison with other types of AHSS. Kim et al. [11] 
performed in-situ observation of the change in the electrochemical hydrogen permeation flux under loading 

resulting in γ→α’ transformation in C-Mn-Si-Al TRIP steel. According to him hydrogen permeation upon a 
plastic deformation is governed by an initial drop in the permeation flux due to hydrogen trapping by newly 
generated dislocations and subsequently by an increase in the permeation flux due to hydrogen transport by 
dislocations.  

In the presented paper hydrogen diffusion characteristics were studied in the C-Mn-Si TRIP 800 steel with 
increased phosphorus content (0.05 mass %) in three different states: in the as-received state after hot and 
cold rolling and subsequent heat treatment; and furthermore after 5% and 10% tensile deformation to be able 
to take different retained austenite contents into account.  

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The C-Mn-Si-P TRIP 800 steel was used in the form of thin sheets with the thickness of 1.5 mm. The chemical 
composition of the studied steel is given in Table 1 . 

Table 1  Chemical composition of the studied TRIP 800 steel (mass %) 

C Mn Si P S Cr Ni Cu V Al Nb 

0.20 1.50 1.50 0.050 0.005 0.16 0.15 0.06 0.02 0.006 0.02 

Details concerning steel manufacturing and its heat treatment can be found in [4]. Steel structure was observed 
using light microscopy (LM) and scanning electron microscopy (SEM). Retained austenite (RA) content was 

determined by means of X-ray analysis using Co Kα source (λ=0.17902 nm). Mechanical properties were 
determined using a standard tensile test. 

Electrochemical hydrogen permeation tests were carried out using a Devanathan-Stachurski two-component 
cell separated by a steel membrane - working electrode. The exit side of the working electrode was palladium 
coated to prevent from hydrogen atom recombination during permeation experiments. The hydrogen charging 
cell was filled with 0.05M H2SO4, while the exit cell was filled with 0.1 M NaOH solution. The exit cell was de-
aerated by argon bubbling before and during experiments. The hydrogen permeation current was recorded 
using a VOLTALAB 40 potentiostat during experiments.  

After an output current stabilization, the entry side of the specimen was polarized anodically at a current density 
of + 35 mA·cm-2. At the end of this period (5 minutes), H2SO4 charging solution was renewed continuously to 
eliminate metallic ions from the solution. After that, two build-up transients (BUT) were recorded, the first one 
at the charging current density of -20 mA·cm-2, the second one at the charging current density of -35 mA·cm-

2. Before ending the experiment hydrogen charging was stopped and a decay transient (DT) was also recorded. 
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This procedure was modified with respect to the previous results [12] to shorten the time of experiments and 
to overcome some disadvantages of the procedure used before. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure and mechanical properties 

From the point of view of LM and SEM the steel microstructure consisted of ferrite and bainite only. In some 
micrographs, presence of martensite was also revealed using SEM. Examples of the microstructure of the 
studied TRIP steel are shown in Figs. 1a, b  for the as-received state and for the state after 10 % tensile 
deformation. The content of retained austenite is shown in Table 2  together with the mechanical properties. 
The retained austenite content dropped from 14.9 % in the as-received state to 7.1 % after 10 % tensile 
deformation. The values of the retained austenite content after deformation are higher in comparison with the 
C-Mn-Si TRIP steel studied previously [13], which confirms the role of phosphorus as a retained austenite 
stabilizer [1,3]. 

The mechanical properties of the studied TRIP steel are given in Table 2 for all studied states. It can be 
deduced from Table 2  that tensile deformation resulted in increasing of both yield strength and tensile strength 
and also in increasing of Rp0.2 / Rm ratio while the elongation at fracture decreased. Nevertheless, even after 
10% tensile deformation the elongation can still be considered as rather high with respect to the values of the 
yield and tensile strength. 

Table 2 Mechanical properties and retained austenite content  

State Rp0.2 [MPa] Rm [MPa] Rp0.2/Rm A25 [%] Retained austenite 
content [%] 

as-received 401 925 0.43 27.2 14.9 ± 2.0 

5% deformation 764 968 0.79 22.4 11.3 ± 2.0 

10% deformation 965 1066 0.91 17.4 7.1 ± 2.0 

      

Fig. 1a  Microstructure of as-received state (SEM)       Fig. 1b  Microstructure after 10% deformation (SEM) 

3.2. Hydrogen diffusion characteristics 

Effective hydrogen diffusion coefficients were calculated using the time-lag method according to Eq. 1: 

L
eff t

L
D

6

2

= ,            (1) 
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where L represents the specimen thickness and tL corresponds to the time where the permeation current 
reaches 63% of its steady-state value.  

Sub-surface hydrogen concentration was calculated using Eq. 2: 

FD

Li
C

eff
H

∞=0 ,               (2) 

where i∞ is the steady-state current density and F is Faraday’s constant.  

For the correlation between experimental results and the theoretical model, Eq. 3 was used to calculate a 
normalized hydrogen flux Jt / J∞: 

�Á�∞ = 2
√πτ∑ <Bt �− (2L+1)2

4τ �∞L=0 ,           (3) 

where τ is the dimensionless parameter equal to Deff·t / L2. 

The hydrogen diffusion coefficients are shown in Fig. 2  for all three studied states. 

 

Fig. 2  Effective hydrogen diffusion coefficients Deff for all studied states 

It can be deduced from Fig. 2  that the lowest values of hydrogen diffusion coefficient were obtained for the 
first BUT in all studied states. This fact can be related to the extensive hydrogen trapping in both reversible 
and irreversible traps during the 1st BUT. The hydrogen diffusion coefficients corresponding to the 1st BUT 
were only a little bit higher for the state after tensile deformation. Hydrogen diffusion coefficients corresponding 
to the 2nd BUT were markedly higher in all states in comparison with the 1st BUT and confirmed thus that the 
major part of traps was filled by hydrogen during the 1st BUT. In the case of the 2nd BUT hydrogen diffusion 
coefficients were higher for the states after tensile deformation. This behavior is in a good agreement with the 
results of Kim et al. [11]. According to him formation of martensite facilitates hydrogen diffusion in the TRIP 
steel. The question arises why the highest value of hydrogen diffusion coefficient corresponds to the 5 % 
deformation and not to 10 % deformation. Further experiments will be needed in this field but probably 
hydrogen diffusion may be decelerated by increased dislocation density in the state corresponding to 10 % 
tensile deformation. Nevertheless, even in the 2nd BUT the values of hydrogen diffusion coefficient still 
remained lower in comparison with conventional steels having bcc lattice. For the decay transients the 
hydrogen diffusion coefficients were situated between the values obtained for the 1st and 2nd BUT. The 
obtained results are in a good agreement with the findings of Zakroczymski [14]. According to him during the 
1st BUT extensive hydrogen trapping can be expected and during DT hydrogen detrapping from reversible 
traps can be expected, influencing thus values of hydrogen diffusion coefficient.  
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An example of fitting the experimental results with the theoretical curve of normalized hydrogen flux Jt / J∞ 
calculated according to Eq. 3 is shown in Fig. 3 for the 2nd BUT in the as-received state. Measured data fitted 
quite well with the theoretical curves for the 2nd BUT in all studied states. However, for the 1st BUT and for the 
DT, the measured data were usually shifted to longer time in comparison with the theoretical curves confirming 
thus the important role of hydrogen trapping and detrapping during the 1st BUT and during DT [14]. 

 

Fig. 3  Fitting the experimental data with the theoretical curve for the 2nd BUT after 5% deformation 

Hydrogen sub-surface concentrations were calculated for the 1st BUT using Eq. 2. The obtained results are 
presented in Table 3. The hydrogen sub-surface concentrations were very high for all studied states. Taking 
into account that a non-negligible amount of retained hydrogen was present in all states the role of retained 
hydrogen as an important and irreversible hydrogen trap was confirmed. Undoubtedly, the sub-surface 
concentration will also be influenced by the surface state, which may vary during experiment. The high sub-
surface concentration of hydrogen in the studied TRIP steel can, at least partially, explain rather high 
susceptibility of the TRIP steels to hydrogen embrittlement [4-9]. 

Table 3  Hydrogen sub-surface concentration during the first build up transient (mass ppm of H) 

As-received 5 % tensile deformation 10 % tensile deformation 

20.9 36.9 27.0 

4. CONCLUSIONS 

The results obtained in the presented work can be summarized in the following way: 

The tensile deformation of the TRIP steel with increased phosphorus content manifested itself by a significant 
increase of the yield strength and ultimate tensile strength while the elongation at fracture decreased only 
slightly, from 27.2 % in the as-received state to 17.4 % after 10 % tensile deformation. Simultaneously, the 
content of retained austenite dropped from 14. 9 % to 7.1 %. 

The effective hydrogen diffusion coefficient was rather low in the as-received state and corresponded to the 
value 8.1 x 10-7 cm2·s-1 (the value for the 2nd BUT). After the tensile deformation the effective hydrogen diffusion 
coefficient became higher and corresponded to the values 1.30 x 10-6 cm2·s-1 for 5% tensile deformation and 
1.15 x 10-6 cm2·s-1 for 10 % tensile deformation. This result confirms that the formation of martensite in the 
TRIP steels results in an increase of hydrogen mobility. The fact that after 10 % tensile deformation the 
hydrogen diffusion coefficient was a little bit lower than after 5 % tensile deformation can be related to the 
higher dislocation density after 10 % deformation reducing thus hydrogen mobility. 
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A very high sub-surface concentration of hydrogen was determined in the C-Mn-Si-P TRIP steel for all studied 
states. This phenomenon is related to the presence of retained austenite in the steel and can, at least partially, 
explain rather high susceptibility of the TRIP steels to hydrogen embrittlement. 
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Abstract 

Fe-25Cr-5Mo-0.82C alloy was synthesized in an arc furnace in high purity argon atmosphere and crystallized 
on water-cooled copper mould. The cross section of the ingot was examined by light microscopy, scanning 
electron microscopy (SEM), X-ray diffraction (XRD) and its Vickers hardness determined. The microstructure 
is composed of primary and secondary dendrites Fe-Cr-Mo solid solution with equiaxed and elongated 
morphology, depending on the nature of the crystallization. In the interdendritic regions complex M23C6 
carbides are present. The average hardness of the alloy is 264±5 HV10. 

Keywords: Fe-Cr-Mo-C alloy, cast alloy, carbides, SEM, XRD 

1. INTRODUCTION 

In Fe-Cr-C alloys, produced with conventional techniques, it is possible to obtain microstructures composed of 
α-ferrite and complex carbides such as M3C, M7C3 and M23C6 [1÷3]. The formation of the various types of 
carbides depends on the chemical composition of the alloy [4, 5]. Alloys from Fe-Cr-C system are used as tool 
steels and hardfacing materials [6-10]. It should be mentioned that complex chromium carbides are also 
commonly used as a strengthening phase in nickel based superalloys and cobalt based alloys (Stellites), in 
many cases being present in association with the MC carbides (M = Nb, Zr, Ta, Hf) [11-20].  

Molybdenum in Fe-Mo-C alloys can form MoC, Mo2C and complex-type carbides such as M23C6 or M6C 
[3.21÷23]. According to Palcut et al. [24] in low alloyed steels molybdenum stabilizes the MC carbide, reduces 
the molar fraction of M7C3 carbide and decreases the values of Fe/Cr ratio in M7C3 at lower temperatures. 
Inoue and Masumoto [3] described, inter alia, the tempering process and in-situ transformation of cementite 
to M7C3, M7C3 to M23C6, and M23C6 to M6C, which occur in Fe-3.6C-17.8Cr-xMo alloys (x = 3.6 or 8, wt.%). 
Transformation of cementite to M7C3 starts approx. 600°C and it is completed at approx. 700°C. Further 
transformations occur at 700°C, requiring longer times of tempering. 

It is known, that the wear resistance of tool and hardfacing alloys depends on the volume fraction, type and 
morphology of carbides, and properties of the matrix as well [25÷29].  

In this study the analysis of the microstructure of the Fe-Cr-Mo-C ingot, produced in an arc furnace, is 
presented. Particular emphasis is placed on the determination of the morphology of eutectic, complex carbides. 

2. EXPERIMENTAL 

The Fe-Cr-Mo-C alloy was synthesized in an arc furnace Arc Melter AM (Edmund Bühler GmbH) in a Ti-
gettered argon atmosphere. Melting of the charge was performed on a water-cooled copper mould. For further 
investigation the ingot, with a  mass of approx. 35 g, was cut in half along the line A-A', as shown in Fig. 1. 

The chemical composition was determined in the cross-section with optical emission spectrometer Foundry-
Master (WAS). In order to estimate the segregation in the ingot a series of measurements on the bottom and 
on the cross section of the ingot were performed. Results are summarized in Table 1 .  
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The X-Ray diffraction (XRD) analysis was performed by using a Panalytical Empyrean diffractometer using 
CoKα1 radiation (λ=1.7890 Å). 

The microstructure of the alloy was examined by Nikon LV150N light microscope and FEI VERSA 3D scanning 
electron microscope, equipped with the energy dispersive spectroscopy (EDS) detector. Microstructure 
investigations were carried out on the cross-section of the ingot, after polishing and etching. The microstructure 
of the samples was revealed by a solution of 30 g NH4F, 50ml HNO3 and 20ml H2O.  

Vickers hardness measurements were performed on a TUKON 2500 hardness tester. 

3. RESULTS AND DISCUSION 

Table 1 shows chemical composition of the ingot. That was found in the bottom and in the cross section of the 
ingot. As can be seen, the average carbon content varies significantly from 0.61 at the bottom to 0.82 (wt. %) 
for the cross section. It is also clear, that a segregation of molybdenum took place, as wt. % of Mo varies from 
4.66 at the bottom to 5.33 for the cross section. 

Table 1  Chemical composition of the ingot (wt.%) 

Place of measurements C Si Mn Cr Mo P S Fe 

Cross-section 0.815 0.159 0.094 24.900 5.330 0.015 0.026 Bal. 

Bottom 0.613 0.206 0.100 24.600 4.660 0.100 0.014 Bal. 

Fig. 1  shows a photograph of the ingot and Fig. 2  the microstructure of the 
cross section along line A-A' (Fig. 1 ). During solidification on a water-cooled 
copper mould, three distinctive zones A, B and C were formed, indicated in 
Fig. 2 . Dendrites in zone A, nucleated and grew in a very short time. First 
dendrites has an equiaxed shape (Fig. 3c ). Fig. 3b  shows microstructure of 
zone B (Fig. 2), dendrites which grew parallel and opposite to the heat 
exchange direction, have a columnar shape. Fig. 3a  shows dendrites, 
typical for zone C (Fig. 2 ), formed at the end of solidification. These 
dendrites have similar, equiaxed shape, such as in zone A, because their 
latent heat is extracted radially through the undercooled melt. 

 

Fig. 2  The reconstructed along A-A’ cross-sectional microstructure of the ingot based on images from light 
microscope. A - refers to inner equiaxed zone, B - refers to columnar zone, and C - refers to outer equaiaxed 

zone 

 

Fig. 1  A Fe-Cr-Mo-C ingot 
with the cross section line 

A-A’ 
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a) b) c) 

   

Fig. 3  Microstructure of different zones along the transverse cross-section in Fe-Cr-Mo-C ingot: a - refers to 
outer equaiaxed zone, b - refers to columnar zone, c - refers to inner equiaxed zone, light microscope 

XRD patterns presented in Fig. 4  show that the alloy consists of ferrite (Fe-Cr-Mo solid solution) and complex 
M23C6 carbides. 

 

Fig. 4  XRD patterns of the investigated alloy 

Fig. 5  shows the microstructure of eutectic M23C6 carbides observed in the aforementioned three distinctive 
zones. It was observed that M23C6 carbides formed in the interdendritic zones exhibit continuous, complex 
shapes. Carbides in outer and inner equiaxed zones have similar shapes. The boundary between eutectic 
carbides and matrix forms a continuous, longitudinal precipitation. Between the longitudinal boundaries, the 
carbides exhibit lamellar or polygonal character. In the columnar zone the eutectic has a longitudinal shape. 
Simultaneously lamellar precipitations within the eutectic boundaries make the whole a “ladder” shape. 

Fig. 6  shows the distribution of the major elements in dendrites and eutectic carbides. As seen, the eutectic 
zone is enriched in chromium and molybdenum, while the iron content is lowered. 

The average hardness of the alloy is 264±5 HV10. 

a) b) c) 
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d) e) f) 

   

Fig. 5  Microstructure of eutectic carbides in different zones along the transverse cross-section in  
Fe-Cr-Mo-C ingot: a,d - refers to outer equaiaxed zone, b,e - refers to columnar zone, c,f - refers to inner 

equiaxed zone, SEM-SE 

a) SE image b) EDS spectrum 

  

c) Fe d) Cr e) Mo 

   

Fig. 6  X-ray mapping of element distribution in dendrite and eutectic carbides 

4. CONCLUSION 

Fe-Cr-Mo-C alloy was synthesized and characterized in the as cast state. It consists of ferrite (Fe-Cr-Mo solid 
solution) and complex M23C6 carbides. The microstructure is composed of primary and secondary dendrites 
Fe-Cr-Mo solid solution with equiaxed and elongated morphology. M23C6 carbides formed in the interdendritic 
zones exhibit continuous, complex shapes. The average hardness of the alloy is 264±5 HV10. 
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Abstract  

A series of high entropy alloys (HEAs), Cr1-xCuxMnFeNi, was produced by a vacuum arc-melting method. The 
multi-element systems can crystallize as a single phase, despite containing multiple elements with different 
crystal structures which often exhibit unusual properties. Their phases, microstructures and base mechanical 
properties at room temperature were investigated. It has been found that a two face-centered cubic (FCC) 
crystal structure forms in these alloys with higher Cu addition and a single solid-solution phase with a body-
centered cubic (BCC) and two face-centered cubic (FCC) crystal structure forms in these alloys with higher Cr 
addition. The different hardness between those alloys was observed. 

Keywords : High-entropy alloy, crystallize, vacuum arc-melting method, solid-solution phase, hardness 

1. INRODUCTION  

Mostly conventional alloys are based on one basic element. Different alloying elements can be added to the 
basic element to improve its properties of original material and to form new alloy family. For example, steel is 
based on Fe, and aluminium alloys are based on Al. However, the number of elements in the periodic table is 
limited, thus the alloy families can be develop to a limited extent. Under consideration of high-entrophy alloys 
(HEAs), the conventional box 
and design alloys are not 
formed from one or two ‘base’ 
elements, but from multiple 
ones together [1]. Due to the 
distinct design concept, these 
alloys often show unusual 
mechanical properties, 
cryogenic-temperature 
properties, structural stabilities, 
and corrosion behaviours. 
Thus, there has been significant 
interest in these materials, 
leading to an emerging yet 
exciting new field. 

It was in 1995 when the marking 
„a high-entropy alloy (HEA)“ 
was used for the first time [1]. 
The HEAs are defined as alloys 
with five or more basic 
elements. Each of those 
elements should have a 

Fig.  1 Ashby map showing fracture toughness as a function of yield 
strength for high-entropy alloys in relation to a wide range of material 

systems [5] 
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concentration between 5 and 35 at. % [2, 3] and can further contain minor elements, each below 5 at. %. The 
physical (magnetic, electrical, and thermal) properties of HEAs have been reviewed elsewhere [4] and are not 
discussed in this paper. The HEAs has toughness levels comparable with the best cryogenic steels, specifically 
certain austenitic stainless steels and high-Ni steels, which also have outstanding combinations of strength 
and ductility. With respect to the alloy’s damage tolerance, a comparison with the other major material classes 
is shown on the Ashby plot of fracture toughness vs yield strength (in Fig. 1  [5]). There are clearly stronger 
materials, which are understandably given that our basic CrCoMnFeNi material type, representing a single-
phase material [6]. Toughness of this HEA exceeds that of virtually all pure metals and metallic alloys and has 
a strength comparable with that of structural ceramics and close to that of some metallic glasses.  

The scientific understanding toward the HEAs, however, lags much behind the technical exploration to them. 
Probably, the most outstanding scientific questions are the mechanism and condition for the solid solution 
phases (and not intermetallic compounds) to form in these highly concentrated multi-component alloys. The 
high entropy contribution at elevated temperatures lowering the Gibbs free energy of the solid solution phase 
[7], and the confusion principle [8] are two mechanisms simultaneously favour the formation of the amorphous 
phase. In paper Guo et al. [9] model was used, which analysed the mixing enthalpy (Δhmix) and the difference 
of element atomic radius (δ) of some HEAs and found that simple-solution-type of  HEAs falls in opposite 
corners of the δ-ΔHmix plot (shown in Fig. 2 [9]). It is further pointed out that as long as the competition from 
intermetallic phases can be ruled out by composition adjustment, HEAs that locate in the amorphous phase 
region of the δ-ΔHmix plot indeed solidify into metallic glasses.  

 

Fig. 2 The δ-ΔHmix plot delineating the phase selection in HEAs. The dash dotted regions highlight the 
individual region to form solid solutions, intermetallic compounds and the amorphous phase [9] 

2. EXPERIMENTS AND SOLUTION TECHNIQUE  

We used a Guo et al. model [8] to substitute a cobalt which is a very expensive element so that we replace it 
with a less expensive copper and we tried to change the ratio of copper and chromium, where we compared 
the effects of these changes on structural phase and mechanical properties. Cr1-xCuxMnFeNi, was produced 
by a vacuum arc-melting method in Compact Arc Melter MAM-1 (Fig. 3 ). Preparation of the ingot is carried out 
in argon at temperatures up to 3500 °C and vacuum assist cast into an ingot meld diameter 3 mm and length 
35 mm. After insertion, it is necessary several times generating a vacuum assisted rotary pump (to values at 
5.10-2 mbar). For the production of the ingot is not only critical parameter size vacuum but in particular the 
temperature of the copper meld, in which the melt is cast. Standard weighed is about 2-3 g. Then the ingot 
was cut into the rolls size 6 x 3 mm (shown in Fig. 3 ). 
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Fig. 3 Preparation of the ingot by Compact Arc Melter MAM-1 

For SEM (EDX) and phase analyses samples were of the same dimensions (6 x 3 mm) as the samples for the 
pressure test and were cut from the manufactured ingot. Individual pieces were then embedded to poly-fast, 
then grinded (P300, P600, P800, P1200, P2500), polished in PHOENIX 4000 and grinded by paste of 0.006 
mm graininess with distilled water. The XRD measurements (phase analyses) were carried out using the X-ray 
X´Pert Pro Philips machine and the microstructures and chemical composition analyses were carried out by 
use of JOEL JSM-7000F equipped with EDX. The studied materials show a fine-grained structure of the grain 
size in the range of 1 - 20 µm (see Fig. 4 ). For a better distinguishing none etching was applied.  

 

Fig. 4 SEM microstructure of studied materials 

3. RESULTS 

Results of EDX, phase analysis (shown in Fig. 5 ), hardness test, yield strengths (Re) and strength (Rm) for 
some samples from the pressure test are presented in Table 1 . 

Cr0.75-Cu1.25-Fe-Mn-Ni  

Cr1.75-Cu0.25-Fe-Mn-Ni  Cr1.25-Cu0.75-Fe-Mn-Nii  

Cr0.25-Cu1.75-Fe-Mn-Ni  

Cr-Cu-Fe-Mn-Ni 

Co-Cr-Fe-Mn-Ni  
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Table 1  Results of the studied materials 

name EDX at.% phase hardness Re (MPa)  Rm (MPa) 

1)Co-Cr-Fe-Mn-Ni Co 20.09Cr 2011Mn 21.52 
Fe 20.99Ni 17.45 

FCC 169 HV 177 X 

2)Cr-Cu-Fe-Mn-Ni Cr 20.79Mn 20.02 Fe20.99 
Ni 19.87 Cu 18.32 

FCC+FCC+ BCC 269 HV 720 1780 

3)Cr0.25-Cu1.75-
Fe-Mn-Ni 

Cr 6.25 Mn 21.42 Fe 21.10 
Ni 20.35 Cu 30.89 

FCC+FCC 185 HV 387 X 

4)Cr0.5-Cu1.5-Fe-
Mn-Ni 

Cr 10.88Mn 19.53 Fe21.32 
Ni 19.12 Cu 29.15 

FCC+FCC 174 HV 356 X 

5)Cr0.75-Cu1.25-
Fe-Mn-Ni 

Cr 15.7 Mn 19.15Fe 20.26 
Ni 19.66 Cu 25.20 

FCC+FCC+ BCC 220 HV 312 X 

6)Cr1.25-Cu0.75-
Fe-Mn-Ni 

Cr 27.82Mn 18.33Fe 19.29 
Ni 19.08 Cu 15.48 

FCC+FCC+ BCC 308 HV 850 1763 

7)Cr1.5-Cu0.5-Fe-
Mn-Ni 

Cr 33.07Mn 20.13Fe 19.74 
Ni 18.18 Cu 8.87 

FCC+FCC+ BCC 313 HV 994 1887 

8)Cr1.75-Cu0.25-
Fe-Mn-Ni 

Cr 37.66Mn 18.51Fe 22.31 
Ni 17.29 Cu 4.22 

FCC+FCC+ BCC 360 HV 1070 
 

2022 
 

9) Cr0.1-Cu1.9-Fe-
Mn-Ni 

Cu 35.58Mn 21.81Fe 20.69 Ni 
18.67 Cr 2.26 

FCC+FCC 190 HV 371 X 

10) Cr2-Fe-Mn-Ni Cr 38.15 Mn 20.42  
Fe 20.93 Ni 20.50 

FCC+BCC 341 HV 1530 2072 

11) Cu2-Fe-Mn-Ni Cu 39.36 Mn 20.96 
Fe 17.44 Ni 22.24 

FCC+FCC 122 HV 400 X 

 

Fig. 5 XRD pattern from the studied materials 

The investigation influence of Cu proportion to hardness and strength were carried out on the studied materials. 
These results are shown on Fig. 6. The yellow line represents the yield strengths (Re) and red line represents 
the hardness of the studied materials.  
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Fig. 6  Influence of Cu proportion to hardness and strength of studied materials 

As Fig. 6  shows, with increasing Cu content the yield strengths (Re) decreases as well as the hardness. In 
relative amounts of Cu from 1.25 and up yield strengths are significantly declined. This corresponds to 
transformation of three-phase system (FCC+FCC+BCC) to two-phase system (FCC+FCC). When Cr was 
added, an increase of strengths (Rm) and decrease of deformation were registered as it Fig. 7 demonstrates. 

 

Fig. 7 Graph of pressure test samples which is destroyed 

As Figs. 6 - 7  shows Copper reduces the strength and increases the deformation of the studied materials and 
Chromium conversely, increases strength and reduces deformation. However, the main role, in a relationship 
to the mechanical properties is the phase composition of the studied materials. 

4.  CONCLUSION 

In conclusion, a refractory HEAs system, Cr1-xCuxMnFeNi, is designed and fabricated by arc melting. Their 
phases, microstructures and base mechanical properties at room temperature were investigated. It has been 
found a two face-centered cubic (FCC) crystal structure forms in these alloys with higher Cr chemical content 
and a single solid-solution phase with a body-centered cubic (BCC) and two face-centered cubic (FCC) crystal 
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structure forms in these alloys with higher Cu chemical composition. These alloys have high hardness and 
compression yield strengths.  

Further studies need to be done to investigate this kind of material behavior at cryogenic temperature. 

ACKNOWLEDGEMENTS   

K. Saksl, M. Ďurišin, D. Balga, J. Szabo, are grateful to the Sci entific Grant Agency of the Ministry of 
Education, Science, Research and Sport of the Slova k Republic and the Slovak Academy of Sciences 
(VEGA Project No. 2/0128/13) and to the M-ERA.NET p roject "ExploGuard" for the financial support of 

this work. Special thanks for O. Milkovi č and P. Zubko. 

REFERENCES  

[1]  HUANG K.H., YEH J.W. A study on multicomponent alloy systems containing equal-mole elements [M.S. thesis]. 
Hsinchu: National Tsing Hua University; 1996. 

[2]  YEH J.W., CHEN S.K., LIN S.J., GAN J.Y., CHIN, T.T. SHUN T.S., TSAU C.H., CHANG S.Y. Nanostructuredhigh-
entropyalloys with multiple principal elements: novel alloy designcon- cepts and outcomes. Adv Eng Mater. Vol. 6, 
2004, pp. 299-303.  

[3]  YEH J.W. Recent progress in high-entropy alloys. Ann Chim-Sci Mat. Vol. 31, 2006, pp. 633-648. 

[4]  TSAI M.H. Physical properties of high entropy alloys. Entropy. Vol. 15, 2013, pp. 5338-5345.  

[5] GLIDOVATZ B., HOHENWARTER A., CATOOR D., CHANG E.H., GEORGE E.P. , R.O. RITCHIE R.O. A fracture-
resistant high-entropy alloy for cryogenic applications, SCIENCE Vol. 345, 2014, pp. 1153-1158.   

[6]  CARTER B., CHANG T.H., KNIGHT P., VINCENT A.J.B. Master Sci Eng A. Vol. 213, 2004, pp. 375-377. 

[7]  CRAIEVICH P.J., WEINERT M., SANCHEZ J.M., WATSON R.E. Local stability of non-equilibrium phases. Physical 
Review Letters. Vol. 72, 1994, pp. 3076-3079. 

[8]  GREER A.L., Confucion by design. Natural. Vol. 366, 1993, pp. 303-304. 

[9]  GUO S., HU Q., NG C., LIU C.T. More than entropy in high- entropy alloys: forming solid solutions or amorphous 
phase. Intermetallics. Vol. 41, 2013, pp. 96-103. 

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

529 

GRAPHITE CAST IRONS SUITABLE FOR APPLICATIONS IN TH E AREA OF HYDRAULIC 
MACHINES 

HOLEC Jan, CEJP Jiří 

Czech Technical University in Prague, Faculty of Mechanical Engineering, Department of Materials 
Engineering, Prague, Czech Republic, EU 

Abstract 

This paper assesses the possibilities of graphitic cast iron parts and components of hydraulic turbines. The 
experimental program evaluated the behavior of spheroidal and vermicular graphite under conditions which 
simulated challenging work environment hydraulic machines. Five different graphitic irons allowed to assess 
the influence of the chemical composition, structure, basic metal matrix and character of graphite (shape, size 
and distribution) to the overall degradation of the material. The intensity of the damage was evaluated by 
testing the erosive wear, corrosion tests and metallographic analysis. Mechanical properties were verified by 
a tensile test, impact bending at room temperature and hardness test. The results confirmed the assumption 
that in achieving the appropriate structure, can spheroidal graphite cast respect predominant degradation 
mechanism of specific water machines and can be a suitable alternative to frequently used stainless steels. 

Keywords: Graphitic cast iron, hydraulic turbines, erosion, abrasion, corrosion 

1. INTRODUCTIONS 

Working environment and conditions significantly affect the durability, reliability and safety of water facilities. 
Material degradation is a result of a synergy effect of different factors of which the most important are the 
corrosive environment and the dynamic effects of the flowing medium. The overall degradation of the material 
is then influenced by different degree by abrasion-erosive wear, corrosion damage and cavitation wear. 
Therefore during a material selection, it is necessary to take into account both dimensional and performance 
parameters of the turbine and the conditions of its operation and a dominant degradation process. Traditional, 
in practice verified materials used for the water machines are high-alloyed corrosion resistant steels. However, 
constantly increasing economic demands also require the use of cheaper materials, from which a modified 
graphite cast iron offers great possibilities. 

2. EXPERIMENTAL MATERIALS AND METODS 

2.1. Experimental materials 

The experimental program was carried out on different types of graphite cast iron, which varied in chemical 
composition (Table 1 ), character of the graphite particles and metal matrix structure.  

Table 1  Chemical composition of graphite cast irons [wgt.%] 

Material C Si Mn S P 

LKG - M 2.82 2.44 0.31 <0.01 0.02 

LKG - Ž 2.95 2.35 0.11 0.01 0.04 

LKG - ADI Chem. composition is based on LKG - Ž cast iron  

LVG - Ž 2.26 2.61 0.14 0.01 0.03 

LVG - AL 3.02 2.29 0.16 0.05 0.04 
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Attention was focused on spheroidal graphite cast iron (LKG - M, LKG - Ž), vermicular graphite cast iron (LVG 
- Ž, LVG - AL) and cast iron LKG - Ž austempered into condition of ADI (LKG - ADI) - [1]. The reference material 
used to compare the results of other graphite cast irons was spheroidal graphite cast iron (marked as LKG - M), 
which is already used in practice in the production of water turbine blades. 

2.2. Experimental metods 

Samples of examined cast irons intended for the microstructure observation using Neophot 32 light microscope 
samples were prepared by a standard metallographic procedure. In order to make the individual components 
of the structure visible, the Nital (2%) etchant was used. Evaluation of graphite in etched and unetched samples 
was in accord with ČSN ISO 945-1 standard. The mechanical properties of the examined cast iron, strength 
and plastic characteristics were determined by a tensile test using INSTRON 5582 (100 kN) tensile testing 
machine at ambient temperature according to CSN EN ISO 6892-1 on rod test-pieces with a diameter of 6 mm 
with a thread. Cast iron hardness was measured by a Brinell method according to CSN EN ISO 6507. Wear 
evaluation took place in a specially designed and constructed testing device simulating abrasive-erosive wear 
of water turbines blades. The conditions of the test (shape and location of the test samples, revolutions per 
minute, abrasive particles concentration, test duration, etc..) were constant in case of all examined cast irons. 
Weight loss (referred to the starting weight and expressed as a percentage) of each sample was determined. 
Also wear character of each sample was documented using the stereomicroscope Nikon SMZ 1500 - [2, 3]. 
To evaluate the corrosion resistance a immersion exposure corrosion test which determined the corrosion rate 
of the individual cast irons was used. The test conditions were identical for all evaluated materials. 
Measurements were carried out in a mineralized drinking water, in which the pH factor was adjusted to 5, 6 
and 8 corresponding to values of the working environment of water machines. Measurements were also 
complemented by a metallurgical evaluation of corrosion - [3, 4, 5] 

3. RESULTS AND DISCUSSION 

The results of metallographic analysis of graphite in polished state and determining the ratio of structural 
components in etched state of evaluated cast irons are summarized in Table 2 . The nature of graphite particles 
is documented in Fig. 1 revealing deviations from the perfectly spheroidal shaped or vermicular graphite. 
Structural components are shown in Fig. 2  showing the distribution of ferrite and pearlite in the metallic matrix 
- with the exception of the bainite structure in austempered cast iron LKG - ADI. The last column of Table 2 
shows the proportion of pearlite in the matrix. 

Table 2 Evaluation of cast irons structures in unetched and etched state according to ČSN ISO 945-1 

Material Graphite form  
(form percentage) 

Graphite 
distribution 

Graphite size 
(Dimensions in 

mm) 

Pearlite 
proportion in the 

matrix 

LKG - M V+VI (50:50) A 0.06 to 0.12 57% 

LKG - Ž V+VI (30:70) A 0.03 to 0.12  86% 

LKG - ADI V+VI (30:70) A 0.03 to 0.12 100% bainit 

LVG - Ž III A  33% 

LVG - AL III+V (85:15) A  38% 

III - vermicular, V - imperfectly spheroidal, VI -spheroidal, A - uniform 
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a) LKG - M b) LKG - Ž c) LKG - ADI 

 

  

 

 d) LVK - Ž e) LVG - AL  

Fig. 1 Shape, size and distribution of graphite particles in examined cast irons, unetched state 

   

a) LKG - M b) LKG - Ž c) LKG - ADI 

 

  

 

 d) LVK - Ž e) LVG - AL  

Fig. 2 Microstructure of examined cast irons, etched state 

The description of the structure correlates well with the values of mechanical properties obtained by the tensile 
test and hardness test (Table 3) . The highest values were measured on austempered cast iron LKG - ADI 
whose metal matrix consists of lower bainite. Mechanical values of cast irons in the initial state are affected by 
both the amount of ferrite in the metal matrix and the shape of the graphite. Tensile strength and hardness 
vales are higher in case of nodular cast iron, where cast iron LKG - M has lower values compared to LKG - Ž 
because of greater amount of imperfect spheroidal graphite and occurrence of Chunky graphite rich areas in 
the structure - [6].  
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Table 3 Measured mechanical properties   

Material 
Tensile strength  

Rm [MPa] Ductility A [%] HardnessHBW 

LKG - M 481 5,2 107 
LKG - Ž 684 4,8 227 
LKG - ADI 1510 1,8 475 
LVG - Ž 312 3,6 126 

LVG - AL 342 3,8 178 

The structure and thus the mechanical properties of the evaluated cast irons affect the process of wear. The 
values obtained during the carried out tests simulating abrasion-erosion wear are shown in Fig. 3 . Character 
of the weight loss is similar in case of all tested materials. It can be stated that the more ferrite is present in 
the structure, the higher is the wear. Important factor is also the form of the graphite. Spheroidal graphite cast 
irons better withstand the wear mechanism when compared to vermicular cast irons throughout the whole 
duration of the test (15 hours). The exception is the LKG - M cast iron whose wear resistance is lowered by 
the presence of the above-mentioned Chunky graphite in the structure. Austempering of the LKG - Ž cast iron 
into ADI cast iron (LKG - ADI) with a bainite matrix led to a deterioration of wear resistance. As a demonstration, 
the sample of the LKG - M cast iron before and after the wear test is documented in Fig. 4.  Wear character of 
the other materials is identical.  
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Fig. 3 Percentage of weight loss of evaluated cast 
irons during the course of wear test  

Fig. 4 Appearance of the LKG - M cast iron sample 
in the beginning (a) and at the end (b) of the wear 

test 

With regard to the fact that corrosion is considered very significant degradation mechanism, much attention 
was focused on corrosion resistance. The values of corrosion rate, measured using the immersion exposure 
tests at three different pH values are given for the individual cast irons in Fig. 5 . From the figure it is apparent 
that the corrosion rate decreases with increasing pH factor in case of materials LKG - Ž and LVG - Ž. Materials 
LKG - M and LVG - AL show that during the increase of the liquid´s pH the corrosion rate decreases at first 
and increases. Heat treated LKG - ADI cast iron exhibits almost constant corrosion rate for all pH values. The 
corrosion process is slower in the environment with pH 5 and pH 6.8 in case of the vermicular LVG - AL cast 
iron. In the environments with pH 8 the slowest corrosion occurs at LVG - Ž cast iron. The resulting corrosion 
attack is apparent from the structures in Fig. 6 . The corrosion attack is localized in graphite areas, being more 
distinct in nodular cast irons. 
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Fig.  5 Corrosion rates of examined cast irons in environments with different pH 

   

a) LKG - M b) LKG - Ž c) LKG - ADI 

 

  

 

 d) LVK - Ž e) LVG - AL  

Fig. 6 Metallographic evaluation of the sample surface after corrosion resistance test 

4. CONCLUSION 

Modification of the structure and morphology of graphite made on the examined materials may help to improve 
the properties of graphite cast irons. When used in environments where corrosion is the dominant damage 
process, it is necessary to respect the pH factor and it will be more convenient to use a vermicular cast iron. 
In the case of abrasion-erosion degradation the spheroidal graphite cast iron will be more suitable. It is always 
necessary to keep the volume fraction of ferrite, pearlite and graphite in the structure, also the size, distribution 
and especially form of graphite particles in both types of cast irons. All proposed cast irons (LKG - Ž, LKG - 
ADI, LVG - Ž and LVG - AL) achieve in overall better performance than LKG - M cast iron used in practice.  
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Abstract 

Delamination or laminar flaws were sometimes detected during manufacturing and/or plant operations. A 
laminar flaw is a subsurface flaw parallel to the rolling direction of the plate. Definition of the laminar flaw is 
provided only in the ASME Boiler & Pressure Vessel Code Section XI and API 579/ASME FFS-1 Code. In 
addition, the both Codes provide different combination rules for multiple laminar flaws. 

Besides, a large number of laminar indications were detected in pressure vessels. The observed indications 
were caused by hydrogen flaking induced during the manufacturing process. The ASME Code Section XI 
Committees have recently developed a rule that provides a combination methodology for a large number of 
quasi-laminar flaws. 

This paper introduces the definitions and combination rules of laminar flaws defined by the ASME and API 
579/ASME FFS-1 Codes, and quasi-laminar flaws newly developed by the ASME Code Case.  

Keywords: Laminar flaw, quasi-laminar flaw, subsurface flaw, combination rule, code  

1. INTRODUCTION 

Delamination or laminar flaws occur by inclusions such as Manganese Sulphur (MnS), hydrogen flakes, etc., 
in steels at manufacturing. A laminar flaw is a subsurface flaw parallel to the rolling direction of the plate, where 
the applied stress is typically parallel to the rolling direction. The definition of the laminar flaw is provided only 
in the ASME Boiler & Pressure Vessel Code Section XI [1] and API 579/ASME FFS-1 Code [2]. In addition, 
the both Codes provide different combination rules for multiple laminar flaws. 

Besides, a large number of laminar indications were detected in nuclear power reactor vessels [3]. The 
observed indications were caused by hydrogen flaking induced during the manufacturing process. The ASME 
Code did not previously consider such a large number of laminar flaws and these laminar flaw angles are 
larger than the angles of the normal laminar flaw definition. The large tilted laminar flaws were named as quasi-
laminar flaws. The ASME Code Section XI Committees have recently developed a rule that provides a grouping 
methodology for a large number of quasi-laminar flaws. 

This paper introduces the definitions of laminar and quasi-laminar flaws provided by the ASME Boiler & 
Pressure Vessel Code and API 579/ASME FFS-1 Code. Furthermore, this paper describes the combination 
rules for laminar and quasi-laminar flaws for flaw evaluation.  

2. DEFINITION OF LAMINAR FLAWS 

There are about 14 flaw evaluation codes and standards in the world. Almost all flaws in these codes and 
standards are considered planar flaws, such as fatigue cracks, stress corrosion cracks, welded defects, etc. 
Laminar flaws are unique treatment in the codes and standards. This is because a laminar flaw is a subsurface 
flaw parallel to the rolling direction of the plate, where the applied stress is typically parallel to the rolling 
direction making them relatively harmless. The definition of the laminar flaw is provided only in the ASME Code 
Section XI [1] and API 579/ASME FFS-1 [2]. A laminar flaw in the wall thickness t is shown in Fig. 1 .  
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In accordance with the ASME Code, if the angle α between the direction parallel to the wall thickness and the 
axis of laminar flaw is less than 10 degrees, it is judged to be a laminar flaw. If the angle α is less than 20 
degrees, the flaw is called a quasi-laminar flaw [4]. The definition in ref. [4] states that planar indications 
oriented within 20 degrees of a plane parallel to the surface of the component is classified as a quasi-laminar 
flaw. 

In the case of the API 579/ASME FFS-1 Code, if Lh ≤ 0.09 times the maximum (wS, wC), the flaw is a laminar 
flaw, where Lh is the lamination height, wS is the lamination dimension in the longitudinal direction and wC is 
the lamination dimension in the width direction, as shown in Fig. 1 . When wS > wC, the angle of Lh/wS = 0.09 

corresponds to α = 5.2 degrees. The maximum slope of the laminar flaw given by the API 579/ASME FFS-1 
is almost one half of the angle provided by the ASME Section XI Code. 

 

3. COMBINATION RULE OF MULTIPLE LAMINAR FLAWS 

If two laminar flaws are sufficiently close to each other, as shown in Fig. 2, they are combined by combination 
rule to a single laminar flaw even when the flaw planes are by far spaced. The combination rule given by the 
ASME Code is expressed as; 

S ≤ 25.4 mm                                                                                                      (1) 

where S is the distance measured in the orthogonal principal coordinate system. After flaw combination, the 

combined laminar flaw is evaluated with lengths of l and W .  

 

The API 579/ASME FFS-1 Code also provides a combination rule of laminations. If there are two laminations 
on the same plane and there is no indication of through thickness cracking, and if the spacing Ls meets, 

LS ≤ 2tc                                                                                                           (2) 

Fig. 1 Definition of a laminar flaw 

αt

σσ

Lh

wc

ws

t
l

W

σ2

σ1

Fig.  2 Combination laminar flaws provided by the ASME Code Section XI. 
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then the laminations are combined into a single large lamination, where LS is the lamination to lamination 
spacing and tc is the wall thickness considering metal loss and future corrosion loss, as shown in Fig. 3 .  

If there are two or more laminations at different depths in the wall thickness and the spacing satisfies Eq. (2), 
the combination of the laminations are evaluated as the method of criterion for local metal loss. The dimensions 
of the metal loss are wH, wS and wC, where wH is the damage thickness in the thickness direction, wS is the 
length in the longitudinal direction and wC is the length in the width direction, as shown in Fig. 3 . In addition, 
the distance LW between any edge of the lamination and the nearest weld seam must satisfy LW ≥ maximum 
(2t, 25 mm).  

 

4. ALTERNATIVE COMBINATION RULE OF MULTIPLE QUASI-L AMINAR FLAWS 

A large number of quasi-laminar indications were detected in specific nuclear power reactor vessels [3]. The 
observed indications were caused by hydrogen flaking induced during the manufacturing process. The ASME 
Code did not previously consider such a large number of laminar flaws. The ASME Code committees have 
recently developed a Code Case N-848 [4] that provides a grouping methodology for a large number of quasi-
laminar flaws, as follows. 

A continuous indication is defined as a quasi-laminar flaw if the detected area of the flaw is oriented primarily 
in a single plane and if the plane is oriented within 20 degrees of a plane parallel to the pressure retaining 
surface of the component. Each quasi-laminar flaw is bounded by the minimum bounding box (rectangular 
cuboid) that fully contains the area of the flaw.  

Fig. 4  shows the bounding boxes of two quasi-laminar flaws. The separation distances between the boxes 
bounding the flaws are S1 and S2 along the direction of axial stress σ1 and hoop stress σ2, and H along the 
through-wall thickness direction. If the distances S1, S2 and H meet the diagonals of each cuboid as 

S1 ≤ 2 minimum of (D11, D12, D21, D22), and 

S2 ≤ 2 minimum of (D11, D12, D21, D22), and                                                                                  (3) 

H ≤ 0.85minimim of (D11, D12, D21, D22) 

the multiple quasi-laminar flaws are combined into a single flaw. If the boxes are partially or totally overlapping 
in any one direction, the combination criterion in that direction is met. The combined single flaw is sized by the 
minimum bounding box that contains the individual boxes. The criteria are also applicable to laminar flaws. 
After combination of the quasi-laminar flaws, the dimensions of the quasi-laminar flaw are given as: 

             

Fig.  3 Combination of laminar flaws provided by the API 579/ASME FFS-1 CODE 
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l1 = l11 + S2 + l12,   

l2 = l21 + S1 + l22,                                                                                                                      (4) 

2d = 2d1 + H + 2d2. 

For the purpose of evaluating fatigue crack growth and flaw acceptability assessment, the bounding box is 
resolved into two rectangular planar flaws corresponding to the faces of the box normal to the principal 
stresses. These two planar flaws are treated as surface/subsurface flaws.  

The criteria were derived from calculations of interaction of stress intensity factors for inclined flaws. These 
grouping criteria were developed by two- and three- dimensional X-FEM (extended finite element method) 
analyses [5, 6].  

 

5. CONCLUSIONS 

Laminar flaw is not a popular flaw in flaw evaluation codes. Laminar flaw is evaluated by only the ASME and 
API 597/ASME FFS-1 Codes. However, the specific definition and combination procedures of these uses are 
different between two Codes. It is expected that predicted structural integrities of the components including 
laminar flaws will be different depending on which code is used, although the original flaws are the same. 
Consensus-based flaw rule is required for harmonizing assurance for the flawed components.  

New combination rule for a large number of quasi-laminar indications was successfully developed by the ASME 
Code based on interaction of stress intensity factors for inclined flaws.  
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Abstract 

Steel 34CrMo4 is world widely used steel type for the variety of products, for example forgings, castings, shafts, 
bars etc. Desired mechanical properties of mentioned steel can be achieved by various treatments such as in 
a metallurgical process by titanium, niobium, vanadium, zircon or nitrogen microalloying. Another suitable way 
how to achieve desired mechanical properties is use of different heat treatment modes due to excellent 
hardenability and temperability of steel 34CrMo4 or combination of these methods in thermomechanical 
forming. To achieve the best combination of mechanical properties, the grain size is the one of the most 
important microstructural parameters. In this article, the development of 34CrMo4 steel grain size together 
with the microstructure after four treatments of the material including as hot rolled state, after normalization 
annealing, normalization annealing with subsequent quenching and tempering and as final treatment of 
quenching and tempering were evaluated in relation to achieved values of mechanical properties after each 
treatment. Except the grainsized and microstructural investigation, as it was mentioned, also the evaluation of 
mechanical properties was a part of the experimental procedures. This procedure revealed that the most 
favorable and balanced mechanical properties (tensile strength of 1172 MPa vs. 61 J·cm-2 of CVN (at - 50 °C)  
and elongation of 16.1 %) in case of the treatment based on the quenching and tempering processes applied 
after the hot forming were achieved. Other treatment types also showed favorable results of mechanical 
properties however always lower in comparison with the above mentioned treatment.  

Keywords: Steel 34CrMo4, grainsized, mechanical properties, heat treatment 

1. INTRODUCTION  

The development of materials, especially steels, and the increase of their mechanical properties is one of the 
crucial targets in the wide range of applications fields, such as constructional materials, heavy industrial, 
aircraft and automotive materials and components for all designers to achieve lighter constructional solutions 
and designs. There is a variety of possible solutions how to achieve such goal. The most important and most 
commonly used solutions are, the metallurgical process by alloying and microalloying of steel, thermo-
mechanical treating and heat treating [1 - 3]. This paper is aimed at the evaluation of influence of four treatment 
types to the microstructural parameters, especially grain size development and resulting mechanical properties 
of steel 34CrMo4. The main emphasis was put on the influence of the heat treating of this steel by annealing, 
annealing with subsequent quenching a tempering and as the last type of treatment, was only quenching and 
tempering. The influence of the each treatment type on the mechanical properties and microstructure caused 
by the grain size development will be investigated. 

2. EXPERIMENTAL PROCEDURES  

Chemical composition of final products, high pressure steel cylinders (HPSC) made of steel 34CrMo4 
microalloyed by nitrogen, was analysed by use of the optical emission spectrometer Spectrolab 2000.  The 
production cycle of HPSC manufacturing was based on the reversed extrusion of the heated up billet up to 
1150 - 1200 ˚C, subsequent reversed hot rolling on mandrel in range of temperature 990 - 1070 ˚C. After the 
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reversed hot rolling the delay for the cooling of semi-product before the fast air cooling was applied to avoid 
martensitic transformation. Next step of the production was rotation forming applied as procedure for shaping 
the cylinder’s neck (half spherical part of the cylinder). The extraction of all specimens needed for mechanical 
testing and microstructural testing were extracted of HPSC in all four states (as rolled, annealed, annealed + 
quenched and tempered, quenched and tempered). 

The first set of HPSC (further marked as HT1) contained cylinders after the hot forming processes extrusion, 
broaching and neck shaping in range of temperatures 990 - 1200 ˚C, the delay for the cooling of semi-product 
on air to 600 ˚C before the fast air cooling was applied to avoid martensitic transformation from austenitic state 
of microstructure. HPSC of second set (further marked as HT2) were treated by normalization annealing based 
on the heating at 890 ˚C for 50 minutes and subsequently cooled by ambient air cooling (2.5 - 7 ˚C/s). Cylinders 
representing the third set (further marked as HT3) underwent treatment based on the normalization annealing 
as it is described above with subsequent quenching (30 - 35 ˚C/s) from temperature 890 ˚C and tempering at 
560 ˚C. The last, fourth set of cylinders (further marked as HT4) was treated by quenching and tempering 
using the same quenching mode as HT3, however tempering was realized at 540 ˚C.  Preparation of 
specimens for mechanical testing contained cutting and machining specimens for the tensile properties testing, 
notch toughness testing, hardness and microstructure investigation. All specimens were extracted from exactly 
identic areas of all investigated HPSC. Subsequently, the evaluation of mechanical properties was carried out. 
This process was based on the yield strength (YS) and tensile strength (TS), elongation (El.), notch impact 
energy (CVN) at - 50 ˚C and hardness (HBW) and micro-hardness (HV0.2) testing. Complete testing of tensile 
properties was carried out using the Zwick/Roell Z 250 machine according to EN ISO 6892-1 standard. The 
testing of notch impact energy was tested by use of RKP 450 Charpy Impact Testing Machine According to 
ISO 148-1 standard and hardness measuring was realized on the hardness testing machine M4U750 
according to EN ISO 6506-1 standard and micro hardness was measured by use of LECO 2000 device 
according to ČSN ISO 3887.  

After the mechanical properties testing, the metallographic observation was realized on specimens after 
grinding and polishing by use of the light microscope Neophot 21 and basic metallographic parameters, such 
as micro purity according to ČSN ISO 4967, method A standard and the grain size evaluation according to 
ČSN EN ISO 643 standard by use of image analyser NIS-Elements AR Analysis were carried out. The essential 
determination of resulting microstructures was carried out on specimens after grinding, polishing and etching 
in Nital. As the last part of the material investigation, the microstructural analyses were carried out using the 
scanning electron microscope SEM JEOL JSM-6490 equipped with X-ray analyser EDA. 

Table 1  Chemical composition of used heat of 34CrMo4 steel (wt. %) 

C Si Mn Cr Mo S P N 

0.37 0.28 0.80 1.15 0.24 0.002 0.011 0.0121 

3. RESULTS AND DISCUSSION 

Results of chemical analysis of final HPSC are shown in Table 1 and revealed significantly low values of 
segregation elements, especially S and P. The HPSC are commonly manufactured from the steel CrMo steel 
types, usually 34CrMo4, 42CrMo4 or similar. In this case the steel 34CrMo4 was used as an input material 
and showed a high portion of elements supporting transformation to ferrite and it is also generally accepted, 
that austenite decomposition is delayed in Mo and Cr containing matrixes to an increase of hardenability [4]. 
In frame of industrial production possibility, maximal martensite and partially acicular ferrite (AF) nucleation 
supported by possible nucleable locations on particles based on the Mn and S and segregation banding 
elimination is the general aim of the production. With the given Mo addition the martensite and also AF 
formation could be taken into account, because of the cooling rate during the HT 3 and HT4 plus the Mo 
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presence modifies the CCT curves, enlarges ferrite and the AF areas and pearlite formation shifts to longer 

times. It is also why lower cooling rates could support the AF formation [4].    

   a)          b)            c)                d) 

       

Fig. 1  Microstructure image of decarburized layer of outer surfaces, a) HT1, b) HT2, c) HT3, d) HT4 

Achieved mechanical properties fully correspond with applied heat treatment modes and obtained 
microstructures, which are shown in Fig. 1 . However in case of HT2 and HT3 significant decarburization of 
mainly outer surface layer up to 0.5 mm and inner surface up to 0.3 mm, see Fig. 2 , where the micro hardness 
profile shows the thickness of decarburized layers of HT1 - HT4 and Fig. 3  that shows the decarburization of 
outer surfaces of specimens after HT1 - HT4, due to high mobility of C during the heating at 890 ˚C and slow 
cooling by ambient air during the procedure of normalization annealing. 

a)                                b)                                   c)                                   d)  

                   

Fig. 2  Microstructure image of decarburized layer of outer surfaces, a) HT1, b) HT2, c) HT3, d) HT4 

Resulting mechanical properties (YS, TS, El, CVN and HBW) are listed in Table 2  and proved that the final 
achieved microstructure is the most influencing parameter of the entire experimental procedure together with 
the significant influence of the homogeneity of microstructure across the profile (wall thickness) of HPSC. In 
case of HT1 where the fully bainitic microstructure obtained only by air cooling after the reversed hot rolling 
was obtained, the decarburized layer was significantly reduced same as it was in case of HPSC after the 
quenching and tempering where the decarburized layer was reduced to minimum due to the blocking of C 
mobility by the fast cooling around 35 ˚C/s during the quenching procedure and water mist cooling after the 
tempering process. The decarburized layers in case of HT2 and HT3 contributed to the lower values of CVN 
because of the inhomogeneous distribution of strength during the Charpy test between the surfaces layers and 
middle section comparing to homogeneous microstructure of HT1 and HT4. The tensile testing of mechanical 
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properties (YS, TS, El. and HBW) values are not affected by the decarburized layers due to the necessary 
turning of round bars specimens, therefore achieved values in Table 2  are influenced (gained) directly by the 
obtained microstructure in the middle section of specimens 

 

Fig. 3  Micro hardness profile across the SPSC after four types of treatment results 

Table 2 Resulting mechanical properties of HPSC after four types of treatment 

Set of HPSC YS  [MPa] TS  [MPa] El. [%] 
CVN -50 transverse 

[J ·cm 2 ] 

HBW (2.5/187.5) 

[-] 

HT1 824 1102 17.3 14 303 

HT2 778 992 18.6 10 291 

HT3 1142 1191 16.7 50 360 

HT4 1105 1172 16.1 61 350 

Results of investigated microstructural parameters (micro purity and grain size) are listed in Table 3  and show 
that the used heat proved significantly high level of cleanness, especially zero values of sulfitic, banded oxidic 
and coarse globulitic inclusions. Other types of inclusions, especially globular oxides were present in 
microstructure in outstanding minority presence. The grain size evaluation revealed resulting values of grain 
size, which fully correspond with applied treatment. The finest grain size was gained in the HPSC only after 
the hot forming process of reversed extrusion and broaching (HT1) thanks to the elimination of long lasting 
high temperature heating, therefore reduction of grain size growth as it was in case of applied treatments HT2 
and HT3 where the growth of grain size was caused by the high temperature heating during the normalization 
annealing with slow air cooling, 2.5 - 7 ˚C/s. HPSC after HT4 showed second finest grain size what was caused 
by the elimination of intermediate step of normalization annealing compared to the HT3 or directly HT2. 
Resulting grain sizes are directly connected together with the resulting microstructures to the resulting 
mechanical properties, see Table 2 . The grain size influences mainly the CVN as it was proved that the CVN 
of HPSC after the HT1 was of 2 J·cm2 higher than it was in case of HT2 even though the microstructure of both 
HPSC specimens was similar. However the resulting values of CVN were not significantly different, the most 
obvious difference was achieved in case the HT4 compared to the HT3 where the resulting microstructure was 
exactly the same together with the significantly similar mechanical properties except the CVN that was 
extraordinary higher in case of HT4 what was caused mainly by the finer grain size and partial reason of non-
decarburized layer of outer and inner surface of HPSC CVN specimens. 
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Table 3 Results of micro purity and grain size investigation 

Set of 
HPSC 

Sulfides 

fine/coarse 

[-] 

Banded 
oxides 

fine/coarse 

[-] 

Silicates 

fine/coarse 

[-] 

Globular 
oxides 

fine/coarse 

[-] 

Coarse 
globular 

inclusions 

fine/coarse 

[-] 

Grain size 

[-] 

 

HT1 0/0 0/0 0/0.3 1/0.2 0 9,8 

HT2 0/0 0/0 0/0 1/0.2 0 9.1 

HT3 0/0 0/0 0/0 1/0.2 0 8.9 

HT4 0/0 0/0 0/0 1/0.5 0 9.6 

         a)                      b) 

                           

        c)                                                                                 d)          

               

Fig. 4  SEM images of achieved microstructures, a) HT1, b) HT2, c) HT3, d) HT4 

Fig. 4  presents the microstructure of specimens after HT1 - HT4 captured by use of SEM to investigate the 
obtained microstructure by all four types of treatment and verified that the microstructure of specimen HT1 
was based on the mix of the mainly bainitic and additionally proeutectoid ferritic and pearlitic phases that fully 
corresponds to the cooling by continuously cooled air flow. The representative specimen of HT2 shows the 
matrix based on the proeutectoid ferritic and pearlitic phases mainly with the minority bainit phase what was 
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resulting due to the slow cooling on the air. The specimens after the HT3 and HT3 showed mainly martensitic 
matrix with minority phase of low bainite and due to the CCT curve [4] more likely acicular ferrite due to the 
influence of Mo on CCT curve of this steel type. Martensitic microstructure obtained by the quenching and 
tempering processes in case of HT3 and HT4 revealed numerous spheroidic carbide particles, which are 

typical for the process of tempering above 500 ˚C. 

4. CONCLUSION 

The most balanced values of mechanical properties were achieved in case of HPSC where the HT4 was 
applied. Comparing to the HT3, higher values of CVN were achieved, what is directly showing finer resulting 
grain size of value 9.6. Lower tensile strength was in case of HT4 cause by the higher tempering temperature 
compared to the HT3. The best value of the grain size proved that the normalization annealing does not 
influence the resulting microstructure and the grain size in the desired favorable values. Also, the normalization 
annealing causes the high temperature mobility of carbon and causes the significant decarburization that could 
negatively influence resulting CVN values. The best solution of HPSC heat treating is the conventional mode 
based on quenching and tempering processes. 
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Abstract 

For many years, low alloy CrMo(V) creep-resistant steels are applied for parts in the construction of energy 
and chemical structural units working under creep conditions (temperature about 550 °C and pressure about 
15 MPa). These steels most often include creep-resistant steel 13CrMo4-4 (ČSN 15 121), 14MoV6-3 (ČSN 15 
128), 10CrMo9-10 (ČSN 15 128). The main problem of steam pipe-lines made of these creep-resistant steels 
is a residual lifetime, because these parts are at presence in most Czech power plants at the end of their 
designed lifetime (2,5 . 105 hours). 

This article deals with a lifetime assessment of one steam piping bend made of ČSN steel 15 128  
(14MoV6-3) which was operated in conditions of creep damage in Czech fossil fuel power plant until its creep 
deformation obtained a limit of 1 percent. The overall condition of the bend was assessed using replica and 
cross section metallography including electron microscopy and by evaluation of mechanical properties in as-
received state and after additional laboratory ageing at 600 °C for up to 5 000 hours in air conditions. As the 
final result, the residual lifetime by using mathematical approaches and standards was estimated. 

Keywords: Low alloy creep-resistant steels, creep, life assessment of steam pipe-lines, microstructure rating  
                   charts, laboratory ageing 

1. TEST EXPERIMENTAL MATERIAL 

1.1. Steel 15 128 (14MoV6-3) 

15 128 steel (14MoV6-3) is low alloyed CrMoV creep-resistant steel with guaranteed weldability. It is used for 
long-term components of power equipment operating under elevated pressure up to temperature 580 °C. 
Creep resistant of this steel is obtained by precipitation hardening of globular carbides dispersed phases of 
V4C3 type, excluded in the ferritic matrix, and globular carbides of M23C6 type excluded at the grain boundaries. 
The initial microstructure of the steel in the initial state depends on heat treatment and in this case of 15 128.5 
steel, the microstructure is ferritic-bainitic. The chemical composition of the steel according to [1] and according 
to a comparative measurement on cross-section samples by using optical emission spectrometer is shown in 
Table 1 . 

Table 1  The chemical composition of the steel 15 128 (14MoV6-3) 

Element C Si Mn Cr Mo V P S Al 

According to 
[1] 

0.10 
0.18 

0.15 
0.40 

0.45 
0.70 

0.50 
0.75 

0.40 
0.60 

0.22 
0.35 

max. 
0.040 

max. 
0.040 

max. 
0.025 

ECH1, 2, 3 0.12 0.33 0.58 0.57 0.47 0.30 0.011 0.008 0.014 

ECH4 0.14 0.27 0.58 0.65 0.45 0.29 0.008 0.015 0.018 

1.2. Steam piping bend of CSN steels 15 128 

As experimental material steam piping bend from fossil fuel power plant, which was operated in conditions of 
creep damage for 21.1 years, was chosen. The remove of the bend from steam piping was based on the 
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nondestructively measured 1 % creep deformation that has been measured during a planned shutdown. The 
dimension and operating parameters of the steam piping bend are shown in Table 2 . From the steam piping 
bend had been cut off four parts (rings) which were used for experimental sampling. The rings can be described 
as follows. ECH1 ring was removed from a position on inlet of steam into the bend, ECH2 ring from a position 
of maximum bending and the measured 1 % creep deformation, ECH3 ring from a position on outlet of the 
bend and ECH4 ring was removed from straight part outside of the steam piping bend. Afterwards, the rings 
were cut into individual segments (area under tension - C; area under compression - D; neutral axis - A, B). 

Table 2 Dimensions and operating parameters of the steam piping bend 

Dimensions Operating parameters 

Pipe dimensions [mm] Ø 324 x 48 Operating temperature [°C] 543 

Bending radius [mm] 1 200 Operating pressure [MPa] 17.8 

Bending length [mm] 2 500 Operating time [h] 184 969 

2. RESULTS OF MATERIAL TESTING 

The material was assessed in operationally exposed state and in the state after laboratory ageing without 
tension. The second state was carried out because of monitoring an impact of changes in microstructure on 
the mechanical properties induced by long-term heat exposition. During the laboratory ageing, the material 
was exposed to long-term isothermal exposure at 600 °C for 2 000 and 5 000 hours in resistance furnace in 
air atmosphere. The higher temperature than the operating temperature of the steam pipeline (540 °C) was 
chosen due to acceleration of structural changes. 

2.1. Microstructure 

Material subjected to the long-term effect of increased temperatures and pressures (creep conditions) is 
degraded through a process of microstructural changes. One of the processes was tempering of bainitic 
microstructure accompanied by increasing proportion of pure ferrite and coarsening of carbide precipitates 
(M23C6 type) along grain boundaries. Thereby, the grain boundary cohesion was significantly weakening.  

Depending on the sampling position (position on inlet of steam into the bend, position of maximum bending 
and position on outlet of the bend) different degree of degradation of the bainitic-ferritic microstructure was 
observed. The microstructure at the position on inlet of steam into the bend (ECH1 ring) and at straight part 
outside of the bend (ECH4 ring) was formed with tempered bainite with a maximum 5 % proportion of ferrite 
with a grain size G7 to 8, without creep cavities. Minimum degraded bainitic microstructure was at position on 
outlet of the bend (ECH3 ring) formed by bainite with local occurrence of pure ferrite with grain size G9, without 
creep cavities. In the Fig. 1 comparison of microstructure on the outer surface of the area under tension in 
various position of steam pipe bend is documented. Conversely, the most degraded microstructure was 
detected at position of maximum bending in the area under tension (ECH2C) and towards neutral axis 
(ECH2A) formed by strongly tempered bainite with 65 % of ferrite with grain size G6 to 7. Also numerous creep 
cavities oriented at grain boundary were present, see Fig. 2 . According to ERA technology standard the degree 
of degradation of this microstructure at the position of maximum bending in area under tension corresponds 
to class D and the degree of cavitation damaged according to VGB TW-507e standard corresponds to class 
2b. Therefore, the resulting residual lifetime of steam piping bend will be determined by the material properties 
from position of maximum bending. In addition, quantitative stereology was carried by using scanning electron 
microscope which provided information on the distribution of chromium carbides at grain boundaries and 
vanadium carbides within grains. This distribution has influences on the mechanical properties. 
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Fig. 1  Comparing of microstructure on the outer surface in area under tension in various position of bend 

 
Collodion replica Metallographic specimen 

Fig. 2  Cavities in place ECH2A and ECH2C on the outer surface 

2.2. Mechanical properties 

Samples for tensile test were always removed from the near outer and inner surface of the steam pipelines. 
By monitoring the impact of the sampling site on mechanical properties, we concluded that value of the yield 
strength and ultimate strength has always been comparable and place of sampling has no impact on the 
resulting strengths. Complete results of the mechanical properties of steam piping bend are shown in Table 3 . 

Measured values of mechanical properties by tensile test at 20 °C correspond with the identified hardness 
values and microstructures. The highest strength was measured at position on outlet of the bend (ECH3) with 
ultimate strength Rm 601 MPa and yield strength Re 475 MPa. While the lowest strength was measured at 
position of maximum bending (ECH2) with ultimate strength Rm 462 MPa and yield strength Re 292 MPa. 

In the case of tensile tests at 540 °C (operating temperature steam pipelines) there both yield and ultimate 
strength decrease was observed, see Table 3.  At position ECH1, ECH2 and ECH4, the yield strength 
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decreased by approximately 20 % compared with the tensile test at 20 °C. While at position ECH3 yield 
strength decreased by approximately 45 %. 

Table 3  Comparison of real mechanical properties with the standard [1] 

Temperature  Mech. properties  ECH1 ECH2 ECH3 ECH4 ČSN 41 5128 

20 °C 
Re [MPa] 335 292 475 424 min. 365 

Rm  [MPa] 498 462 601 554 490 - 690 

540 °C 
Rp0,2 [MPa] 270 202 253 358 min. 206 

Rm  [MPa] 405 358 376 423 - 

20 °C Hardness HV 161±3 135±2 194±2 155±2 140 - 197 

20 °C KCV [J/cm 2] 70 152 87 25 min. 35 

The measured values of mechanical properties were compared with empirical data for steel 15 128 taken from 
[2] (see Fig. 3 ), with free effective inter-particle distance and with classification of degradation microstructure 
according to ERA Technology too, see Fig. 4 . The Fig. 4  shows that the measured hardness and free effective 
inter-particle distance corresponds to a defined stadium of degradation microstructure D. 

 

Fig. 3  The dependence of hardness at free effective 
inter-particle distance at position ECH2C 

 

Fig. 4  The dependence of ultimate strength at yield 
strength (red dots belong to our experimental material)

2.3. Laboratory ageing 

Laboratory ageing should help to estimate the influence of microstructure degradation and cavitation damage 
at microstructure with cavities on the final residual lifetime. Laboratory ageing was done without tension. 
Therefore the scope of cavitation damage remained unchanged despite an increased in degradation of 
microstructure. Laboratory ageing for 5 000 hour at 600 °C was reflected only in areas with partially degraded 
bainitic-ferritic microstructure. There was a further degradation of bainitic microstructure accompanied by a 
slight increase in the proportion of ferrite with an increase of grain size to one size class G. These structural 
changes had no significant influence on the mechanical properties. The impact of laboratory ageing on 
mechanical properties has become visible in the position of the straight part of the steam pipeline (ring ECH4). 
There was a decrease of ultimate strength by about 11 %. 

3. ESTIMATION OF RESIDUAL LIFETIME 

Estimation of residual lifetime was done by using Larson-Miller parameter (LMP), Wilshire equations and by 
using structural standards (ERA Technology, VGB TW-507e). 
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To estimate a residual lifetime, the maximum stress which was acting on the steam pipeline has to be 
determined first. In our case, it was tangential stress reached a value of 63 MPa calculated for a thick-walled 
vessel according to a computational standard. 

3.1. According to mathematical approaches 

• Larson-Miller parameter (LMP) 

We used data for steel 15 128 from the document [3] for calculating the material constant C using an iterative 
method. A value of this constant was calculated 23.8.  

 

Fig. 5  Estimation of residual lifetime using parameter LMP 

 

Fig. 6 Estimation of residual lifetime using Wilshire equation 
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Dependence of stress versus LMP was constructed from data in document [3] (see a red curve in Fig. 5 ) and 
data from creep-rupture test, from document [4] (see a blue curve in Fig. 5 ). Creep-rupture test was performed 
on samples collected from the outer and inner surface near of maximum bending the steam piping bend. The 
Fig. 5  shows that the values obtained from creep rupture test of samples show lower creep rupture strength 
than the standard [3] specifies. The material is already degraded and therefore it can be expected that the 
residual lifetime will be significantly shorter than in the case of estimation from standard data [3]. The value of 
the residual lifetime of the data mentioned in the document (not operated material) [3] were estimated from the 
red curve and value of residual lifetime is 1 393 231 hours (159 years). The value is definitely not real, because 
it is too high. But residual life estimated from the blue curve is 159 972 hours (18.3 years) that is much more 
likely. So, this results lead us to the conclusion that the steam piping bend was about half of the total life. 

• Wilshire Equations 

The input data was the same as in the case of evaluation according to LMP. An equation (1) was used for a 
construction of a time dependency of stress, shown in Fig. 6 . 
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Into the equation (1), operation parameters of steam piping bend as operating time tf 184 969 hours, operating 
temperature T 543 °C and operating stress σ 62.7 MPa (converted for tangential stress) in a ratio of the 
measured ultimate strength at temperature 540 °C (σTS = 358 MPa) were input. From red curve for standard 
data [3] and from blue curve for experimental data, LM-parameter and residual lifetime were estimated. The 
residual lifetime is 243 483 hours (27.8 years) for red curve and -71 225 hours (-8.1 years) for blue curve 
respectively.  These results certainly do not correspond to the reality at all. 

3.2. According to standards approaches 

According to ERA technology standard the degree of degradation of the microstructure at the positon of 
maximum bending steam piping bend corresponds to class D, which corresponds to large carbides at grain 
boundary and eliminating morphological differences between original ferrite and bainitic areas. It corresponds 
to the range of hardness 148 - 166 HV10 as well. The classification (D) means the residual life of 40 % of total 
lifetime and regular checks after 35 000 hours. According to VGB TW 507e standard the degree of cavitation 
damaged at the positon of maximum bending steam piping bend corresponds to class 2b (i.e. numerous creep 
cavities randomly oriented at grain boundary - more than 150 cavities per mm2). Likely, this class of 
degradation according to ERA Technology standard (class 2-3) represents to the residual life of 50 % of total 
lifetime and regular checks after 15 000 hours.  

4. CONCLUSION 

The resulting residual lifetime of steam piping bend was determined at position of maximum bending, where 
examined material showed the worst structural and mechanical properties. Table 4  summarizes all the results 
of estimated residual lifetime and the recommended frequency of checks. We propose the following 
recommendations based on state of the steam piping bend with 1 % creep deformation and estimated residual 
lifetime: 
• If the steam piping bend complies with the other NDT controls, it is not necessary replace the bend after 

measuring 1 % creep deformation and it can be operated longer with respecting interval of the checks. 

• Control of degradation microstructure should be carried out in locations nearby to both neutral axes. 
Although the most frequent occurrence of cavitation damage on the area under tension at the position 
of maximum bending is totally correct. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

552 

Table 4  Summary of the results of estimating of residual lifetime 

Approaches Method Degradation 
class Residual lifetime Measures 

Mathematical  

LMP 
- 1 393 231 h * - 

- 159 972 h ** - 

Wilshire 
- 243 483 h * - 

- -71 225 h ** - 

According to 

ERA Technology A D 40 % of total lifetime Checks after 35 000 hours 

ERA Technology B 2 - 3 50 % of total lifetime Checks after 15 000 hours 

VGB TW 507e 2b - - 

* Estimated value of material data of standards ** Estimated value from the data creep-rupture tests 
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Abstract   

Creep test to the rupture of the dissimilar weld joint made of COST FB2 and COST F martensitic steels was 
carried out at temperatures ranging from 550°C to 650°C in the stress range from 70 to 220 MPa. Creep 
rupture strength was evaluated using Larson-Miller parameter. Assessment of microstructure, changes of 
precipitates and dislocation substructure were correlated with the creep strength. Critical zones of creep 
damage were determined. At lower temperatures and higher stresses the weld joint ruptured in the base 
material of COST F steel unaffected by welding, while at higher temperatures and lower stresses rupture 
occurred in the intercritical heated and fine-grained parts of heat affected zone (HAZ) of steel COST F. The 
processes of recovery in connection with precipitation of new particles of Laves phase and their coarsening is 
the main causes of decrease in creep rupture strength in the HAZ of steel COST F.   

Keywords: Martensitic steels, welding, creep testing, microstructure 

1. INTRODUCTION     

The continuous trend towards more economic electricity production together with reduced environmental 
pollution can be sustained by improving the thermal efficiency of power generation plants. One way to increase 
the efficiency of fossil power plants is to increase the temperature and pressure of the steam which finally 
results in the need for improved materials for the boiler and turbine design. The class of the 9-12% Cr steels 
is currently used for critical components in plants operating at ultra-supercritical conditions of steam. These 
steels show high long-term creep strength and oxidation resistance in steam, along with ease of welding and 
fabrication of large forgings, castings and pipe sections. The European activities in the research, development 
and qualification of advanced high Cr-steels were concentrated in the COST programmes. The standard 
material in manufacturing turbine rotors is F (10%CrMoVNbN). The trend to even higher steam conditions led 
to development of new promising steel FB2 [1-3]. 

This paper deals with the study of rupture properties and microstructure evaluation in the samples of trial 
dissimilar weld joint of rings made of steels COST F and COST FB2 assigned for industrial production of 
welded rotors.  

2. EXPERIMENTS  

2.1. Materials and welding process 

Dissimilar weld joints were prepared from forgings of two rings (external diameter of 600 mm and thickness of 
200 mm) made of steels type COST FB 2 ((X13CrMoCoVNbN9-1-1) - the base material 1 (BM 1) and COST 
F (X14CrMoVNbN10-1) - the base material 2 (BM 2). Producer of both the forgings was SAARSCHMIEDE 
Gmbh Freiformschmiede according to the specification of Doosan Skoda Power Ltd. The quality heat treatment 
of forgings was 1070°C/6,5h + 570°C/12,5h + 710°C/24h and 1050°C/6h + 1100°C/6h + 570/12,5h + 720/24h 
for the base material 1 and the base material 2 respectively. Two filler materials were tested, namely Thermanit 
MTS 3 (W-CrMo91) and PSM Thermanit MTS 616 (W-ZCrMoWVNb). Welds were carried out using automated 
welding method 141+111 (TIG HOT WIRE) into narrow gap with internal protection by argon. The thickness of 
welded walls was 120 mm. Three post-weld heat treatments (PWHT) processes were applied to the 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

554 

weldments. On the basis of evaluation of mechanical properties, hardness and microstructure observation, the 
weld joint with the weld metal of THERMATIT MTS 616 and the second PWHT were chosen as the most 
promising variant for rotor production. For inspections of welded zones after post-heating treatments, the 
ultrasonic testing TOFD method was used as well as standard NDT surface inspection.  

The chemical compositions of the base materials COST F and COST FB2 and the filler metal used are given 
in Table 1 . 

Table 1 Chemical composition in weight %  

Part 
Element 

C Mn Si P S Cr Ni Mo V 

Base material 
FB2 

0.13 0.34 0.08 0.005 0.001 9.06 0.17 1.48 0.20 

Weld metal 
MTS 616 

0.11 0.42 0.30 0.005 0.003 8.87 0.57 0.56 0.18 

Base material 2 
F 

0.11 0.56 0.06 0.008 0.002 10.36 0.64 1.46 0.20 

 

Part 
Element 

Co W Nb N B Al Sn As Sb 

Base material 
FB2 1.32   0.059 0.016 0.0079 0.007 0.002 0.008 ˂ 0.001 

Weld metal 
MTS 616 0.15 1.49 0.051 0.018 0.0036 0.009 0.003 0.022 ˂ 0.001 

Base material 2 
F 

    0.059 0.016 0.0079 0.009       

2.2. Materials and welding process 

Smooth cross-weld specimens with a length of 92 mm and a diameter of 8 mm were fabricated from the weld 
joint. Creep tests to the rupture of these specimens were carried out. Fracture surfaces of ruptured samples 
were observed using scanning electron microscope (SEM). Then specimens were cut along their longitudinal 
axis. Macrostructure was revealed using Villela-Bain´s reagent and location of fracture in the weldment was 
specified. Hardness measurement along the specimen axis was performed. Microstructure of longitudinal 
sections was observed using light microscopy (LM) and scanning electron microscopy (SEM). The 
substructure was evaluated in a transmission electron microscope (TEM).  

3. RESULTS 

3.1. Mechanical properties 

Integrity and mechanical properties of weld joint have been evaluated according to the welding standards EN 
288-2.3. All results were satisfactory. 

3.2. Creep test 

The creep rupture testing was carried out in air at temperatures ranging from 550°C to 650°C and stresses 
from 70 MPa to 220 MPa. The longest time to the rupture of samples so far is about 22,000 hours. Obtained 
creep data were evaluated using the Larson-Miller parametric equation: 

P = T * [C + log τ],                  (1) 
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where T represents temperature given in degree Kelvin, C is a specific constant for a given material (equal 36) 

and τ means time to rupture in hours. Results of creep strength of the weld joint compared with the creep 
rupture strength data of COST F steel [4] are graphically represented in Fig. 1 . Open symbols indicate creep 
tests, which are still running. 

The current creep data Samples tested at 550°C (one sample is still in progress) are in the permitted scatter 
band ± 20 % of the creep strength of the base material COST F. The creep strengths of all ruptured samples 
tested at 575°C (one sample is still in progress) are comparable with creep strength of the base material. The 
creep strengths of (ruptured) samples tested at 600°C are on the level of the base material COST F with the 
exception of the samples tested at the lowest stressesa. The creep strengths of the samples tested at 625 °C 
(all tested samples broken) fall into the scatter band ± 20 % of the creep strength of the base material COST 
F with the exception of the sample tested at the lowest stress, which is below this scatter band. The creep 
strengths of samples tested at the highest temperature 650°C are inside of the scatter band. 

Fig. 1 Creep rupture strength vs. LMP 

3.3. Fractography  

Fractographic analysis of broken samples was performed. This analysis and observation of longitudinal 
sections of the ruptured crept samples showed that locations of fractures depended on the creep conditions. 
The samples tested at lower temperatures and higher stresses failed in the base material (BM) of steel COST 
F unaffected by welding while those tested at higher temperatures and lower stresses ruptured in the grain 
refined part (FG) or in the intercritically reheated part (IC) of the heat-affected zone (HAZ) of the base material 
of steel COST F. Ductile fracture in the BM occurred after short durations of creep tests (up to 2,700 hours). 
The fractures are transcrystalline ductile with considerable macroplastic deformation (elongation about 18%) 
and with the dimple morphology of the fracture surface. Other samples ruptured by transgranular creep fracture 
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in the HAZ of the steel COST F. Elongations of these specimens were usually a few percent. Individual small 
cracks formed of growing cavities joined and spread step by step across the sample. Exact positions of fracture 
change from IC part of the HAZ to boundary between FG and CG parts of the HAZ with increasing temperature 
and decreasing stress. 

3.4. Hardness  

Hardness HV10 profiles across the weld joints were determined for the weld joint before and after creep testing. 
Before creep testing the average hardness of both the base materials was about 240 and hardness of the WM 
about 280. Local minima were found in the fine grained or in the overheated part of the HAZs - 204 in the steel 
COST FB2 and 218 in the steel COST F. 

During creep test (up to duration of about 11,000 hours) the most significant decrease of hardness occurred 
in the IC part of HAZ of steel COST F (Fig. 2 ). After the creep test at 625°C and 120 MPa the hardness fell to 
a level of about 180. A larger decrease of hardness of the base material COST F was also found - from 233 
to 204 (sample tested at 625°C/120 MPa). On the other hand the hardness drop of both the base material 
COST FB2 and its HAZ was not so considerable. From 236 to 218 (sample 625°C/120 MPa) and from 204 to 
194 (sample 625°C/90 MPa) for the base material and HAZ of COST FB2 respectively. The hardness of the 
weld metal only slightly decreased from 277 to 260 (sample tested at 650°C/70 MPa). 

 

Fig. 2 Creep rupture strength vs. LMP 

3.5. Structure  

The width of heat affected zones ranges from 2.5 to 3.0 mm on both sides of the weldment. Usual globular 
aluminium oxides are present in steel COST FB2. Steel COST F contains only a few small particles of 
aluminium oxides containing calcium and magnesium. Aluminates together with silicon oxides are present in 
the weld metal. The addition of boron into the alloy stabilizes the martensitic structure (especially M23C6 
particles and grain boundaries). However, excess in the addition of nitrogen in combination with boron causes 
the formation of primary boron nitrides during heat treatments with consequent decrease of the beneficial 
effects of boron addition. This effect occurred in steel COST FB2, which contains a relatively large number of 
particles of BN with a size of several micrometres. They are often joined with coarser niobium carbides. 

Sizes of prior-austenitic grains are different in various parts of the weldment. Grain size of steel COST FB2 
(about 90 µm) is significantly larger in comparison with steel F (about 21 µm). Average grain sizes of both the 
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HAZs and the weld metal are comparable with grain sizes of steel F (about 20 µm). Grain sizes of coarse-

grained parts of HAZs are only slightly larger compared with fine-grained parts of HAZs; from 28 to 17 µm and 

from 38 to 14 µm for HAZ FB2 and HAZ F respectively. Also average grain sizes in both the cast and heated 
parts of the weld metal are similar although the form of the grains is different. 

Microstructure of the base materials in FB2 consisted of heavy tempered martensite with a small amount of δ-
ferrite. Coarser prior austenitic grains contain packets of martensitic laths. Transmission electron microscopy 
of carbon replicas and thin foils showed that some of them are subdivided into subgrains. The main contributor 
in suppressing the recovery of martensitic structure was a dispersion of M23C6 and fine vanadium carbonitride 
particles. However non-uniform distribution of fine vanadium carbonitrides was observed within laths. 
Dislocation density was about 4·1014 m-2. 

The weld metal also consisted of tempered martensite containing islands of δ-ferrite. Structural changes in 
relation to position - cast structure with elongated grains in individual beads and more polygonal shape of 
grains inside the heat affected zones of the upper weld passes. Coarser particles of carbides rich in W, Mo, 
Cr, V together with some rare particles of Laves phase were observed in the WM, which is alloyed with 
tungsten. Some ferritic laths were subdivided into subgrains. Dislocation density was about 5·1014 m-2. The 
main precipitate was M23C6, fine particles of V(N,C) were also present. 

The base metal F is fine-grained. Similar average grain size was also observed in the HAZ with only slightly 
higher average size in coarse-grained region. Martensitic lath structure is conserved here and laths contain 
subgrains only locally (Fig. 3a, b ). On the other hand prior austenitic grains are subdivided into small equiaxed 
subgrains or new grains in the fine-grained region. Fine vanadium/niobium MX carbonitrides were spread 
within ferrite laths more often in steel F and also in the weld metal than in steel COST FB2. In contrast, the 
density of chromium carbides was higher in steel COST FB2 than in other parts of the weldment. Dislocation 
density in steel F was the highest, about 6·1014 m-2. 

 

Fig. 3 Microstructure of the base material F - LM (a) and TEM (b) 

No significant changes after creep testing were observed after a short test time of several hundred hours. 
However, a relatively massive precipitation of particles of Laves phase occurred after a relatively short duration 
of creep (about 2,000 hours) especially in the HAZ of steel F. Comparison of the formation of new particles of 
Laves phase during creep testing inside the HAZ of the steel COST FB2 is shown in SEM-micrographs in 
Fig. 4  (these particles are visible as bright objects in back-scattered electrons figures). Similar states were 
observed in both the base materials and the weld metal. However precipitation of Laves phase particles was 
retarded in steel COST FB2. 
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Fig. 4 Precipitation of particles of Laves phase in the FG HAZ of the base material F - SEM, secondary (a-c) 
and backscattered electrons image (d-f); after PWHT (a,d), 625 °C/80 MPa, 7,137 hours (b,e) and 

600 °C/100 MPa, 11,288 hours (c,f) 

Many cavities were indicated in the HAZ of steel COST F after creep test with duration of more than 2,000 
hours. They are concentrated inside the fine-grained and over-tempered parts. Microstructure in the HAZ of 
steel F exhibited a subgrain/grain structure often of polygonal shape instead of typical martensitic lath-like 
structure (Fig. 5 ). Interiors of grains are free of particles of precipitates. This region represents a weak link in 
the system. 

 

Fig. 5 Microstructure of the CG HAZ (b) of the base material F - SEM; after PWHT (a), 625 °C/80 MPa, 
7,137 hours (b) and 600 °C/100 MPa, 11,288 hours (c) 

4. CONCLUSIONS 

From the results gained so far the following conclusions can be made: 

Creep strength of the examined weld joint falls into ±20% scatter band of the creep strength of the 
corresponding base material COST F up to 600°C. For testing temperature 625°C the creep strength of the 
weld joint decreases below the scatter band for samples tested at low stresses. However, for testing 
temperature 650 °C it is inside the scatter band. 

a b c 
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After post-weld heat treatment the hardness of the weld metal is 280 HV10; local minima are at a comparable 
level in the fine-grained parts of the HAZ in both the base materials. During creep testing the highest decrease 
of the hardness occurred in the intercritically reheated or in the over-tempered parts of HAZ of steel F where 
samples failed. 

The samples tested at lower temperatures and higher stresses failed in the base material of steel COST F 
while those tested at higher temperatures and lower stresses ruptured in the grain refined part or in the 
intercritically reheated part of the heat-affected zone of the base material of steel COST F. 

After a relatively short time (about 2,000 hours) precipitation of Laves phase occurred in all parts of the weld 
joint. It is significant in the HAZ of steel F, where coarsening of M23C6 occurred. With increasing time to 
rupture both coarsening and new precipitation of particles of Laves phase and cavitation formation occurred. 
Cavities were originated in the intercritically reheated or in the over-heated parts of HAZs of steel F where fine 
grain/subgrain structure is formed due to the recovery. 
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Abstract 

Active thermography is an advanced experimental procedure, which uses a non-contact measurement of 
tested materials thermal response after their external excitation. The material can be excited by a direct heating 
or using thermo-physical effects. Information regarding surface inhomogeneities, defects or material properties 
can be obtained by an evaluation of the measurement. Thermo-mechanical testing is one of the active 
thermography methods. It uses a cyclic mechanical loading for the tested material excitation. Material thermal 
response can differ based on intensity and mechanism of the loading and depending on effects, which can the 
loading accompany. Results of a thermographic measurement during a mechanical-cyclic tension test are 
presented and discussed in this contribution. Possibilities, methods and limitations of thermographic 
measurement during mechanical tests are discussed. A standard fatigue test results and a thermographic 
fatigue evaluation results were compared. The performed experiments showed that thermo-mechanical effects 
could be usable for materials fatigue properties evaluation. 

Keywords: Thermography, active thermography, material, fatigue, mechanical testing 

1. INTRODUCTION 

Infrared thermography [1] is an analytical technique, which is based on detection of objects radiation in the 
infra-red range. The amount of the radiation emitted by the objects is related to temperature and optical 
properties of the radiating surfaces. The temperature can be therefore evaluated by the infrared radiation 
measurement if the optical properties of the analyzed surfaces are known. Devices, which detect the infrared 
radiation and form images corresponding to temperature distribution of analyzed objects (thermograms), are 
generally called infrared or thermographic cameras.  

The infrared thermography has a lot of advantages. It is a non-contact method and thus, it does not influence 
the measured objects. It can record temperature fields of moving or rotating objects and it can measure a very 
high temperature as well. A disadvantage of this method is that the radiation detected is influenced by the 
measured surface thermo-optical properties (emissivity, transmissivity and reflectivity), ambient temperature 
or atmosphere properties (temperature, transmissivity). Especially the object optical properties can influence 
the measurement significantly [2]. Knowledge of the measured object optical properties and other 
measurement conditions is therefore fundamental, namely for an accurate quantitative thermographic 
temperature measurement. 

The thermography can be classified as qualitative or quantitative and passive or active. The qualitative 
thermography evaluates the temperature differences or infrared radiation contrasts between different 
positions. The contrast can be caused by real temperature differences, but also by thermo-optical properties 
differences. There are many important applications of qualitative thermography, for example heat leaks 
diagnostics, electrical components inspections, surveillance of people or medical applications. The goal of 
quantitative thermography is to evaluate the accurate numerical value of an object temperature. It is useful in 
many technological applications, for example heat treatment control and identification of thermal-boundary 
conditions for numerical simulations. Both the qualitative or quantitative thermography can be passive or 
active. In the case of the passive thermography, the temperature contrast or the temperature changes are of 
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natural origin. An external source excitation of the analyzed object is used in the case of the active 
thermography. The contrast is connected with thermal properties differences, optical properties differences, 
material non-homogeneities or local heat sources concentration. The active thermography is the basic 
technique in defects detection, i.e. material infrared non-destructive testing (IRNDT). 

The infrared non-destructive testing is based on changes of heat transfer conditions in the material due to 
defects, material inhomogeneities or local heat sources. The tested material can be excited directly by a 
thermal source, for example by hot air, flash lamps, halogen lamps and other heat sources. The heat flux in 
the material is then affected by a presence of defects or material inhomogeneities. A different approach is 
based on an excitation of the tested sample by internal thermo-physical processes. Magnetic, ultrasound, 
electrical or mechanical sources are used in this case for example. Such a loading of the material causes 
formation of local heat sources at positions of cracks or other defects. The both excitation principles result in 
thermal response, which can be detected by an infrared camera on the tested material surface. 

The IRNDT is a very complex analytical technique, which has a number of modifications [3]. There are different 
excitation sources, which can be used. The possible sources are for example laser heating, flash lamps 
heating, halogen lamps heating, electric heating, ultrasound excitation, eddy current excitation, microwaves, 
hot air etc. The sources can operate continuously, by one pulse or periodically. Different infrared cameras and 
recording parameters can be used for the excided material response recording. The high-sensitivity and high-
speed cooled cameras or un-cooled bolometric cameras are generally applicable. The material response is 
visible on a raw thermogram in the simplest case only, therefore, an advanced evaluation methods should be 
used in the most cases. The most used evaluation methods are pulse thermography, Lock-In thermography 
and Transient (step) thermography [3]. The pulse thermography is based on a very short pulse excitation 
(length about a few milliseconds) generated by flash lamps for example. The Lock-In thermography is based 
on modulated-periodical excitation generated by halogen lamps, ultrasound or mechanical excitation for 
example. The Transient thermography is similar to the pulse thermography, however, the excitation time is 
longer.  

Different excitation sources and methods can be combined with different evaluation methods for specific 
applications. The complexity of the IRNDT method brings some problems from - sometimes it is difficult to find 
a suitable parameters combination set-up. On the other hand, it brings possibilities to use the method for very 
different applications. The IRNDT systems are modular in the most cases. Therefore a customized 
configuration can be designed for a universal high-flexibility scientific measurement system, for a single 
purpose production integrated systems or for a mobile inspection systems. The IRNDT can be therefore used 
in many scientific or industrial applications [4, 5], for example for solar cells inspection, aircraft components 
inspection, wind turbine blades inspection etc. 

2. THERMOGRAPHY ANALYSIS IN FATIGUE TESTING 

The special case of component indirect excitation is a mechanical loading. This method is based on a thermo-
mechanical coupling effect, where the mechanical loading causes material temperature changes. These 
changes are reversible in the case of elastic loading and the temperature rises permanently in the case of 
plastic loading. If the inspected object is periodically mechanically stimulated and the stress concentrators 
occur due to the defects or cracks in the material then a local heating occurs at the stress concentrators 
positions. The defects can be thus determined by the component thermal response analysis as it is 
demonstrated in Fig. 1.  
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Fig. 1 Illustration of the thermal stress infrared analysis (TSA) 

The thermal stress infrared analysis has to be evaluated using advanced techniques mostly based on Lock-In 
analysis. However, published results [6, 7] and performed experiments show, that the temperature of 
experimental samples can increase in the case of cyclic loading even if it is in the elastic region. The 
temperature changes are dependent on a load force, frequency, number of cycles and other experiment 
conditions. If the temperature growth is expressed in dependence on the maximum load of the periodical 
excitation, it can be used for the tested material fatigue limit determination. 

The material fatigue is a degradation process induced by a cyclic mechanical, thermal or thermo-mechanical 
loading. It has a cumulative character. Fatigue fractures can occur in the material during its long-time cyclic 
loading, even if the load is below its yield strength. A determination of the material fatigue properties is more 
complicated compared to standard mechanical properties tests. The fatigue lifetime depends on a loading 
force, frequency and time (i.e. number of cycles). It is also influenced by other factors, which are not so 
important in the case of static loading (surface treatment for example). Fatigue tests are therefore very 
important, however, they are also very expensive and time-consuming with regard to its long-time character. 
Thermographic methods have ambitions to shorten the testing time, that could bring significant time and costs 
savings.  

2.1. Experiment description 

The thermography fatigue analysis experiments were performed on a standard tensile fatigue testing device. 
Standardized cylindrical specimens of 10 mm diameter from 17123 equivalent steel were used. The loading 
frequency was 10 Hz and the maximum load force was increased in subsequent steps from about 640 to 780 
MPa. The temperature was measured by a standard bolometric infrared camera during the whole loading 
process. The specimen was painted by a high-emissivity thermographic coating, which was previously tested 
for optical properties and mechanical stability during a cyclic loading.  

2.2. Thermography fatigue analysis results 

The temperature growth of the tested sample in dependence on load and number of cycles is shown in Fig. 2 . 
The temperature rises immediately after each load-increase step. Thus, the individual temperature steps in 
the figure correspond to the load-increase steps. The sample heating process can be divided into three regions 
according to the temperature rise at individual load steps. A linear and very weak temperature increase can 
be observed in the region "A". The temperature changes are small or the temperature remains constant after 
a load-increase step. A linear or very weakly non-linear temperature growth is observed in the region "B". The 
temperature increase in individual steps is higher compared to the region "A". This is caused by more 
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expressive thermo-mechanical effects, which occur above the material fatigue limit. The transition between 
the "A" and "B" regions is therefore fundamental for the fatigue limit determination by the thermographic 
techniques. However, the transition is generally not clearly evident using the temperature vs. the cycles count 
data representation. More detailed methods should be therefore used for the data evaluation. A rapid 
temperature increase with a subsequent sample fracture occurs in the region "C". This process takes place at 
a constant load in the time interval of a few seconds. 

 

Fig. 2 Temperature progress during the sample cyclic loading with a stepwise increased load 

Two identical samples were tested by the thermographic fatigue testing method. A detailed evaluation was 
based on load-temperature data linear regression in the "A" and "B" regions and finding an intersection of the 
two regions, which corresponds to the expected fatigue limit of the material. The fatigue limit of the two samples 
determined by the thermography fatigue analysis was 683 and 692 MPa respectively. These values are in a 
very good agreement with the fatigue limit value 690 MPa, which was determined by a standard fatigue test 
based on a Wöhler curve construction. 

3. HIGH EMISSIVITY PAINTING FOR FATIGUE TESTING 

Surface optical properties of objects analyzed by thermographic techniques are crucial for the measurement 
accuracy and reliability. The measurement quality can be significantly influenced especially in the case of low-
emissivity surfaces, which are typical for most of machined metals. The problem of samples low emissivity is 
therefore important also for the thermography fatigue testing. A standard solution of the problem is a usage of 
thermographic coatings with a high emissivity and low transmissivity. However, such coatings should fulfill 
additional requirement for the fatigue testing applications. The coatings must be stable under long-term 
periodical mechanical loading from the point of view of optical properties stability, adhesion to the surface and 
cohesion. It also must not affect the results of the sample fatigue properties or its mechanically excited thermal 
response. 

3.1.  Experiment description 

Optical properties of different coatings were analyzed by radiometric methods [8]. Four coatings were selected 
based on the emissivity and transmissivity measurement results: ZYP Coating CeO2, DupliColor Supertherm 
Black, DupliColor Color Spray Silver and Super-Spray Very Well! Black. All these coatings have a 
transmissivity less than 0.05 and an emissivity higher than 0.8. The coatings were applied on standardized 
cylindrical steel specimens for fatigue testing of 10 mm diameter. A cyclic loading on a standard fatigue testing 
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device was applied on the specimens with the coatings and also on two identical specimens without a coating. 
The loading frequency was 10 Hz and the load force was above a specimen material fatigue limit. The samples 
were measured by an infrared camera during the entire test. The results of the cyclic loading tests (number of 
cycles to a fracture, visual inspection of the coatings) and the thermography measurement results were 
analyzed to determine a usability and suitability of individual coatings for such experiments. 

3.2. High-emissivity coatings tests results 

A fracture occurred after about 40-80 thousand cycles for all the samples irrespective of whether with or without 
a high-emissivity coating. An influence on a thermal response or fatigue properties of the experimental samples 
was not observed for any of the coating. 

A temperature field without any abnormalities was observed in the case of DupliColor Supertherm Black and 
Super-Spray Very Well! Black coatings. These coatings also did not show any sign of damage out of the 
fracture region of the samples after the tests. Thus, these coatings seem to be usable and suitable for the 
thermography cyclic mechanical loading experiments. In the case of the DupliColor Color Spray Silver coating, 
a higher temperature data scatter shows less suitable optical properties of the coating. Thus, it is less suitable 
for the thermographic measurement. A number of small cracks on the coating were also detected after the 
cyclic loading test. Cracks and visible peeling were also observed in the case of the ZYP Coating CeO2 during 
the test. The ZYP coating after the test is showed in the Fig. 3 . These two coatings are therefore not usable 
for the thermography measurement of cyclically mechanically loaded samples. 

 

Fig. 3 The sample with the ZYP Coating CeO2 after a cyclic loading test 

4. CONCLUSIONS 

The fatigue limit and fatigue lifetime of components can be critical in many technical applications, where a 
cyclic loading takes place. Fatigue properties of materials are therefore an important material characteristic, 
which is often required for example in energy industry. However, the fatigue testing is very expensive and time 
consuming. A number samples should be used for a standard fatigue test, which takes from a few days to 
several moths based on used device and frequency. The thermography fatigue testing takes several hours 
and that means it is really a rapid testing method. The comparison of the standard fatigue limit measurement 
and the thermographic fatigue limit measurement showed a good agreement. The fatigue limit was 690 MPa 
by the standard test and 683 and 692 MPa respectively by the thermographic test. Although the thermographic 
method is in the development stage, the results so far are promising. 

The experiments showed that a high-emissivity coating should be applied on surfaces for an infrared 
measurement. All the tested coatings had satisfactory optical properties, which were measured by radiographic 
analyses. However, the performed tests showed that the mechanical stability of the coatings is also important 
for thermography cyclic loading analyses. The experiments revealed that the DupliColor Supertherm Black 
and Super-Spray Very Well! Black coatings are suitable for such experiments. On the other hand, the 
DupliColor Color Spray Silver and ZYP Coating CeO2 coatings mechanical stability was insufficient. These 
coatings are not suitable for a measurement, where the sample is mechanically loaded. 
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Abstract   

The fatigue properties and microstructure of 08Ch18N10T steel used for production of the interior of a pressure 
water reactor VVER 440 were investigated. The influence of the service conditions was simulated using thermo 
mechanical strain controlled low cycle fatigue tests in the range from 150°C to 270°C. The cyclic stress 
behaviour was investigated at different total strain amplitudes. The cyclic test to rupture and fractographic 
analysis were carried out. Selected tests were interrupted at different stages of fatigue life and changes in 
microstructure were evaluated. Dislocation density was determined using transmission electron microscopy 
and X-ray diffraction. Dislocation rich and dislocation poor regions appeared as a result of cyclic loading. Vein 
structure and successive formation of persistent slip bands and dislocation cells were observed similar to those 
in FCC metal monocrystals fatigued at room temperature. Dislocation density increased considerably at the 
beginning of cyclic loading; maximum was reached at 0.05 of life time. The following gradual decrease was 
related to rearrangement of dislocations into the walls. Simultaneously the nature of the dislocations changed. 
A majority of the screw dislocations occurred in as received conditions and at the beginning of cyclic loading. 
The fraction of edge dislocations increased with the increasing number of cycles. Distance between persistent 
slip bands and size of dislocation cells were related to the distance between striations on the fracture surface.  

Keywords: Low cycle fatigue, austenite, dislocation substructure, X-ray diffraction, transmission electron  
         microscopy 

1. INTRODUCTION 

Corrosion resistant 08Ch18N10T austenitic stainless steel (ASTM equivalent AISI 321) is chromium-nickel 
steel stabilized with titanium against carbide precipitation and designed to work within the temperature range, 
where carbide precipitation can develop. Stabilized at temperatures between 950°C and 1010°C the steel 
resists scaling and vibration fatigue. It is used for production of various components of the pressure water 
reactor VVER 440. Being exposed to cyclic temperature and pressure during transient operation the steel 
microstructure undergoes irreversible changes, which can result in strength decrease, crack nucleation and 
propagation.  The life time of individual components is usually predicted on the basis of the standard isothermal 
fatigue (IF) tests, however thermal variations cause additional internal stresses that can accelerate 
microstructural processes and shorten the life time [1]. Therefore thermo-mechanical fatigue (TMF) tests were 
carried out which simulate possible service conditions in the pressure water reactor. They can represent 
material behaviour near the surface layers of the component caused by cyclic temperature and pressure, in 
subsurface layers of the components due to an inhomogeneous temperature field and in the walls of pipes or 
vessels due to the inhomogeneous temperature of the flowing media [2].  

The paper deals with microstructural investigation of 08Ch18N10T steel after low cycle thermo-mechanical 
fatigue tests. Developments of dislocation substructure at different stages of fatigue life and fracture 
mechanisms were evaluated.  
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2. EXPERIMENTAL PROCEDURES  

Specimens for fatigue tests were machined out of tubes made of 08Ch18N10T steel (Table 1 ). Cylindrical 
specimens of 8 mm gauge diameter and 7 mm length were tested using a GLEEBLE thermo-mechanical 
simulator. The test was run under uniaxial tension - compression loading with total strain control. All fatigue 
tests were carried out at a frequency of 0.083 Hz and a triangular waveform. The longitudinal total strain was 
controlled by a HZT060 type linear displacement transducer at different levels of total strain amplitude (TSA) 
from 0.9 to 2.0 %. A K-type thermocouple was welded in the middle of the gauge length to control and measure 
the temperature of the test specimen. The TMF tests in a temperature a range from 150°C to 270°C were 
carried out in the in-phase conditions and with a heating and a cooling rate of 20 °C/s. Temperature and stress 
cycling is evident in Fig. 1 .  

Table 1  Chemical composition of 08Ch18N10T steel 

 C Si Mn S P Cr Ni Ti 

Nominal max 0.08 max. 1.0 - max. 0.020 max. 0.035 17.0-19.0 9.0- min. 5xC-

Actual 0.06 0.63 1.64 <0.004 0.026 17.78 9.99 0.5 

 

 

 

Fig. 1  Input profiles of thermo-mechanical cycles 

 

 

Four fatigue tests with a different total strain were automatically stopped when the failure criterion was reached, 
which was chosen to decrease the maximal cyclic load in the tension phase by 25 %. Then the test bars’ 
surfaces were observed to evaluate the number, size and distribution of cracks using light and scanning 
electron microscopy. Then the bars were loaded by tension in a tensile test machine to break them and fracture 
surfaces were observed using scanning electron microscopy (SEM).  

The next four specimens with a strain amplitude of 1.2 % were tested up to 5 %, 25 %, 50 % and 70 % of 
cumulative usage factor (CUF) that represents life fraction. The dislocation substructure of these specimens 
was evaluated using transmission electron microscopy (TEM) and X-ray diffraction (XRD) in order to elucidate 
the kinetics of the TMF process and to correlate the mechanical response and the material’s microstructure 
evolution. 

3. RESULTS AND DISCUSSION 

3.1. Fatigue tests 

The cyclic stress response of the tested material is shown in Fig. 2 . Other results including comparison of TMF 
tests with isothermal fatigue tests at 260°C will be published [3]. In the strain controlled low cycle fatigue, the 
cyclic stress behaviour is one of the most important features of the material, as it represents the path of the 
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stress amplitude during the fatigue life. The cyclic stress response of the material investigated is shown in 
Fig. 2  for different total strain levels.  

 
 

 

Fig. 2 Cyclic stress response of the tested 
material. N represents actual number of cycles 

and Nf number of cycles to rupture 
 

 

 

 

Three different stages of the cyclic stress responses at all strain ranges and temperature levels can be 
distinguished. Cyclic hardening occurred at the beginning of the fatigue test, which is typical for austenitic 
stainless steels under strain-controlled LCF conditions [1, 2]. This first stage was observed up untill about 0.05 
of life fraction and stress increase was more significant at higher strain amplitude levels. The second quasi-
stabilized stress stage lasts up to about 0.9 of life time fracture. The following softening is related to cracks 
nucleation and propagation.  

3.2. Dislocation substructure 

The microstructure of the 08Ch18N10T steel consists of austenitic grains of about 100 µm containing many 
twins, coarse primary titanium carbonitrides, δ-ferrite particles of several tens of micrometers and M23C6 

carbides. These carbides predominately occupied grain boundaries. Non-uniform distribution of fine titanium 
carbonitrides was observed within austenite grains.  

The dislocation substructure was observed using thin foils prepared from central cross section plates of 
fatigued specimens thinned to electron transparency by means of jet electrolytic polishing in 6 % solution of 
HClO4 in methanol at a voltage of 22 V and a temperature in a range from -65°C to -55°C. Dislocation density 
was determined using the Keh-Weismann´s intersection analysis [4]. A rectangular grid was put on the TEM 

micrograph and intersections with dislocations were counted. Then dislocation density ρ was determined using 
the formula 

t
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where n1 and  n2 are numbers of intersections of dislocation lines with two systems of parallel lines of a total 
length L1 and L2 respectively, x is the factor of visibility that depends on the nature of dislocations and t the 
thickness of the foil. Dislocation density was evaluated using micrographs taken at two-beam conditions with 

a strong 111 reflection. The corresponding extinction distance ξg = 28.27 nm for observation at an accelerated 

voltage of 120 kV was calculated on the basis of published value ξg = 33.5 nm for AISI 316 stainless steel 
observed in TEM at an accelerated voltage of 200 kV steel [5]. Factors of visibility 1 and 2 were used for edge 
and screw slip dislocations respectively [6]. In addition, cell substructure was evaluated using equivalent 
diameter as the cell size parameter. 

Dislocation substructure of the steel in as received conditions consisted of a disordered dislocation network 
with a low dislocation density of 0.7 ·1014 m-2 (Fig. 3a ). Dislocation-poor and dislocation-rich areas were formed 
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during the cyclic deformation similar to those, which were observed in fatigued monocrystals of FCC metals 
[7]. The dislocation substructure observed in individual austenitic grains in polycrystalline steel depended on 
their crystallographic orientation and relation to applied stress. Dislocations concentrated in areas called veins 
separated by channels are shown in Fig. 3 , which were taken in a grain orientated near the [110] pole. 
According to the model published by Mughrabi the vein substructure consists of bundles of edge dislocations 
and channels containing some screw dislocations [8]. Such structure precedes formation of persistent 
slipbands (PSB) and dislocation cells [7].   

 

Fig. 3  Dislocation substructure of fatigued specimens: a) CUF = 0%, b) CUF = 5%, c) CUF = 25%. TEM 

 

Fig. 4  Dislocation substructure of fatigued specimens: a) CUF = 50%, b) and c) CUF = 70%. TEM 

Transition from veins into persistent slip bands is shown in Fig. 3c  taken in orientation near the pole [123]. The 
width of veins decreased the number of cycles increased and the persistent slip bands (PSB) were formed. 
Cell substructure was observed in grains if two slip systems were activated as shown in Fig. 4a  of the grain 
orientated near [012] pole. Wavy persistent slip bands separated by dislocation-poor channels occurred in 
grains, where only one slip system was active (Fig. 4b ). Therefore well-developed cell substructure as well as 

 (a)                                                      (b)                                                        (c) 

 (a)                                                      (b)                                                        (c) 
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structure with persistent slip bands was observed in one specimen. Wavy persistent slip bands seemed to 
pass into a labyrinth-type substructure [7] in advanced stages of fatigue life (Fig. 4c ).  

Dislocation densities in fatigued samples were measured separately for dislocation-rich and dislocation-poor 
areas. The nature of dislocations was taken into account. It was assumed according to the literature [9] that 
edge dislocations occurred in dislocation-rich areas (veins, persistent slip bands or walls), while screw 
dislocations were present in dislocation-poor areas (channels or interior of cells). Total dislocation density was 
also determined using X-ray diffraction. Results are plotted against CUF in Fig. 5a . Conditions of X-ray 
diffraction measurement are described in another paper submitted for publication [3]. After an initial increase 
in dislocation density, a gradual decrease was seen; the course is similar for both measurement methods 
nevertheless dislocation density determined from TEM micrographs was relatively low. The reason may be 
firstly the difficulty of resolving individual dislocations in dislocation rich slip bands, secondly the dependence 
of dislocation visibility on its nature and thirdly too relatively small volume of material evaluated by TEM as 
TEM microscopy is a highly localized method. The nature of the dislocations was determined using analysis 
of the broadening of the X-ray diffraction lines. It was found that screw dislocations prevailed in as received 
conditions and in the specimen of 0.05 CUF, while edge dislocations prevailed in other fatigued specimens 
with CUF from 0.25 to 0.70 [3]. During fatigue life from CUF of 0.05 to 0.70 the size of dislocation cells 
decreased from 825 to 645 nm, while the distance of persistent slip bands did not seem to change; the value 
of 580 nm was determined for CUF of 0.70.  

                                                   

 

 

 

 

 

                                                                                      (a)                                                                          (b) 

 
Fig. 5  Quantitative evaluation: a) dislocation density and b) striation distance 

 

 

 

 

 

 

Fig. 6  Fatigued specimen with TSA = 2.0%: a) surface of the bar, b) fracture surface near the crack origin. 
SEM-micrographs 

3.3. Fractography    

Fatigued specimens showed several major cracks (for the low total strain amplitude) and a lot of cracks (for 
the higher total strain amplitude) originating on the surface of the test bars. These small cracks were often 

(a)                                                                         (b)  
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connected to each other and formed a regular network. Bands with apparent plastic deformation were 
observed between individual cracks at high total strain amplitude (Fig. 6a ). The striations were observed at 
fracture surfaces (Fig. 6b ). The distance between them increased in the direction from the initiation center to 
the end of the crack (Fig. 5b ).  

4. CONCLUSIONS 

Strain controlled low cycle thermo-mechanical fatigue tests in a temperature range from 150°Cb to 270°C 
yielded shorter fatigue life compared to the isothermal fatigue tests at 260°C. The results will be used for the 
remaining life assessment of components of the pressure vessel reactor VVER 440.  

The stress response at different strain levels revealed cyclic hardening and the degree of hardening was more 
significant at higher strain amplitude levels. The initial increase in hardening was caused by the generation of 
new dislocations. The following formation of persistent slip bands and dislocation cell substructure resulted in 
a quasi-stable stress response. The stress response remained the same up to 0.9 of fatigue life time in spite 
of a gradual decrease in dislocation density. The reason is that the dense dislocation walls within persistent 
slip bands and between dislocation cells act as strong obstacles for dislocation motion. The distance between 
persistent slip bands as well as the size of dislocation cells slightly decreased during fatigue tests and 
corresponded well with the size of striations at the fracture surface.  

Fatigue cracks were initiated at the surface of fatigued specimens in places, where persistent slip bands meet 
the specimen surface. Interconnection of several major crack resulted in fracture. A lot of secondary cracks 
were created at the specimen surface and formed networks of small cracks and plastically deformed strips. 
Typical fatigue fracture surfaces with striations were observed. Near the initiation center the mean distance 
between striation lines increased with increasing crack length and then it became saturated. The size of 
striations near the initiation center of fracture was only slightly higher than the distance between persistent slip 
bands or the size of the dislocation cells observed in the specimen at 0.7 fatigue life. This result is consistent 
with the theory of extrusions and intrusions formation during fatigue crack propagation [9].     
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Abstract 

Fracture surfaces of X70 steel DWTT broken samples are analyzed using statistical methods and fractal 
concepts. Applying self-affine fracture profile construction method and the first return probability method the 
Hurst exponent of ductile fracture areas has been found. Increasing percentage of ductile fracture on broken 
DWTT sample surface the Hurst exponent grows. Modeling of the DWTT fracture surface area by triangle net 
the statistical distribution of deviations between normal vectors of two neighboring elementary triangles has 
been discovered. This distribution behaves as Gaussian mixture. The mean value of deviation angles is lower 
for ductile than for brittle fracture regions whereas scatter of deviation angles are about the same for the both 
modes of cracking. Calculated fracture surface map of ductile fracture probability highly corresponds to real 
distribution of ductile and brittle fracture areas on fracture surface of the broken sample. Newly developed 
statistical methods of the fracture surface treatment of DWTT broken samples is useful tool for objective 
evaluation of ductile fracture percentage. 

Keywords: X70 steel, DWTT samples, fracture surface, Hurst exponent, statistical analysis 

1. INTRODUCTION 

By studying local and macroscopic failure processes it is possible to successfully propose the physical-
metallurgical and structural conditions for the required relation between strength, toughness and technological 
properties of steels. A high degree of toughness is conditional upon high dissipation of deformation energy 
during crack propagation, which enables the initiation of ductile fracture. The requirement for minimum 85 % 
ductile fracture on the fracture surface in DWTT specimens remains an important technical criterion of 
resistance to unstable ductile fracture in pipes. The preparation of testing specimens for DWTT, the conditions 
of testing and the methods of evaluation are normalized [1, 2-4]. Subjective visual assessment of the character 
of fracture surfaces leads to a range of inaccuracies, and the determination of the ductile fracture percentage 
is burdened with a high degree of error. For these reasons, and also due to the practical need in some cases 
to perform assessments of fracture surfaces which do not fully meet the criteria of API [2], ASTM [3] and ČSN 
[4], it was decided to develop new methods of evaluation providing correct, objective and reproducible results 
and reflecting with sufficient accuracy the changes in resistance of pipeline steels to long-running ductile 
fracture. 

2. INVESTIGATED MATERIAL AND METHODS  

Fracture surfaces of broken DWTT specimens were studied using samples from commercially produced API 5 
L X-70 sheets Cr-Mn steel with thickness of 18.7 mm. The steel was austenitized at 1200 °C and rolled with 
an initial temperature of 985°C and a final rolling temperature of 832 °C. It was then water-cooled from 800°C 
to 465 ° at 9.1 °C/s. Throughout the thickness of the steel, the microstructure consisted of a mixture of ferrite 
and pearlite with less pronounced boundedness both longitudinally and laterally to the rolling direction. Basic 
mechanical properties of the steel at 20 °C were determined by tensile testing on standard specimens with a 
circular cross-section of diameter 4 mm at deformation speed 0.008 s-1. The yield strength Rp0.2 > 485 MPa 
and the tensile strength Rm > 570 MPa meet strength criteria specified in [5] for API 5L X-70 steel. 
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The proposed methods of evaluating the ductile fracture percentage (i.e. the percentage of the fracture surface 
displaying ductile fracture) were tested on ten DWTT specimens with dimensions 300 x 76 mm and with the 
same thickness as the sheet steel (18.7 mm). The specimens were press-notched to a depth of 5.1 mm. All 
DWTT specimens were tested at -20°C. The DWTT specimens were broken by a falling weight of 800 kg on 
Drop Weight Tester 40 apparatus. Fracture surface of broken DWTT specimen of investigated API 5L X-70 
steel at -20°C is given in (Fig. 1 ). 

 

 
Fig. 1  Fracture surface of broken DWTT specimen - API 5L X-70 steel at -20°C and accounting probability 

field pd(φ) of ductile fracture 

It has been shown [6] that fracture surfaces are mostly statistically invariant, suiting a self-affine scaling 
transformation of the forms (x, y, z) → (λx, λy, λξz), where ξ < 1 is the Hurst exponent. That means that for a 
self-affine fracture surface, the z coordinate characterizing the surface unevenness is statistically dependent 
on the horizontal coordinates x, y, however its sensitivity to change is lower than that of coordinates x, y. This 
is also projected into the change in distance [7], ∆� ∝ (∆B' + ∆�')�                      (1) 

 
Fig. 2  Profile of the ductile fracture segment in direction of crack propagation on DWTT broken sample of 

API 5L X-70 steel 
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To establish change of Hurst exponent for fracture surfaces a method of vertical cuts was employed. The samples 
were molded and the metallographic cuts, which included the investigated profile, were made as perpendicular to 
fracture surfaces. After the preparation, fracture profiles were observed by a light microscope with digital camera 
in different magnifications. Profile of the ductile fracture segment in direction of crack propagation on DWTT 
broken sample of API 5L X-70 steel is obvious from (Fig. 2 ) 

To determine the Hurst exponent ξ of the fracture profile, the first return probability method was applied. Let 
the understand z-coordinate of the surface is a function f of x-coordinate. For every point x0 of the profile with 
the z- coordinate f(x0), we see the minimum distance d, such that f(x0+d)= f(x0). The distribution of the d 
distances built for all the points of the profile is called the first return probability distribution p1(d). For self-affine 
profiles, it can be shown, that the first return probability satisfies: 

tQ(M)~M��'.            (2) 

Using logarithmic binning the previous form can be modified as follows: 

�ÍÎ-tQ(M)6~M��Q.             (3) 

The Hurst exponent ξ can be obtained by using the least square method from the previous relationship. 

Fracture surface areas to identify differences between brittle and ductile fracture surface has been applied. 
This method consists into the following steps. The fracture surface was firstly covered with the net of triangles, 
and Delaunay triangulation was used [8]. The vertices of any triangle correspond to real measurements of the 
fracture surface (Fig. 3 ). Every triangle is evaluated by the greatest angle of its normal vector with normal 
vectors of neighboring triangles of φ. Distribution of angles of normal vectors on areas with brittle or ductile 
fracture was described as a Gaussian mixture using the EM algorithm [9]. 

 

Fig. 3  The triangular net model of fracture surface and angular deviation of neighboring elementary areas 

The distributions of angles in a ductile and brittle area were described with two-component Gaussian mixtures. 
For every angle φ of the DWTT fracture surface there was calculated the probability pd(φ) that the φ belongs 
to the ductile fracture area. The probability pd(φ) was computed by using the following formula 

tô(Õ) = S (ë)
S (ë)1S!(ë)           (4) 

where Hô(Õ), Hì(Õ) are Gaussian mixtures distributions of angular deviations φ of the ductile and brittle fracture. 

3. RESULTS AND DISCUSSIONS 

Applying the proposed procedure the Hurst exponent distributions has been found for demonstrably brittle and 
ductile fracture surface areas of broken DWTT samples. Totally have been investigated 672 number of vertical 
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cuts in ductile and 987 number of cuts in brittle regions of fracture surfaces. Both statistical sets exhibit two 
parametrical Weibull distributions with clearly lower size parameters αb=0.77 for brittle fracture area, and higher 
size parameter αd =0.82 ductile fracture regions. Conversely shape parameter βb=6.87 is higher for brittle 
fracture area, than the shape parameter βd=6.34 for the ductile fracture area (Fig. 4 ). 

Probability density functions of angular deviation of neighboring elementary areas φ of the ductile fd(φ) and 
brittle fb(φ) fracture regions of DWTT broken samples have been successfully approximated by two members 
of Gaussian mixtures distributions using EM algorithm [9]. The mean value of angular deviation of neighboring 
elementary areas φ is lower for ductile fracture region than for brittle fracture area. According to Eq. (4) for any 
investigated elementary area probability of ductile fracture pd(φ) has been calculated. The example of 
probability of ductile fracture pd(φ) represented as probability field is given in Fig. 1 . This field very good 
corresponds to mechanisms of fracture on real DWTT broken sample. 

The both analyses of the character of fracture surfaces in DWTT specimens were performed with reference to 
the entire fracture surface. Taking into account local changes in controlling mechanisms of crack propagation 
could reveal more about the non-homogeneity of the fracture process, and for this reason local fractal analysis 
is very useful. The formation of steps on the fracture surface with sudden changes of height or surface defects 
of intensively deformed material could thus be accurately quantified using fractal analysis methods. This also 
has practical impacts on the evaluation of new sources of toughness in steels for the production of pipeline 
systems. 

 

Fig. 4  The Weibull statistical distributions of Hurst exponent of ductile and brittle fracture regions of DWTT 
broken samples 

4. CONCLUSIONS 

A detailed quantitative fractographic analysis of fracture surfaces of X70 steel DWTT specimens was 
performed in order to investigate all possible ways of evaluating its character, especially the ductile fracture 
percentage, independently of individual observation. The assessment of relations between basic quantitative 
indicators of unevenness in fracture surfaces and failure mechanisms opens up possibilities for the objective 
determination of mechanisms of deformation energy dissipation in relation to steel microstructure. The analysis 
of fracture surfaces of X70 steel DWTT broken specimens led to the following conclusions. 

The roughness of the brittle fracture is higher than the ductile fracture of tested X70 steel at -20°C. Thus the 
ductile fracture area is represented by higher Hurst exponents. The distribution of Hurst exponents of 
elementary investigated fracture areas exhibit for the both mechanisms of fracture the Weibull distribution. 
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These distributions differ significantly both in the size and the scale parameter. New approach how to identify 
character of the fracture surface has been presented. Angular deviation of normal vectors of neighboring 
elementary areas φ behaves as sensitive parameter differentiating clearly ductile and brittle fracture area. 
Angular deviation of normal vectors of neighboring elementary areas is definitely larger on brittle fracture area 
than on ductile fracture area. Using simple Baeys’ formula given by Eq. (4) the probability of ductile fracture of 
the whole fracture are has been calculated. This result rightly corresponds to mechanisms of fracture on real 
DWTT broken sample. 
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Abstract 

The microstructure of sub-zero treated Vanadis 6 tool steel has been examined with reference to the same 
material without the application of sub-zero treatment. Changes in the microstructure were recorded using light 
microscopy, scanning electron microscopy and transmission electron microscopy. The obtained results infer 
that the amount of retained austenite decreases with application of sub-zero treatment. The retained austenite 
is located mainly along the boundaries of martensitic domains. The martensite is refined due to sub-zero 
treatment. The carbide phases in as-quenched and/or sub-zero treated Vanadis 6 steel can be divided into 
eutectic phases (MC-carbides), secondary carbides (M7C3-phase) and small globular carbides that were 
identified as alloyed cementite. Sub-zero treatment refines the carbides and increases their number, 
particularly the small globular carbides, but it does not alter their nature. It is hypothesised that the amount of 
small globular carbides is enhanced due to extensive stress state of the material after SZT rather than as a 
result of “accelerated precipitation rate” that was considered recently as a principal explanation.   

Keywords: Ledeburitic tool steel, sub-zero treatment, microstructure, phase constitution, hardness 

1. INTRODUCTION 

Sub-zero treatment (SZT) has been accepted as a method how to reduce the amount of retained austenite 
(γR), which can have detrimental effect on the service life of tools made of Cr- and Cr-V ledeburitic tool steels 
and thereby to improve several properties of tools since 1st half of 20th century. The attempts pertaining to the 
clarification of metallurgical background being responsible for these improvements are much younger, 
however. In first theories it was believed that the reduction of γR is the key factor being responsible for 
ameliorations of their performance. Later investigations arrived to opposite findings, e.g. the ameliorations in 
wear resistance, hardness and other relevant properties are based on completely other mechanisms. 

Meng et al. [1] have reported on accelerated precipitation rate and better uniformity of intermediate η - carbides 
due to the SZT of AISI D2 steel and they believed that this contributes to the wear resistance rather than 
lowering of the amount of γR. Collins [2] has established an increased population density of carbides (with a 

size < 5 µm) in sub-zero treated AISI D2 steel. He has used an optical microscope for the investigations, thus, 
he has surely missed the particles that have been reported by Meng et al. [1]. Despite that, they claimed that 
the wear resistance of the material was improved due to presence of carbides having a size < 5 µm, e.g. their 
claims are in clear discrepancy to the Meng´s ones. Recent investigations made by Das et al. [3, 4] and 
Akhbarizadeh et al. [5, 6], carried out on the AISI D2, AISI D3 and AISI D6 steels, respectively, by using the 
scanning electron microscopy, confirmed that irrespectively to the steel grade, the percentage of small globular 
carbides (SGCs) with a size less than 0.5 µm increases due to the SZT.  

In our latest paper [7] it has been demonstrated that the martensite formed during SZT of Vanadis 6 steel  
(-196 °C/4 h) is refined compared to that produced by conventional quenching, it manifests higher dislocation 
density and contains carbon-rich and carbon-depleted areas. The microstructure of the steel contains 
enhanced number of SGCs (size of around 100 nm). Their nature was determined as cementite. Investigations 
have revealed that SZT does not alter the nature of SGCs but only their amount. Finally it was found that SZT 

in liquid nitrogen for 4 h reduces the amount of γR by few percents when low austenitizing temperature was 
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used while the reduction of γR was twice and more when higher austenitizing temperature was used for the 
treatment. 

Literature review shows that despite great number of studies devoted to the investigation of the effect of SZT 
on different materials, a considerable amount of differences is evident in the obtained results and theories 
attempting to clarify these results. This partial study is focused to investigation of the effect of sub-zero 
treatment in liquid nitrogen on the microstructure and hardness of Vanadis 6 cold work die steel and to attempt 
and hypothesise some phenomena taking place in sub-zero treatment.  

2.  EXPERIMENTAL PROCEDURE 

A PM tool steel Vanadis 6 with nominal chemical composition (wt. %) 2.1 C, 1.0 Si, 0.4 Mn, 6.8 Cr, 1.5 Mo, 5.4 
V and Fe as a balance has been used for investigations. Specimens were divided into separate batches and 
subjected to conventional quenching and SZT in liquid nitrogen (-196 °C) with a duration of 17 h. In 
conventional quenching, the specimens were gradually heated in vacuum furnace, up to the austenitizing 
temperature of 1050 °C with a hold at the temperature for 30 min and nitrogen gas quenched to a room 
temperature. Sub-zero treatments were done immediately after quenching. In these treatments, conventionally 
quenched specimens were cooled down slowly (1°C/min) from room temperature to the temperature of liquid 
nitrogen, held there and heated up to the room temperature at a heating rate of 1 °C/min. Subsequently, the 
samples were double tempered at temperatures from the range 100 - 600 °C.  

Microstructural investigations were completed using light microscopy, scanning- (SEM) and transmission 
electron microscopy (TEM). For the SEM, a JEOL JSM 7600F apparatus, equipped with an EDS-detector 
Oxford Instruments, was used. The microstructure was recorded in mixed detection regime (MDR), consisting 
of 50 % of secondary electrons (SE) and 50% of backscattered electrons (BE). For the TEM, a JEOL 200CX 
apparatus operating at an acceleration voltage of 200 kV was used. Quantitative analysis of carbides was 
carried out following the recent findings [8] and the details were described in [7]. Twenty five micrographs were 
considered for each specimen in order to ensure the statistical reliability associated with these investigations. 

Content of the γR was measured by X-ray diffraction analyses of the bulk specimens, using a PHILLIPS PW 
1710 apparatus with filtered Coα1,2 characteristic radiation, following the ASTM E975-13 standard [9]. Hardness 
measurements were completed by the Vickers (HV 10) method. Seven measurements were made for the 
specimens processed at any heat treatment schedules and both the mean values and the standard deviations 
were then calculated.  

3.  RESULTS AND DISCUSSION 

Fig. 1  shows optical micrographs of conventionally quenched specimen and SZT specimen with duration of 
SZT of 17 h. The microstructure manifests uniform distribution of carbides throughout the matrix in both cases. 

The matrix is composed of the martensite, blue/dark colored and the γR (brown-colored) whereas it is clearly 

shown that the amount of γR is much lower in SZT specimen. The maximal size of regularly shaped carbides 
is roughly around 3 µm but dominant part of particles has a size around 1 µm or less. Also, here is clearly 
shown that the SZT makes the carbides finer and their number enhanced, compared to conventionally 
quenched specimen.  

SEM micrographs (Fig. 2 ) clearly delineate the differences in amounts of carbides of differently SZT 
specimens. The material contains eutectic carbides (ECs), secondary carbides (SCs) and small globular 
carbides (SGCs). The etching technique, coupled with combined detection regime of backscattered and 
secondary electrons makes clear difference between ECs and other carbides, due to difference in 
backscattered electron yield. Hence, the ECs appear dark because they contain higher amount of lower atomic 
vanadium and carbon while others particles (e.g. SCs and SGCs) appear bright since they contain less carbon 
and more iron and chromium, respectively.  
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Fig. 1  Light micrographs showing the microstructure of the Vanadis 6 ledeburitic steel: a - after conventional 
quenching, b - after sub-zero treatment with duration of 17 h 

 
Fig. 2  Representative SEM micrographs showing the microstructure of the Vanadis 6 ledeburitic steel:  

a - after conventional quenching, b - after sub-zero treatment with duration of 17 h 

The amounts of both the eutectic carbides (ECs) and the secondary carbides (SCs) are almost invariable for 
differently heat treated specimens, Table 1 . This finding is consistent with logical postulate that the amount, 
size and distribution of ECs can be modified only using the liquid-phase treatment, by variations of solidification 
conditions and, that the amount of SCs should be constant when identical austenitizing conditions (temperature 
and time) are used for treatments.  

It is shown in Table 1  that the application of sub-zero treatment (-196 °C/17 h) led to reduction in the amount 
of retained austenite to the values close to the detection limit of X-ray diffraction. This is in relatively good 
agreement with literature data reported recently [3, 12] for sub-zero processed AISI D2 and X220 CrMoV 13-

4 steel, respectively, where it is reported that the amount of the γR lies around 2% after long-time SZT. 

Table 1 Quantitative microstructural parameters of the Vanadis 6 steel after conventional quenching and SZT 

Sub-zero 
treatment [h] 

Population density [1000/mm2] Amount of retained 
austenite [vol.%] 

ECs SCs SGCs 

- 79.9 ± 2.3 30.8 ± 1.5 25.5 ± 1.7 20.2 ± 1.6 

17 85.0 ± 3.1 28.8 ± 1.0 72.4 ± 2.4 2.1 ± 0.5 

TEM micrographs, Figs. 3, 4  clearly delineate differences in sub-structure of the material processed by 
conventional quenching and that of sub-zero treated. The matrix of conventionally quenched specimen 

consists of relatively coarser martensite and larger islands of γR while that of SZT sample clearly exhibits 

a b 

a 

ECs 

SCs 

SGCs 

b 

ECsSCs 
SGCs
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indications of refinement of martensitic domains and, also significantly reduced amount of retained austenite. 
The formations of retained austenite are located mainly at the interfaces between the martensitic domains. 

 

Fig. 3  Microstructure of the material after: a) conventional quenching, bright field image, b) the same place, 
dark field image with the diffraction patterns of retained austenite 

 

Fig. 4  Microstructure of the material after: a) SZT for 17 h, bright field image, b) the same place, dark field 
image with the diffraction patterns of retained austenite 

Refinement of martensite produced by the SZT has been reported recently [7, 12]. However, the principal 
explanation of it absents up to now and it was only hypothesised that mentioned refinement of martensite can 
be referred to the fact that at least a part of martensitic transformation takes a place at constant temperature -
196 °C and, exhibits indications of time-dependency. The formation of martensitic domains would be controlled 
by plastic deformation of supercooled austenite (albeit very slow) and by carbon clustering by moving 
dislocations, as suggested in [11]. Hence, the size of martensitic domains may be smaller due to strong thermal 

limitations in the kinetics of isothermal γ to α´ transformation. The population density of SGCs was found to be 
higher for SZT material, which is in line with the most relevant studies made by Das et al. [3, 4]. In these papers 
it was demonstrated that the amount of these particles increases with decreasing the lowest treatment 
temperature and also, with prolonging the duration of SZT, up to the maximum at 36 h. The interpretation of 
obtained experimental data, however, seems to be misleading. The mechanism associated with modification 
of number and interparticle spacing of SGCs was hypothesised as follows [4]: Cooling of the steel to sub-zero 
temperature results in more complete γ to α  ́ transformation. This transformation is associated with 
development of internal stresses that are higher in SZT than what is achieved in classical quenching. Different 
thermal contraction of austenite and that of martensite also contributes to the development of internal stresses. 
As a result, higher density of lattice defects is generated in martensite formed during SZT and, the 
supersaturation of martensite is higher, also. These phenomena increase thermodynamic instability of 

b a 

b a 
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martensite, which results in segregation of carbon atoms to nearby crystal defects forming clusters. These 
clusters can either act as or grow into nuclei for the precipitation of carbides during subsequent tempering 
treatment. Enhanced amount and population density of small globular carbides is, according this hypothesis, 
explained by accelerated precipitation due to SZT. Other theory, which was adopted by the group of 
investigators Amini et al. [5, 10] have claimed that the austenite and the martensite endure high degree of 
contraction when cooled down from the austenitizing temperature and that the contraction is greater in sub-
zero treatment. The carbon atoms cannot be stable at their places in deformed martensitic lattice and they are 
forced to jump to neighbour dislocation acting as preferential sites for further carbide precipitation during 
tempering.  

However, these theories are at variance with obtained results reported in [11, 12]. It is claimed here that carbon 
atoms are immobile below a temperature of about -50 °C, hence, the probability of their jumping or segregation 
to nearby crystal defects is unlikely. The only possibility to form carbon clusters is thus their caption by moving 
dislocations, as a consequence of plastic deformation of freshly formed martensite during the isothermal hold 
at the cryotemperature. Another question is whether the SGCs can precipitate at low temperatures or, in 
particular, during SZT. As found for instance in [1, 11], intermediate precipitates of ε-carbides (or η-carbides) 
formed at low temperatures (up to 200 °C) are needle-like particles with a length of several tens of nm and 
much smaller width. On the other hand, the SGCs are much coarser and hence, it is unlikely to be formed by 
classical precipitation. Hence, the formation of SGCs must be associated with another phenomenon. One can, 
for instance, suggest the following hypothesis:  

i) Martensitic transformation is associated with approx. 4.3% volume expansion, which causes a 
development of internal stresses in the steel. Formation of internal stresses is further promoted by 
differences in thermal expansion coefficient of the martensite and that of the austenite. One can expect 
that these stresses increase with more completed martensitic transformation, e.g. due to SZT. Due to 
extensive stress situation, the material is forced to relief these stresses. 

ii) The Vanadis 6 steel has a specific density of 7610 kg/m3 when quenched and tempered to secondary 
hardness of 60 HRC [13]. In this context it should be noticed that the tempered martensite is in much 
weaker stress situation than that after quenching/SZT and, expectedly, it has higher specific density. 
One can thus expect that no-tempered martensite would have lower specific density, approx. 7400 - 
7500 kg/m3. Other major phases that are present in the material after sub-zero treatment are the 
carbides, namely MC and M7C3. The specific density of MC-carbide and M7C3-carbide was reported to 
be 5607 - 5640 and 6920 kg/m3, respectively [14, 15].  

iii) Small globular carbides were identified as alloyed orthorhombic cementite [7]. The cementite has similar 
specific density (e.g. 7.62 g·cm-3 [16]) as the martensite. 

The consideration implies that during the SZT, the phase with the highest possible specific density (cementite) 
is formed, which can be associated with the effort of the material to lower the internal stresses. Fig. 5 shows 
tempering charts of conventionally quenched samples and SZT ones. The hardness of no tempered material 
is higher when sub-zero treated, which can be referred to almost complete removal of retained austenite and 
to the presence of enhanced population density of SGCs. In both types of samples, tempering at low 
temperatures induces decrease in hardness whereas the hardness of SZT steel is higher than that of 
conventionally quenched one, by 50 - 100 HV10. As clearly evident, SZT material has lost the secondary 
maximum peak while conventionally quenched steel manifests this maximum when tempered at a temperature 
of 530 °C. This can be referred to different phase constitution of the samples before tempering, e.g. the SZT 
material contains much less retained austenite and much more small globular carbides. The latest is 
associated with depletion of martensite, thus, lower contribution of carbides precipitation gives, apart from 

negligible effect of the transformation of the γR to the martensite, the principal explanation of the absence of 
secondary hardening peak in sub-zero treated material. 
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Fig. 5  Tempering charts of conventionally quenched and SZT (17 h) Vanadis 6 steel 

 

Fig. 6  Variations of carbide amounts in differently heat treated Vanadis 6 steel 

Fig. 6  shows the variations in amounts of carbides as a result of sub-zero treatment and tempering. There are 
not significant differences in amounts of ECs and SCs in differently heat treated specimens. On the contrary, 
there is a considerable increase in the amount of SGCs due to sub-zero treatment. As a result of tempering, 
the amount of SGCs changes in very limited extent in conventionally quenched specimens while that in SZT 
samples manifests a clear decreasing tendency with increasing the tempering temperature. The following 
consideration can be made with this respect: It is known that tempering induces decomposition of martensite, 
transformation of retained austenite and, as a result, changes in hardness of the steel, Fig. 5 . Apart from these 
changes, also the reduction of internal stresses introduced during quenching and SZT takes place. As 
abovementioned, there is a hypothesis that it is an extensive stress situation being responsible for the 
formation of SGCs in sub-zero treatment. The finding that the amount of SGCs decreases with increasing the 
tempering temperature assists to support this hypothesis. In other words, it seems that reduction of internal 
stresses, due to tempering, induces dissolution of certain amount of SGCs.  

4. CONCUSIONS 

The obtained results allow make the following major conclusions: 
1)  The material consists of matrix, composed of the martensite and retained austenite, and carbides, 

namely eutectic, secondary and small globular carbides, irrespective to the heat treatment applied. 
2)  Sub-zero treatment refines the martensite, reduces the amount of retained austenite and increases the 

population density of small globular carbides. 
3)  Tempering of sub-zero treatment induces a decrease in hardness and loss of secondary hardening 

peak. The hardness of SZT material is higher than that of conventionally treated steel but it is lower in 
high temperature tempering range. 
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4)  The presence of SGCs in sub-zero treated material is not as a result of “acceleration of precipitation 
rate” but probably originates from enhanced stresses due to the SZT 
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Abstract  

The wear resistance of the material and the wear mechanism are considered as the most important properties 
of tool materials. Changes in microstructures of tool materials may also results in the wear mechanism 
changes. Therefore, the aim of this study was to determine the relationship between microstructure and wear 
resistance of the hypereutectoid steel. Material used in investigations was 90CrV6 hypereutectoid steel. The 
material was heat treated on the basis of CCT diagram. After heat treatment the tribological tests were 
performed by the use of T-05 tribological test machine. Metallographic analysis of the microstructure and 
microanalysis of the wear surface for each samples after tribological test were performed. Analysis of the 
material microstructure and wear mechanism allowed to define the relationship between the microstructure 
and wear resistance of the samples. For samples with perlitic matrix the friction coefficient increased 
simultaneously with their hardness. Increase of the bainite volume fraction results in the decrease of average 
friction coefficient. The average friction coefficient changes were related with different wear mechanism for the 
bainitic microstructure. The wear area of samples with bainitic microstructure the microridging mechanism was 
observed. For the martensitic microstructure the wear was the biggest. The decrease of the wear resistance 
was probably related with the spalling of martensite.  

Keywords: Sliding wear, wear mechanism, microstructure, phase transformation, tool materials 

1. INTRODUCTION 

Impact of tool material microstructure on the mechanical properties of finished items is directly related with the 
kinetics of phase transformations. The microstructural changes during production and work of the material 
could dramatically effect on their properties [1-4,9]. Material wear resistance is one of the most important 
parameter for tool material applications. In the most of cases the wear is the main cause of the material damage 
[5,6]. The microstructure of the subsurface layer is directly related with the material wear resistance. The phase 
compositions, hard precipitations at the grain boundaries, and phase transformations significantly effect on 
material tribological properties. The influence of retained austenite destabilization and the white layer 
formations on tribological properties of the material have been investigated in work [7]. The destabilization of 
retained austenite increase a friction coefficient and caused surface brittle fracture. White layer formation 
changes the wear mechanism in the friction zone. Great hardness of white layer decreases friction coefficient, 
but its fragility and spalling from material surface dramatically increases material wear. It has been confirmed 
that the hard precipitations in subsurface layer decreases material fracture toughness [8].  

Therefore tribological properties are very important matter which should be taken in to account in the material 
design. Hence the aim of this study was to determine the correlation between the the relationship between 
microstructure and wear resistance of the 90CrV6 hypereutectoid steel. 
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2. MATERIAL FOR INVESTIGATION 

Material for investigation was 90CrV6 hypereutectoid tool steel. The chemical composition of investigated steel 
is presented in Table 1 . The microstructure of investigated steel consist of perlitic matrix with spheroidal 
secondary cementite precipitations. Rectangular samples with dimensions 4x4x20 mm were heat treated on 
the basis of CCT diagram (Fig. 1 ). They were austenized at 850 ºC for 20 min and cooled with the rate of: 1 - 
0.076 ºC/s; 2 - 0.24 ºC/s; 3 - 0.83 ºC/s; 4 - 2.17 ºC/s; 5 - 6.5 ºC/s; 6 - 21.4 ºC/s. Microstructural analysis was 
performed by the use of light microscope. The cross sections were etched with 2% nital. The hardness 
measurements were performed by the use of HPO-250 hardness tester with the 294 N load (HV30). 
Tribological tests were performed by the use of T-05 tribological tester, equipped with block on roll friction 
couple. The load during the test was 100 N and time 2000 s. Tests were performed without the lubrication in 
the room temperature. The counter sample was 100CrV6 steel heat treated on the hardness approximately 
57HRC. During the test the continuous measurements of friction force and attrition depth has been performed. 
The friction zone was observed by the use of light microscope. 

Table 1 Chemical composition of 90CrV6 steel (% mass)  

C 
Mn Si P S Cr Mo V Ni 

0.87 
0.28 0.28 0.00

6 
0.01

2 
1.45 0.08 0.10 0.28 

Fig. 1 CCT diagram of 90CrV6 steel [7] 

3. RESULTS AND DISCUSSION 

3.1. Microstructure of the samples after heat treat ment 

The changes in cooling rate effect on the samples microstructures (Fig. 2 ). For sample number 1 the 
microstructure was coarse perlite with the spheroidal precipitations of secondary cementite (Fig. 2a ). Increase 
of the cooling rate resulted in the decrease of interplane distance in perlite (Fig. 2b-d ). Further increase in 
cooling rate resulted in the bainite formation. Sample 4 was characterized by the perlitic microstructure with 
the secondary cementite precipitations and small amount of upper bainite (Fig. 2d ). Upper bainite was 
dominated microstructure of the sample for 6.5 ºC/s cooling rate (Fig. 3e ). Also in the microstructure the 
secondary cementite precipitations and perlitic regions have been observed. For the cooling rate of 21.4 ºC/s 
the sample matrix was martensite with secondary cementite precipitations (Fig. 3f ). The hardness of the 
samples is presented in Table 2.  
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Table 2 Samples hardness after cooling   

Lp 1 2 3 4 5 6 

Cooling rate 
[ºC/s] 0.076 0.24 0.83 2.17 6.5 21.4 

HV 30 255±6 284±3 316±2 370±7 403±3 875±27 

a) cooling rate 0.076 ºC/s b) cooling rate 0.24 ºC/s c) cooling rate 0.83 ºC/s 

   

d) cooling rate 2.17 ºC/s  e) cooling rate 6.5 ºC/s  f) cooling rate 21.4 ºC/s 

   

Fig. 2 Microstructures of the 90CrV6 steel after heat treatment 

3.2. Analysis of wear mechanism 

Images of the friction zone are presented in Fig. 3. Additionally the observation of the cross-sections 
perpendiculary to the friction plane has been performed. In wear area of perliic samples the sliding wear has 
dominated. Brittle fracture observed on the wear area was probably caused by the white layer formation 
(Fig. 3a-d ). White layer creation was also observed on the cross-sections of perlitic samples (Fig. 4c, d ). The 
surface develops after the tribological test decreases with the increase of the samples hardness. Plastic 
deformation of the subsurface layer, caused by the friction, was observed for all samples with perlitic matrix 
(Fig. 4a-d ).  

Different wear mechanism was observed for the bainitic and martensitic samples. Microridging was the main 
mechanism for the bainite microstructure (Fig. 3e ). The wear area of the sample with martensitic 
microstructure was characterized by the adhesion wear (Fig. 3f ). The white layer formation and plastic 
deformation of the subsurface area have not been observed for the samples with baintite and martensite 
microstructures (Fig. 4e, f ). The baintiic microstructure reveals the biggest resistance for the adhesive wear. 

 

 

a) b) c) 
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d) e) f) 

   

Fig. 3  The image of the wear surface of the samples cooled with the cooling rate of: a) 0.076 ºC/s; b) 0.24 
ºC/s; c) 0.83 ºC/s; d) 2.17 ºC/s; e) 6.5 ºC/s; f) 21.4 ºC/s 

a) b) c) 

   
d) e) f) 

   

Fig. 4  Microstructure of the samples in cross section cooled with the cooling rate of: a) 0.076 ºC/s; b) 0.24 
ºC/s; c) 0.83 ºC/s; d) 2.17 ºC/s; e) 6.5 ºC/s; f) 21.4 ºC/s 

3.3  Analysis of the friction coefficient, mass los t, and hardness of the samples 

Relationship between friction coefficient and the samples hardness was presented in Fig. 5 . Perlite 
microstructure was characterized by the simultaneity increase of the friction coefficient and hardness (Fig. 5a). 
The mass loss also decreases with the increase of hardness. Correlation between the friction coefficient and 
the mass loss confirmed the pervious state (Fig. 6a ). Relationship between the friction coefficient and the 
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mass loss for the samples 4, 5 and 6 allow to state that the friction coefficient of baintie is the lowest (Fig. 5b ). 
The friction coefficient value is related with change of wear mechanism to micrordging, there was not three 
body contacts. The biggest friction coefficient was observed for the martensite microstructure, it is caused 
probably by the spalling of martensite, caused by the structural stresses and adhesive joints creation. The 
diagram of the friction coefficient and mass loss dependence (Fig. 6b ) shows that for the martensite 
microstructure the mass loss is the biggest. 

 
a) b) 

  

Fig. 5  The correlations between hardness and friction coefficient:  
a) samples with perlitic matrix, b) samples with bainite and martensite in the microstructure 

a) b) 

  

Fig. 6  The correlations between friction coefficient and mass loss:  
a) samples with perlitic matrix, b) samples with bainite and martensite in the microstructure 

4. CONCLUSION 

Refinement of perlite microstructure, results in increase of material hardness, which effect on wear resistance 
increase. Simultaneously with increase of perlitic samples hardness increases the friction coefficient. Phase 
transformations influence on the wear mechanism changes. Martensite microstructure was characterized by 
adhesive mechanism of wear. Bainite microstructure has the biggest wear resistance caused by microridging 
. Resistance for adhesive joints creation resulted in the smallest mass loss of baintic sample.  
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Abstract   

Subject of this article are the results of gradient tubes analysis (material of the shell: 347H, material of the 
body: 11CrMo9-10) based on Amec Foster Wheele specifications requirement. The aim of the analysis was 
the determination of mechanical and technological properties of gradient tubes in order to install the gradient 
tubes in a commercial boiler. The NDT, outer shell thickness measurement, chemical analysis, tensile testing 
at 20°C and at elevated temperatures, flattening test, leak tightness test and metallographic examination of 
longitudinal and cross sections were used to prove the quality of gradient tubes. For this contribution, the 
gradient tubes (38mm outer diameter, 5mm wall thickness which austenitic shell is ~ 0,8mm thick) made by 
BENTELER were used. 

The work was done within the project GRAMAT supported by EU Research Fund for Coal and steel 
(www.gramat.org). The projects main aim is to acquire knowledge necessary to develop new cost-effective 
manufacturing technology of boiler tubes made from semi products with through thickness gradient chemical 
composition, tailored to carry both creep loading (low alloyed body) and fireside corrosion (high alloyed shell). 
Gradient tubes for the project are manufacturing in production facilities in BENTELER - Germany and 
PODBREZOVA IRONWORKS - Slovak Republic from semi products manufactured by unique casting 
technique (ŽDAS - Czech Republic); and to be tested by Amec Foster Wheeler - Finland in selected biomass 
boiler.   

Keywords: Gradient tubes, alternative fuel-power, mechanical properties 

1. INTRODUCTION 

Today, biomass and renewable feedstock more generally are foreseen as one of the most promising energy 
sources to mitigate green-house gas emissions. However, this is also determined by constant increase of 
power plant production efficiency which, of course, requires development of materials capable to withstand 
higher steam parameters in high corrosion environment.  

All recent material solutions for boilers (co)burning “alternative feedstock” have been withdrawn from the 
applications successfully utilised in “classical” mainly coal powered power plants. Consequently, the 
applications of these material solutions in renewable feedstock boilers do not fully take advantage of their 
properties. For example, from viewpoint of applied pressure and temperature it is possible to use conventional 
creep resistant materials based on 0.5 - 2.25 wt. % Cr successfully utilised in modern coal-fired power plants. 
However, due to specific feedstock properties and related high temperature fire side corrosion issues, the 
application of low alloyed steels is very limited. High temperature corrosion has been reported at temperature 
close to 500 °C and higher while in environments at temperature ranges from 300 °C to 450 °C it is decreased. 
As a consequence, alternative fuel-fired boilers are working with tube wall temperatures that do not exceed 
500 °C. Therefore, alternative fuel-power generator installations in current state are not able to employ same 
temperatures and pressures as modern USC (ultrasupercritical) coal power plants. In comparison to coal 
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power generator parameters (10 - 30 MPa and 62 0°C), standard parameters of steam produced in boilers 
combusting mix of pulp chips and 6 % of plastics reach 6 MPa / 480 °C.  

On the other hand, renewable power generation industry represents a very specific field requiring unique 
(currently missing) tailored solutions. Driving force for increasing steam parameters is also very high. Higher 
steam parameters increase net efficiency and lead to higher electricity production per tonne of burned material 
and corresponding better usage of energy contained in the biomass. It was calculated that increase of steam 
pressure from 4 to 5 MPa result in an additional annual income in amount of approx. 250 kEuro in a 19 MW 
power plant. The gradient tubes represent the most promising solution to fulfil these requirements, provided 
that a new production technology based on existing production facilities is developed. The challenge is to 
bridge the gap between gradient tubes advantages and cost-affectivity necessary for their wide use. Expected 
impacts: increased renewable power energy installations steam parameters leading to decrease of pollutant 
emission; shift of renewable power generation plant efficiency towards efficiency of conventional fuels 
combustion processes; saving resources of strategic materials as nickel; increase of cost-affectivity of 
renewable power generation leading to wider use of alternative fuels for energy production.  

The issues related to gradient tubes production are still matter of research. However, the successful rolling 
trials gradient tubes brought about enough testing materials. 

2. EXPERIMENTAL PROGRAM 

Twelve meters of seamless hot - rolled gradient tubes of ø38mm and 5mm in thickness, made of  material No. 
1.7383 (body-11CrMo9-10)1.4912 (shell_347H/ X7CrNiNb18-10) were used for experimental analysis. The 
tubes were delivered in quenched and tempered condition in accordance with EN 10216-2 for no. 1.7383 
(11CrMo9-10). The dimensional accuracy and straightness are in accordance with EN 10216-5:2013 and EN 
10216-2:2002. Gradient tubes were rolled in existing facilities (BENTELER) from semi product manufactured 
by unique casting technique (ŽDAS, Inc.). Table 1 and Table 2 show the chemical composition of both 
materials (product analysis/ cast analysis). Permissible deviations of the product analysis from specified limits 
on cast analysis are in accordance with EN 10216-5 (8.2.2) and EN 10216-2 (8.2.2). The Table 3 shows testing 
methods and relevant standards for analysis of gradient tubes. 

Table 1  Chemical composition - 347H (wt. %) - shell of tube (~ 0,8mm) 

 C Si Mn P max. S max. Cr Ni  Nb  N 

Standard 
ASTM SA182 

Grade 
A182F347H 

0.04 
- 

0.10 

≤ 
1.00 

≤ 
2.00 0.040 0.015 

17.00 
- 

19.00 

9.00 
- 

12.00 
8xC 1,20 

≤ 
0.1100 

Cast analysis 0.06 0.47 1.47 0.022 0.007 17.95 11.20 0.57 0.0118 

Product 
analysis 0.074 0.43 1.56 0.025 <0.002 17.4 11.5 0.58 - 

Table 2  Chemical composition - 11CrMo9-10 (wt. %) - body of tube 

 C Si Mn P max. S max. Cr Mo Ni  Al  

Standard 
ASTM SA182 

Grade 
A182F347H 

0.08 
- 

015 

≤ 
0.50 

0.40 
- 

0.80 
0.025 0.020 

2.00 
- 

2.50 

0.90 
- 

1.10 

≤ 
0.30 

≤ 
0.40 

Cast 
analysis 010 0.21 0.59 0.007 0.001 2.25 0.96 0.20 0.006 

Product 
analysis 0.106 0.22 0.63 0.010 <0.002 2.29 0.83 0.21 0.006 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

593 

Table 3  Methodology of experiments of gradient tubes 

Type of testing method Standards 

NDT for the detection of longitudinal and 
transverse imperfections 

EN ISO 10893-10 to acceptance level U2, sub-category C 

Manual NDT for detection of diffusion joint EN ISO 17635, EN ISO 11666, EN ISO 17640, 

Chemical analysis Laboratory equipment: ARL 4460, LECO TC 600Laboratory 
equipment: ARL 4460 

C, S - LECO CS 244; STN EN 24935 

Mo, Si - PE ICP 5500 System;  MS08-LAB-2008, P - SPEKOL 11, 
STN EN 10184 

Mn, Cr, Ni - PE ICP 5500 System;  EN ISO 10700, STN EN 10188, 
STN EN 10136, STN EN 24943 

Tensile test at room temperature* STN EN ISO 6892-1:2010 

Tensile test at elevated temperature (450°C)* STN EN ISO 6892-1:2010; STN EN ISO 6892-2:2011 

Flattening test* EN ISO 8492:2014 

Impact toughness EN ISO 148-1 

Leak tightness tests EN 10216-2, EN 10216-5 

Metallographic analysis Microstructure analysis: 

STN EN ISO 17639:2014 (replaced: STN EN 1321) 

Grain size measurement: ASTM E-112 
*The results obtained are mean value out of three tests 

3. RESULTS AND DISCUSSION 

3.1.  Non-destructive testing  

Gradient tubes of test category 2 were subjected to an ultrasonic testing (UT) and Eddy Current Testing (EC) 
for the detection of longitudinal and transverse imperfections, in according with EN ISO 10893-10 to 
acceptance level U2, sub-category C. By NDT testing (ultrasonic and eddy current) of test specimens no.2 to 
no.3, the longitudinal and transverse cracks were detected. Longitudinal cracks only were observed along the 
length of the test specimen no.4 (tube Noo.4) [1]. Although several imperfections have been made, the vast 
majority of selected tubes were free of defects. 

Manual NDT testing (ultrasonic pulse reflection method) was performed on tube no.4. The aim of this testing 
was to identify diffusion joint between the materials.  For the purpose of the NDT testing the Panametrics 
Epoch IV Ultrasonic Flaw Detector with the single element and double element perpendicular probe 
transducers of diameter ø10mm and ø24mm at 2 and 4MHz was used. The diffusion joint was detected all 
along the tested tubes; however some local flaws were detected one section [1].  

The leak tightness tests were carried out in accordance with EN 10216-2, EN 10216-5. The leak-tightness was 
confirmed on each tube [1]. 

3.2.  Tensile test at room temperature and at 450 ° C 

The tests were carried out at room temperature in accordance with STN EN ISO 6892-1:2010 and at the 
temperature of 450 °C in accordance with STN EN ISO 6892-1:2010, STN EN ISO 6892-2:2011. The 
mechanical properties of the gradient tubes are in accordance with the standard requirements (Table 4, 
Fig. 1 ). Extraction of the test specimen for impact test is not according to EN ISO 148-1 [1]. 
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Table 4 Mechanical properties of gradient tubes 

Steel name Steel 
number 

Tensile properties at room 
temperature 

Tensile properties 
at the temperature 
of 450 °C 

Minimum average 
absorbed energy 
at the 20 °C 

  Rp0,2  
[MPa] 

Rm 

[MPa] 
Amin* 
[%] 

Rp0,2  
[MPa] 

KV  
[J] 

T<16 I t  I t 

11CrMo9-10 1.7383 355 540-680 20 18 257 40 27 

X7CrNiNb18-10 1.4912 205 510-710 40 30 - 100 60 

Gradient sample   491 648 61 - 443 89 - 
*I = longitudinal, t = transverse 

3.3. Technological properties of gradient tubes  

The flattening tests were carried out in accordance with STN EN ISO8492:2014. The cracks were observed 
on two samples [1].  

3.4. Metallographic analysis 

Microstructure analysis 
has been performed by 
optical microscope 
OLYMPUS 51GX. 
Longitudinal and cross 
sections have been 
prepared. Specimens 
were grinded, polished 
and etched. Plastically 
deformed austenitic 
microstructure of the outer 
shell (X7CrNiNb18-10) 
was observed by means 
of metallographic 
examination of 
longitudinal and cross 
section; grain size 8 of 
recrystallized grain 
according to ASTM E-112. 
Three distinct layers 
within the shell were 
observed. Layer close to 
the outer surface of the 
shell and close to the 
interface show continuous 
network of carbide phase 
on grain boundaries, see 
Fig. 2b,c . Microstructure 
of inner body of the tube (11CrMo9-10) consists of ferrite and bainite with the grain size 8 and finer according 
to ASTM E-112 (Fig. 2e ). Along the austenite - ferrite interface the decarburization (average 297μm in depth) 

 

a) sample after tensile test at room temperature 

 

b) sample after tensile test at elevated temperature (450°C) 

Fig. 1 Samples after tensile test 
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of 11CrMo9-10 steel was observed (Fig. 2f ). By means of EDX analysis, the oxides, silicates and aluminates 
were identified along the austenite-ferrite interface [1].   

  

a) microstructure of X7CrNiNb18-10 steel -               
longitudinal section 

b) microstructure of X7CrNiNb18-10 steel - longitudinal 
section - close to austenite-ferrite interface 

  
c) microstructure of X7CrNiNb18-10 steel -               

longitudinal section - close to outer surface of the shell 
d) microstructure of X7CrNiNb18-10 steel - longitudinal 

section - mid-thickness of the shell 

  
e) microstructure of 11CrNi9-10 steel longitudinal section 

- mid-thickness of the shell 
f) microstructure of 11CrNi9-10 steel longitudinal section 

- mid-thickness of the shell 

Fig. 2 Metallographic analysis of gradient tube 
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4. CONCLUSION     

According to investigation of both materials we can conclude that: 

• The produced gradient tube is suitable for the on-site long term experiments.  

• The chemical composition, mechanical properties and technological properties of the materials of 
gradient tube produced at the BENTELER are in accordance with relevant standards EN 10216-5 and 
EN 10216-2, in the tested tubes.  

• Tough, at many locations the tube contained surface defects and cracks at the shell-body interface. 
These parts of the tube cannot be used in boiler applications. Therefore, the manufacturing process 
needs more optimization for the next generation gradient tube to obtain better and more reliable tube 
quality. 

• The relatively thick decarburization - sensitization layer at the shell-body interface has been produced 
during rolling or more likely the heat treatment. In this layer the material doesn’t meet the required 
properties and has to be discarded in the thickness used for lifetime estimations; strength calculations 
(body) and high temperature corrosion resistance (shell). Therefore, to increase the lifetime of the tube 
the heat treatment of the material will be refined for the next generation material. Large residuals can 
act as fatigue crack initiation sites at the interface or lead to local delamination of the shell material. 
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Abstract  

The hereby work presents the influence of an additional annealing prior to heat treatment on the final properties 
of investigated steel. Often companies despite softened conditions of ordered materials are performing further 
annealing. In many cases it is just a waste of energy and money because there is already an adequate 
condition to perform heat treatment. In present study two widely used 100Cr6 and 145CrV6 steels were 
selected. Two sets of samples were prepared first in the delivered state and second after additional annealing 
carried out in the laboratory furnace. For each steels a typical heat treatment simulation was performed on the 
Linseis L78 R.I.T.A. (Rapid Intensive Thermal Analysis) dilatometer. Critical temperatures and thermal 
expansion coefficient were determined and compared. The microstructures for each set of samples before and 
after heat treatment were compared. Obtained results determined the suitability of the additional soft annealing 
process. 

Keywords:  Steel, dilatometric investigations, annealing, heat treatment, thermal expansion coefficient. 

1. INTRODUCTION 

There is a continuing research for new tool materials with high wear resistance at high temperatures [1,2] 
however conventional tool steels are still commonly used. Heat treatment of tool steels whether it is for hot or 
cold work consists of several stages [3-8]. Most often the steels have a high hardenability, so they are 
quenched in oil or in air. After quenching tool steels are tempered. Depending on the working conditions and 
the chemical composition the tempering temperatures are very different [9-14]. 

The initial state of the steel before hardening often has a major impact on the austenitizing process and final 
properties of the heat treated elements. Pre-heat treatment in the sense of annealing is a vital step before 
plastic working or heat treatment and it has significant effect on the microstructure and mechanical properties. 
A reasonable pre-heat treatment is quite important which could improve the manufacture efficiency and product 
properties. However, the pre-heat treatment usually costs a significant amount of time and energy [11,12,15-
17].  

In the tool steels annealing is carried out in order to receive more finer and homogeneous distribution of 
cementite particles. Inadequate as well as poorly performed annealing process can affect the final dimensions 
and decrease properties of heat-treated tools. The aim of this study was to investigate the influence of 
microstructure after annealing on the critical points, the dimensions changes of elements after heat treatment, 
and changes of thermal expansion coefficient. 

2. TESTED MATERIAL AND RESULTS 

In hereby work two widely used steels were selected 100Cr6 and 145CrV6. Two sets of samples were 
prepared: first in the as-delivered condition (AsD) and second after additional annealing (AA). Additional 
annealing consists of soaking the material in the furnace at 820 °C for 4 hours. After soaking the material was 
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cooled with the furnace. The Fig. 1  contains images of the microstructure of 100Cr6 steel in two mentioned 
earlier conditions and Fig. 2  of the 145CrV6 steel. 

a) b) 

  
c) d) 

  

Fig. 1  SEM and light microscopy images of the 100Cr6 steel microstructure a,b) in as-delivered condition 
(AsD) and c,d) after additional annealing (AA), etched 2 % nital 

It was found that in the case of 100Cr6 steel differences in the microstructure have occurred. In the 
microstructure of AsD sample numerous pearlite colonies were observed in which the carbides have not 
coagulated. At the grain boundaries a hypereutectoid cementite can be seen. Comparing the AsD state to 
additional annealing AA significant changes can be seen in the microstructure. Nearly the whole cementite in 
pearlite has coagulated. This microstructure is better for mechanical processing, and the tools wear would be 
decreased.  

In the case of 145CrV6 steel in the microstructure of the sample in AsD condition small amount of partially 
coagulated perlite remained. Additional annealing resulted in the complete coagulation of cementite in these 
perlite areas. Any other significant changes in the microstructure where not found. Based on these results it 
seems that the additional annealing may be unnecessary for these steel, see Fig. 2 . 

The hardness measurements 0.3 HV for each sample were performed by the Tukon 2500 hardness tester. 
The hardness of 100Cr6 steel in AsD condition is 302±17 and for AA is 212±7, while hardness of 145CrV6 
steel in AsD is 247±6 and for AA sample is 217±7. Occurred differences in samples hardness can reflect in 
the wear of the tools especially for 100Cr6 steel. 

 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

599 

a) b) 

  
c) d) 

  

Fig. 2  SEM and light microscopy images of the 145CrV6 steel microstructure a,b) in as-delivered condition 
(AsD) and c,d) after additional annealing (AA), etched 2 % nital 

In order to investigate the effect of the pre-heat treated microstructure on the hardening and tempering process 
firstly the critical point for each state was examined. In these studies a high resolution dilatometer LS78 RITA 
was used. Fig. 3  shows dilatograms of heating with the rate of 30 °C/s, together with corresponding derivative 
curve. The Fig. 4 contains thermal expansion coefficient changes vs. temperature for each steel. 

a) b) 

  

Fig. 3  Dilatograms (ΔL) of heating with the rate of 300 °C/s, together with a derivative curve (ΔL/ΔT) for a) 
100Cr6 and b) 145CrV6 steel 
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a) b) 

  

Fig. 4  Thermal expansion coefficient changes vs. temperature for a) 100Cr6 and b) 145CrV6 steel 

It can be seen that the differences in microstructure are reflected in the dilatations effects. The biggest 
difference occurs in the case of 100Cr6 steel. It was observed that the start of austenite formation is preceded 
by a shrinkage effect for the AsD sample. This effect occurred only in the case of this sample in temperature 
range of 400-700 °C. Most likely it is associated with coagulation of cementite and recrystallization. Despite 
the differences in the microstructure for each sample AA and AsD in each steel the critical points are similar 
and are as follows: for 100Cr6 Ac1s = 740 °C, Ac1s = 800 °C, Accm = 940 °C and for 145CrV6 Ac1s = 740 
°C, Ac1s = 800 °C, Accm = 1000 °C. 

As could be expected difference between thermal expansion coefficients for AsD and AA samples have 
occurred only in the in the case of 100Cr6 steel, in the temperature range of 400-700 °C. In other temperatures 
thermal expansion coefficient for each investigated steels in two conditions is almost identical. Based on these 
results it can be assumed that during austenitizing samples with different states a significant difference should 
not occur. Then, in the dilatometer a quenching and tempering test was carried out. Fig. 5  contains a cooling 
dilatogram of investigated steels with the cooling rate of 30 °C/s with marked Ms- temperature. Fig. 6  contains 
dilatogram of continuous heating of the samples after quenching with the rate of 0.5°C/s. 

a) b) 

Fig. 5  Dilatograms of cooling with the rate of 30 °C/s for a) 100Cr6 and b) 145CrV6 steel 
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a) b) 

  

Fig. 6  Dilatograms of heating (after quenching) with the rate of 0.5 °C/s together with corresponding 
a derivative curve for a) 100Cr6 and b) 145CrV6 steel 

On each cooling curve, there is one positive dilatation effect related with martensitic transformation. There is 
a small incompatibility in Ms-temperatures for AA and AsD samples but that should not affect the final 
properties of investigated steel. This is confirmed by the tempering test. After overlapping the dilatations and 
derivative curves dilatometric effects can be found to be exactly the same. The first negative effect is related 
to the precipitation of iron transition carbides. The second negative dilatation effect is related to the precipitation 
of cementite. Dominant of approximately 300 °C temperature positive effect is related to transformation of 
retained austenite. It has been found that the temperature ranges and dilatation effect of the individual phase 
transformations are similar. Based on the results it can be concluded that the additional annealing does not 
significantly affect the quenching and tempering process. However, to resign from the additional annealing 
mechanical and tribological properties should be determined as well as microstructural analysis after heat 
treatment. 

3. CONCLUSION 

The greatest differences in the microstructure occur in the case of 100Cr6 steel. In the AsD conditions we can 
see numerous pearlite colonies in which carbides have not coagulated. Additional annealing significantly 
changed the microstructure nearly the whole cementite in pearlite has coagulated. 

The start of austenite formation in 100Cr6 steel in AsD sample is preceded by a negative dilatation effect. This 
dilatation effect occurred only in the case of this steel in temperature range of 400-700 °C. Most likely it is 
associated with coagulation cementite and recrystallization. 

The hardness of 100Cr6 steel in AsD condition is 302±17 0.3 HV and for AA is 212±70.3 HV, while hardness 
of 145CrV6 steel in AsD is 247±6 0.3 HV and for AA sample is 217±7 0.3 HV. 

Despite the differences in the microstructure for each sample AA and AsD the critical points are similar and 
are as follows: for 100Cr6 Ac1s = 740 °C, Ac1s = 800 °C, Accm = 940 °C and for 145CrV6 Ac1s = 740 °C, Ac1s 
= 800 °C, Accm = 1000 °C. There is a small incompatibility in Ms-temperature for AA and AsD samples in each 
steel type. The temperature ranges and dilatation effects of the individual phase transformations during 
tempering are similar for AA and AsD condition in each steel type.  
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Abstract  

The by-pass station of steam turbines is a device, used to by-pass the steam from boiler to condenser by 
bypassing the turbine. It is especially used while starting operating conditions of the boiler, before putting the 
turbine-generator unit in service, or in the cases when the amount of stem produced in boiler is higher, then 
the amount of steam needed for operation of turbine and its accessories. In common operating mode the 
station is on stand-by and waiting in so called “thermal reserve”. The by-pass station is equipped with a 
reducer, which reduces the pressure to the stated range, and further with cooler reducing steam temperature 
before entering the water-cooled condenser. It can happened (during the breakdown of cooling media supply) 
that the temperature of flowing steam behind the cooler will rise steeply for a short time and thus the pipes 
behind the cooler will by thermally loaded. The aim of the submission is to show, if and possibly how the impact 
of these thermal cycles influences material properties of output pipe of the by-pass station made of creep 
resistance C-Mn steel P235GH. 

Keywords: Steam Turbine, P235GH Steel, By-pass Station, Material Properties, Gleeble 

1. INTRODUCTION 

Siemens Ltd belongs among the top world producers of steam and gas-steam turbines with the power up to 
250 MW. Delivery consists of the by-pass stations and pipes (Fig. 1 ) used for bypassing steam from boiler to 
the water-cooled condenser by bypassing the turbine [1]. 

By-pass is used especially while starting operating conditions of the boiler, before putting turbine-generator 
unit in service, during turbine-generator unit fault, or during operating conditions when the amount of steam 
produced in boiler is higher, then the amount of steam needed for operation of turbine and its accessories.  
During a normal steady operation the by-pass station is on stand-by mode however it must be in thermal 
reserve (steam piping leading to by-pass station and reducer are permanently heated up by the steam).  

The by-pass station consists of an overspeed valve, reducer and cooler made up of injectors, which are part 
of reducer output hub. Temperature 145 °C and pressure 1 bar are limiting values of flowing medium at the 
output from the by-pass station. These values are determined by construction of relating equipment, which is 
usually water-cooled condenser. 

To prevent pressure exceeding, condenser and low-pressure part of turbine are equipped with breakdown 
membrane fuse set for overpressure 1 bar (in case of air condensing for 0.49 bar). In the case of malfunction 
of injection device preventing exceeding temperature at reducer output it is necessary to protect condenser by 
immediate closing of steam input. Therefore the overspeed valve is installed before reducer. The speed of 
shutting depends on the type of drive. These drivers are hydraulic, pneumatic or electrical drives, which are 
necessary to choose because of the non-existence of the other controlling medium (air, pressure oil). The 
electrical drives have maximal shutting time of 75 s. 
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Assumed lifetime of the by-pass station is usually 20 years. During this period the maximum of fifty shutting 
cycles are considered. It means that during its lifetime the by-pass station and piping can be exposed up to 
fifty thermal cycles caused by superheated steam at 535 °C lasting for 75 s. The supplier is interested whether 
and possibly how the material properties of by-pass station piping will be influenced by these thermal cycles. 

 

Fig. 1  The turbine equipment with by-pass station and input piping 

2. STEEL P235GH CHARACTERISTICS  

Creep resistant steels are especially used in power generating and chemical plants, where their material 
properties can be used. P235GH steel belongs to this group. The chemical composition of this steel (Table 1 ) 
makes it ideal for applications where elevated working temperature does not exceed 450 °C. That is the reason 
why it is used above all for manufacturing boilers, pressure vessels and pipes transporting hot liquids up to 
this scheduled temperature. 

The individual creep resistant steels and their creep rupture strength by different working temperature are 
shown on the Fig. 2  [2]. 

Table 1  Chemical composition of P235GH steel acc. to the material certificate 

 C Mn  Si P  S Al Cr 

wt. % 0.15 0.48 0.22 0.016 0.011 0.024 0.06 

 Cu Mo Nb Ni Ti V Cr+Cu+Mo+Ni 

wt. % 0.30 0.009 0.002 0.03 0.001 0.003 max. 0.70 

 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

605 

 

Fig. 2  Dependence of creep rapture on working temperature for individual creep resistant steels 

Steel P235GH can be regarded as typical C-Mn steel with the ferrite and perlite microstructure. The carbon 
and manganese contents are the main factors affecting the mechanical properties, especially strength 
properties. This type of material is based on minimum proof strength values at low temperatures and creep 
rupture strength values at high temperatures. Both regimes are separated by the intersection of the proof 
strength with the creep rupture strength curve. In the case of P 235GH the intersection point is around 420 C. 
Over this temperature the creep changes starts to be striking.  

Table 2  Strength limit values by the creep RmT [MPa]  

Temp. [C] 380 390 400 410 420 430 440 450 460 470 4 80 

RmT / 104 229 211 191 174 158 142 127 113 100 86 75 

RmT / 105 165 148 132 118 103 91 79 69 59 50 42 

RmT / 2.105 145 129 115 101 89 78 67 57 48 40 33 

Yield strength of P235GH is 235 MPa when its thickness is less than 16 mm. In the case when the thickness 
is more than 16 mm, its minimal yield strength is 225 MPa. The tensile strength of this material grade is from 
360 to 480 MPa and the P235GH min total elongation is 24 %. The impact energy of this material is 40 J in 
+20 degree. This type of steel may be welded by means of the usual welding techniques [3]. In the Table 2 
there are shown strength limit values by the creep RmT and 104, 105 and 2.105 hours in the temperature range 
180 °C ÷ 480 °C [4]. 

3.  EXPERIMENTAL PART  

For the experiment there was used a pipe with diameter 300 mm and wall thickness 6 mm. In the first part of 
experiment we monitored temperature fields caused by heating corresponding the temperature of 535 °C 
repetitively effects for 75 s. The pipe was fitted with four thermocouples of K type (Ni-Cr-Ni). Thermocouple 
TC1 was placed on inner side of the pipe, TC2 was placed at the distance of 1.5 mm from inner diameter in 
thickness direction, TC3 was placed in a half of the pipe thickness (3 mm in thickness direction) and the last 
thermocouple TC4 was placed on the outer surface of the pipe. At the same time the tested pipe was insulated 
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with a case made of insulating material Sibral on the outer surface. The tested pipe with thermocouples was 
inserted into furnace preheated at 145 °C to simulate preheating of the pipe waiting in “thermal reserve”. After 
levelling the temperature in whole profile the pipe was put into secondary furnace preheated at 535 °C to 
simulate temperature effects of superheated steam. The time of exposure at this temperature was 75 s. 
Because of the positioning of furnaces close to each other the moving of the tested specimen took 3.8 s. 
During this period, the temperature of the inner side of the pipe dropped only by 0.9 °C according to 
temperature measurement. By inserting the specimen into the furnace preheated for 535 °C, the temperature 
of the inner side of the pipe increased rapidly up to 412.7 °C. After that, the specimen was moved back to the 
furnace preheated at 145 °C, where the temperature levelled again in the whole profile. This measuring cycle 
was gradually repeated twenty times and the average value of the maximum temperature during the singe 
cycle was 406.4 °C. Other specimens were exposed to 30, 40 and 50 thermal cycles.  

To prove the impact of long-term effect of temperatures mentioned above on resulting mechanical properties, 
we also carried out the experiments where specimens were exposed to temperatures 145 and 535 °C for nine 
hours. The tensile test was also carried out for all the specimens. Results are shown in Table 3. 

Table 3  Material properties determined from the tensile test 

 Specimen 1 Specimen 2 

Re  
[MPa] 

Rm  
[MPa] 

Ag      
[%] 

A30     
[%] 

Re  
[MPa] 

Rm  
[MPa] 

Ag      
[%] 

A30     
[%] 

Basic material 348 452 18,3 33.2 349 452 17.9 33.1 

9 hours of 145 C 346 450 17.5 32.6 344 452 17.8 33.2 

20 cycles 336 449 18.6 34.5 339 451 18.0 33.3 

30 cycles 333 449 18.1 33.9 329 451 18.4 34.1 

40 cycles 327 444 18.0 33.6 334 451 18.1 33.6 

50 cycles 329 448 18.5 33.8 320 444 18.1 33.6 

9 hours of 535 C 325 438 18.6 34.6 310 438 18.4 34.4 

Table 4  Hardness HV1 for individual sticks in the thickness direction 

Stick sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Distance from the 
inner edge [mm] 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8 5.2 5.6 

Basic material 139 143 143 140 142 140 141 145 141 140 141 142 141 140 

9 hours of 145 C 145 146 146 143 143 142 140 145 143 139 142 141 143 141 

20 cycles 141 140 145 141 142 141 140 141 141 142 139 140 139 142 

30 cycles 141 142 145 144 142 144 143 139 140 136 139 138 138 138 

40 cycles 140 140 143 141 142 141 142 142 141 143 140 142 135 137 

50 cycles 149 136 138 145 141 139 139 139 136 139 139 138 138 138 

9 hours of 535 C 139 137 139 136 138 134 139 135 132 133 137 137 137 139 

Further the hardness in the thickness direction was determined for all specimens. Totally we carried out 
fourteen sticks in the thickness direction for each of the tested specimen. The first stick was in distance of 0.4 
mm from the inner diameter of the pipe and the sequence was 0.4 mm. In the Table 4  there are shown the 
harness values HV1 for each stick for all determined specimens. During temperature tests simulating effect of 
superheated steam on pipe material, the maximal surface temperature reached 412.7 °C. Therefore we 
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decided to load the specimens which were heated for operation temperature 145 °C by fifty cycles at 
temperature 535 °C for an interval of 75 s by using the thermal-mechanical Gleeble 3500 simulator. This device 
enables to expose the specimen to whatever temperature or mechanical cycle, eventually their combination. 
For simulation the worst possible conditions which can occur in tested piping, there was simulated ideal rigid 
fixing of specimen. During fixing the specimen is plastically deformed. It is caused by thermal expansion. It 
results in the depletion of plasticity and the fatigue life reducing. Heating and cooling rates of the specimen 
during the experiment was 5 C.s-1. 

 

Fig. 3  Stress vs.temperature for temperature cycles 1, 2, 3, 4 and 50 

Fig. 3  shows stress vs. temperature. For better demonstration only the first four cycles are shown and then 
cycle no. 50 (the stress process for all the cycles is marked red in the right top corner). From the stress course 
it is obvious leveling of the stress by plastic deformation. This effect is evident also during exposing to both 
temperatures (145 °C and 535 °C). The higher number of cycles, the narrover stress loops and the higher 
portion of tensile stress. The influence of Bauschinger effect reveals during cyclic loading when at the same 
time with increasing of plastic deformation increases also yield strength needed for this change. In addition, in 
this case yield strength in compression and tension also depends on the temperature. After cyclic loading of 
the specimens we carried out the tensile test with the following results: yield strength Rp0.2 = 317 MPa, ultimate 
strength Rm = 436 MPa, uniform ductility Ag = 5 % and ductility A30 = 14.6 MPa. 

The Last phase of the experimental testing was determination of grain size for basic material, for specimen 
loaded by fifty cycles and specimen which was exposed to temperature 535 °C for nine hours. Because of the 
feritic-pearlitic structure of the steel, where pearlitic areas are strikingly smaller than feritic grains, we could not 
evaluate the test acc, to ISO 643. The average grain size was determined by the method of fifty biggest grains 
assessment in defined area by using Nis Elements AR 3.2 software. The grain size of basic material was 
17.10-5 mm2, for the specimen loaded by fifty cycles it was 21.10-5 mm2 and for the specimen exposed to the 
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temperature 535 °C for nine hours the grain size was 27.10-5 mm2. Fig. 4 shows the grain size for basic material 
(left) and for material exposed to temperature 535 °C for nine hours (right). 

 

Fig. 4  Grain size for basic material (left) and for exposed material at 535 C for nine hours (right) 

4.  CONCLUSION  

Creep resistant of C-Mn steel P235GH is ideally applicable up to temperatures 420 °C and its working 
temperature should not exceed 450 °C. Although the short-term exceeding of this temperature occurs, when 
it is used for the components of by-pass station of steam turbines, by the experiments we proved the suitability 
of chosen material for the particular use and only the small effect of the given temperature cycles on its 
mechanical properties and the structure. In light of mechanical properties, the yield strength only dropped by 
7 % for the specimens after fifty cycles. Specimens with thermal exposure of nine hours at the temperature 
535 °C showed descent by 9 %. Other mechanical properties remained almost unchanged. Considerable 
differences only occurred during testing on the Gleeble 3500 simulator when was used rigid fixing. The rapid 
descent of ductility occurred due to considerable plastic deformation of the specimen. Even though, the tested 
material is suitable for this particular use. The influence of temperature cycles on the structure reveals only the 
slight enlarging of grains. No considerable differences were also found by measuring of hardness HV1 towards 
the pipe thickness direction. The average hardness of the specimen dropped after fifty cycles only by 1.7 HV 
and for the specimen with thermal exposure of nine hours at the temperature 535 °C it decreased only by 4.7 
HV. 

ACKNOWLEDGEMENTS   

The results of this project LO1201 were obtained th rough the financial support of the Ministry of 
Education, Youth and Sports in the framework of the  targeted support of the “National Programme 
for Sustainability I” and the OPR&DI project Centre  for Nanomaterials, Advanced Technologies and 

Innovation CZ.1.05/2.1.00/01.0005. 

REFERENCES  

[1] Turbine equipment 3D graphical documentation, Siemens Ltd, 2014.  

[2] HAGEN, I., BENDICK, W. Creep Resistance Feritic Steels for Power Plants. From Conference International 
Symposium on Niobium, Warrendale: 2001. 

[3] P235GH Pressure Vessel Steel, Masteel UK Ltd, Birmingham, UK, 2010. 

[4] FÜRBACHER, I., MACEK, K., STEIDL, J. Lexicon of technical materials. 1. ed. Prague: Verlag Dashöfer, 2003. 
  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

609 

INFLUENCE OF FATTY ACID METHYL ESTERS QUANTITIES IN  FUEL OIL ON CORROSION 
RESISTANCE OF VALVE STEELS IN COMBUSTION GASES  

Krzysztof ADAMASZEK, Jan NOWAK, Zbigniew JURASZ 

BOSMAL Automotive Research & Development Institute, Bielsko-Biala, Poland, EU 
 krzysztof.adamaszek@bosmal.com.pl, jan.nowak@bosmal.com.pl, zbigniew.jurasz@bosmal.com.pl  

Abstract 

The corrosion behaviour of four grades of valves steels i.e.; X33CrNiMn23-8, X50CrMnNiNbN21-9, 
X33CrNiMnN23-8, X50CrMnNiNbN21-8, X53CrMnNiN20-8 and X55CrMnNiN20-8 in combustion gases of fuel 
oil with different quantities of FAME (Fatty Acid Methyl Esters) has been studied. In this work, the results of 
kinetic oxidation of above mentioned valve steels in combustion gases from diesel engine with 5, 10, 20% [v/v] 
of FAME are presented. It has been found that increase of FAME up to 20% volume percentage to the fuel oil 
decreases corrosion resistance of tested steels. 

The corrosion tests have been performed gravimetrically under thermal shock conditions by heating of 
specimens from room temperature up to 1173 K. After heating at 1173 K for two hours, specimens were 
quenching at room temperature for 20 minutes and again heated. This experiment simulated valves work 
conditions of highly thermal loaded combustion engines.  

Keywords : Valve steels, combustion gases, fuel oil, FAME, kinetic of oxidation 

1. INTRODUCTION 

In recent years, fuel oil with different FAME additive has been increasingly used in spark-ignited Diesel 
engines. Exhaust valves belong to the most thermally and mechanically heavily loaded components working 
in the extremely corrosion aggressive environment of hot exhaust gases. The durability of exhaust valves 
mainly depends on the high-temperature creep resistance of the steels used; i.e. simultaneously high 
resistance to mechanical deformation and corrosion resistance to combustion gases at high temperature  
[1-3].  

The temperature of exhaust gases reaches high temperatures of up to 1200 K. To ensure high heat resistance 
of the exhaust valves, i.e. high heat resistance in the strongly oxidizing environment of hot exhaust gases from 
combustion of fuel oil, as well as high resistance to mechanical deformations at high and increased 
temperatures, i.e. resistance to low - and high-temperature creep valve heads of modern bimetallic exhaust 
valves are usually produced from grades of high temperature resistant austenitic valve steels having the 
chemical constitution specified in Table 1. Investigations were performed at a temperature of 1173 K under 
thermal shock conditions, simulating operation of the exhaust valves of spark-ignited Diesel engines. 

The objective of the present study was to determine the corrosion resistance of commonly used valve steels 
in combustion gases from fuel oil with 5, 10, and 20 % of FAME (v/v) additive [4]. 

2. OWN RESEARCH 

Investigations of an effect of FAME quantities on corrosion resistance of valve steels in exhaust gases of fuel 
oil having various contents of FAME were performed on a specimens in form of discs with thickness of about 
1mm and diameter of 16 and 19 mm, produced in turning operation from a drawn bars having diameters of 17 
and 20mm respectively, from industrial heat of highly alloyed austenitic valve steels of X33CrNiMnN23-8 and 
X55CrMnNiN20-8 grades, as well as X50CrMnNiNbN21-9 and X53CrMnNiN20-8 grades respectively, having 
chemical analysis given in the Table 1 . 
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Table 1  Chemical compositions of examined valve steels (wt. %) 

Grade of steel Chemical composition. 

C Cr Ni Mn Si Mo W Nb S P N 

X33CrNiMnN23-8 0.35 23.40 7.80 3.30 0.63 0.11 0.02 - < 0.005 0.014 0.28 

X50CrMnNiNbN21-8 0.54 19.88 3.64 7.61 0.30 - 0.86 2.05 0.001 0.031 0.44 

X53CrMnNiN20-8 0.53 20.50 4.10 10.30 0.30 0.12 - - < 0.005 0.040 0.41 

X55CrMnNiN20-8 0.55 20.00 2.08 7.57 0.17 0.11 - - < 0.005 0.040 0.38 

Specimens to the tests of corrosion resistance, after machining and drilling ∅ 2 [mm] holes in distance  
of about 2 mm from the edge of specimens, underwent operation of grinding and polishing with use  
of a suitable abrasive paper and abrasive compounds. In the next stage the specimens were washed in methyl 
alcohol and dried in stream of compressed air. After performing of mechanical treatments as mentioned above, 
the specimens were weighted with accuracy of up to 10-4 [g] in air conditioned room, in the next step the 
specimens were hanged on kanthal pendants, and next, the specimens located in ceramic vessel were 
inserted into quartz tube of the reactor (Fig. 1  and 2).  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1  Specimens to the tests of corrosion resistance of valve steels in exhaust gases 
from fuel oil with FAME additive engine hanged on glass transportation „boat” 

The rapid heating of the tested specimens in combustion gases from fuel oil with 5, 10 and 20 % FAME [v/v] 
to a temperature of 1173 K, and next, being held at the above mentioned temperature for 2 hours and finally 
cooling down at room temperature for about 25 min (Fig. 1, 2 ) [5].  

The specimens oxidized in determined time interval, every 25 hours up to 100 hours were taken from the 
working chamber of the reactor tube and next cooled down to room temperature, and then cleaned 
mechanically and with the use of compressed air. After cleaning, the specimens were weighed in an  
air-conditioned room with use of an analytical balance of accuracy 10-4g. The oxidation rate was investigated 
by measurement of mass loss in the oxidized specimens with reference to the initial surface area of the 
specimens S [g/cm2] and time of oxidation [h], and in the following step, results of the measurements were 
again related to the duration of the oxidation step [6, 7]. After 100 h process oxidation at 25 h intervals was 
increased up to 50 h intervals. 
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Fig. 2  Reactor used in corrosion resistance tests of valve steels in hot flux of exhaust gases from a 
combustion engine: 1 - samples in the glass tube of the reactor, 2 steel pipe used to deliver exhaust 

gases, 3 connector pipe delivering the combustion gases to reactor, 4 - combustion outlet,   
5 - furnace used to increase the temperature of the combustion 

3. TEST RESULTS AND DISCUSSION 

The obtained results shows that among tested steels the highest corrosion resistance in combustion gases 
from fuel-oil with 5 and 10 %, additive of FAME [v/v] reveals the best corrosion resistance of X33CrNiMnN23-
8 steel, which contains the followed highest alloy additives Cr (23.40 %), Ni (7.82%) and  Si (0.63 %), and the 
lowest Mn alloy additive (3.30%) - (Fig. 3 , curve 1). Other tested steels i.e. X50CrMnNiNbN21-9, 
X53CrMnNiN20-8 and X55CrMnNiN20-8 in the same conditions show significantly lower corrosion resistance 
with increasing of time oxidation up to 75 h (Fig. 3 , curve 2, 3 and 4 and Table 2 ).  

 
Fig. 3  The comparison of oxidation rate of austenitic valve steels: 1 and  1’ - X33CrNiMnN23-8,  

2 and 2’ - X50CrMnNiNbN21-9, 3 and 3’ - X53CrMnNiN20-8, 4 and 4’ - X55CrMnNiN20-8  in combustion 
gases from fuel oil with 5% and 10 % additive of  FAME [v/v]. Time of oxidation of tested steels is given in 

Table 2 
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Table 2 Data connected with Fig. 3 

Steel Time (h) 5% FAME 

Point in Fig. 3  

Time, 

(h) 

10% FAME 

Point in Fig. 3  

X33CrNiMnN23-8 350 1 300 1’ 

X50CrMnNiNbN21-9 75 2 50 2’ 

X53CrMnNiN20-8 75 3 50 3’ 

X55CrMnNiN20-8 75 4 50 4’ 

The growth of FAME additive in fuel oil up to 20 % [v/v] in steel X33CrNiMnN23-8 did not influence on 
decreases its corrosion resistance in combustion gases (Fig. 4  curve 1, Table 3 ), whereas significant influence 
on corrosion resistance at the same experimental condition for other steels i.e. X50CrMnNiNbN21-9, 
X53CrMnNiN20-8 and X55CrMnNiN20-8 were observed after oxidation for 75 h. (Fig. 5  curve 2”, 3” and 4”, 
Table 4 ). It was observed that specimens from these steels were completely destructed (Fig. 6 ). 

 

Fig. 4  The rate of oxidation of X33CrNiMnN23-8 austenitic valve steel in combustion gases from fuel oil 
with 5, 10 and 20% additive of FAME [v/v]. Time of oxidation of tested steels is given in Table 3 . 

Table 3  Some data connected with the Fig. 4 

Steel Time 
(h) 

5% FAME 

Point in Fig. 5     

Time 

(h) 

10% FAME Point 
in Fig. 5  

Time  
(h) 

20% FAME Point in 
Fig. 5  

X33CrNiMnN23-8 350 1 300 1’ 300 1” 
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Fig. 5  The comparison of oxidation rate of austenitic valve steels: 2, 2’ and 2” - X50CrMnNiNbN21-9,  

3, 3’ and 3”- X53CrMnNiN20-8, 4, 4’, 4” - X55CrMnNiN20-8 in combustion gases from fuel oil with 5, 10, 20% 
additive of FAME [v/v]. Time of oxidation of tested steels is given in Table 4 

 

Table 4 Soma data connected with Fig. 5 

Steel Time, 
(h) 

5% FAME 

Point  
in Fig. 5  

Time, 
(h) 

10% FAME 

Point  
in Fig. 5  

Time, 
(h) 

20% FAME 

Point  
in Fig. 5  

X50CrMnNiNbN21-9 75 2 50 2’ 25 2” 

X53CrMnNiN20-8 75 3 50 3’ 25 3” 

X55CrMnNiN20-8 75 4 50 4’ 25 4” 

4.  CONCLUSION 

The obtained results for X33CrNiMnN23-8 steel did not show significant lower corrosion resistance with 
increasing of additive FAME additive up to 20 % [v/v]. The other tested steels i.e. X50CrMnNiNbN21-9, 
X53CrMnNiN20-8 and X55CrMnNiN20-8 in the same experimental conditions show significantly lower 
corrosion resistance in combustion gases from fuel-oil with 5, 10 and 20 % FAME additive [v/v]. These steels 
were completely destructed, respectively after c.a. 75, 50 and 25 h. The respectively points 2, 2’, 2”, 3, 3’ 3” 
and 4, 4’, 4” are shown in Fig. 5 . The different behaviour of above mentioned steels can be explained by lower 
content of alloy additives such as Cr, Ni and Si in relation to X33CrNiMnN23-8 steel. 

 
 
 
 
% FAME [v/v]                 X33CrNiMnN23-8    X50CrMnNiNbN21-9   X53CrMnNiN20-8     X55CrMnNiN20-8 
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Fig. 6  The macrographs of austenitic valve steels: 1 - X33CrNiMnN23-8, 2 - X50CrMnNiNbN21-9,  

3 - X53CrMnNiN20-8 and 4 - X55CrMnNiN20-8 in combustion gases from fuel oil with 5, 10, 20% additive of  
FAME [v/v]. Time of oxidation of tested steels is given in Tables 2 - 4 and in Figs. 3 - 5  
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Abstract 

This paper summarizes the most important results of research dealing with the use of the magnetic spot-pole 
method and measurement of ultrasonic wave velocity for process control of castings made from austempered 
ductile, grey and vermicular-graphite irons. It describes the most important dependencies between the 
measured physical quantities on the specific structure of these materials, especially the content of retained 
austenite. It also suggests other possible developments of this control methodology. 

Keywords: Magnetic structuroscopy, ultrasonic structuroscopy, austempered irons 

1. INTRODUCTION 

Austempered ductile iron (ADI), austempered grey iron (AGI) and more recently austempered vermicular-
graphite iron (AVGI) represent the most progressive group of graphitic irons with reference to mechanical 
properties. However, these properties depend on accurate observance of the default structure, chemical 
composition and conditions of the austempering. Austempered castings are mostly used in the automotive 
industry for moving parts and critical safety items. [1], [2], [3] Non-destructive testing can be used for a thorough 
inspection of heat treatment in order to provide constant production quality and help with the wider use of this 
promising material in production.  The currently known inspection procedures are based on measuring the 
natural frequency, attenuation, or eddy current - see [4] to [7]. This paper deals with the magnetic spot-pole 
method and also common ultrasonic testing. [8], [9], [10] 

2. NDT STRUCTUROSCOPY 

The properties of iron castings depend on the properties of the matrix as well as on the presence of graphite. 
Both can be examined in a non-destructive manner. As mentioned above, two methods were selected for the 
inspection of austempered castings - measurement of ultrasonic velocity (of longitudinal waves - cL [m/s] and 
the measurement of intensity of the residual magnetic field - Hr [A/m].  

2.1. The use of magnetic and ultrasonic structurosc opy for inspection of iron castings  

In the case of ultrasound the passage of the beam through the iron depends primarily on the shape, size and 
distribution of the graphite particles. The less compact the graphite particles, the greaterthe attenuation of the 
ultrasonic beam at the interface of the graphite and the matrix. Components of the matrix with different acoustic 
impedance have the same effect as the graphite. However, in the as-cast state, this effect is less pronounced 
than the effect of the graphite. The ultrasonic speed in the material decreases with increasing attenuation. The 
ultrasonic speed can be easily used to determine the morphology of the graphite (in an as-cast state), or for 
inspecting the matrix (in a heat treated state). Because the ultrasonic speed is a function of the modulus of 
elasticity, density and Poisson's ratio, various elastic constants (such as tensile modulus, shear modulus) can 
be determined at a known velocity of longitudinal and transverse waves. The initial elastic modulus E0 [MPa] 
is more commonly measured directly on the components. It is a modulus on the initial load and in the case of 
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an acoustic wave it is in the range of Pascals. It is an instructive value, expressing the rigidity of the material, 
however, mathematical models can also be used to characterize graphite shape using E0, which is also a 
function of cL. [11], [12] 

Magnetic structuroscopic methods exploit the relationship between structural parameters and magnetic 
properties. The main characteristics of ferromagnetic materials are areas with identically oriented atoms - 
known as domains. These domains represent sub-grains of crystalline structure. After polarization by an 
external magnetic field H0 [A/m], the domains with identical or similar orientation grow by shifting of Bloch 
zones or change the polarization through the Barkhausen effect. When the external field passes, not every 
domain returns to to its initial state, which leads to residual polarization Ir [T]. Magnetized areas have their own 
magnetic field with the intensity of Hr [A/m]. This field is spot-like. Reversible changes of the domain orientation 
are disabled by atoms bonded in molecules, atomic stress and lattice defects. Therefore components 
containing carbides, martensite, displacements or grain boundaries have a high value of residual polarization 
Ir. [8], [12], [13] 

[ ]H H
N I

A mr
r= − ⋅ ⋅ −

0
1

µ
             (1) 

Where: Hr…intensity of residual magnetic field [A/m], H0…intensity of external magnetic field [A/m], 
N…demagnetizing factor [-], Ir…residual polarization [T], µ…magnetic permeability [-]. 

 

Fig. 1 Magnetic spot - pole method; a) magnetizing; b) measurement; c) linearization of the hysteresis loop 
in the second quadrant; A, B - Hall sensors; 1 - ferromagnetic material; 2 - magnetizing coil. [8] 

Because the controlled parts often have a huge demagnetizing factor N, the relation between the residual 
induction Br and the coercivity Hc is linear (see Fig. 1c ; the linearizing of the hysteresis loop in the second 
quadrant). Hc often reacts sensitively to mechanical properties, e.g. strength, hardness etc. This principle is 
used by the magnetic spot-pole method (Fig. 1 a,b ). A magnetic „spot-pole“ is created on the surface of the 
tested material by a magnetizing coil inside a probe. While the current pulse in the coil passes, the residual 
magnetic field Hr on the surface is measured by sensors. These sensors (mostly Hall sensors) are connected 
differentially to measure the gradient of the tangential or normal parts of the field.  [10], [14] 

As mentioned above, the value of Hr is related to the structure/matrix of the ferromagnetic material. This 
provides a measurement of hardness, strength or hardened depth. It was found that by repeatedly magnetizing 
it is possible to determine structural components (pearlite, sorbite, martensite) and to detect and measure the 
depth of decarburization. The correlation between the monitored quantity and measured intensity of the 
residual magnetic field must be experimentally determined and the device then must be calibrated. The method 
has successfully been applied to steel and cast iron, however, its most common use is for interoperating control 
of castings (through HB or Rm). The results of measurement may be influenced by the shape of the sample 
(demagnetizing factor) and the type of material (steel/iron). Therefore, it is necessary to take into account the 
marginal effect, the effect of the thin walls and the shielding effect (diamagnetic graphite) in order to improve 
the results. The influence of temperature can also be significant as Hall sensors are made of semiconductor 
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materials. It is necessary to measure the shot-blasted surface without residual ferromagnetic oxides, which 
have a huge influence on Hr. [8], [12], [15] 

Both the magnetic and ultrasonic methods are already known in the field of NDT inspection of steel products 
and iron castings - see e.g. [8] to [14]. The dependencies between the structural parameters and the properties 
of these materials have been researched and successfully applied. Non-monotonic dependencies are 
expected in the case of austempered iron with an unusual structure - with a high content of paramagnetic 
austenite and considerable influence of graphite morphology and therefore they must firts be carefully 
observed and assessed. That is the reason why two kinds of structuroscopy are used, because the have a 
different sensitivity to the structural influences. 

2.2. Experiments - short review 

A set of reference samples of cast iron of lamellar, spheroidal and vermicular graphite was created for the 
experiments (for the chemical composition see Table 1 ). Heat treatment was carried out under the following 
conditions: austenitizing at 900°C/30 or 90 minutes, austempering in molten salt at temperatures of 240, 310 
and 400°C for 2, 10, 30 and 60 minutes, and final cooling in air. This provided the structure of the lower, upper 
and transition (middle) ausferrite. 

Table 1 Chemical composition of the used irons - AGI, AVGI and ADI. 

C 

[%] 

Si 

[%] 

Mn 

[%] 

P 

[%] 

S 

[%] 

Cu 

[%] 

Ni 

[%] 

Mo 

[%] 

Cr 

[%] 

Mg 

[%] 

3.15 2.24 0.19 0.02 0.016 0.02 0.01 . . . 

3.62 3.5 0.18 0.024 0.015 0.21 . 0.35 0.04 0.014 

3.3 2.45 0.25 0.02 0.015 0.04 . . . 0.046 

The experiments were carried out according to the following schedule: 

• measurements on a wide set of ADI/AGI samples with a matrix of lower and upper ausferite using  of 
conventional methods to obtain the necessary data of physical and mechanical properties of the material 

• measurements using NDT structuroscopy to obtain the necessary parameters of the structure 
• interpretation of results, data analysis 
• dependencies between the structural parameters and the physical quantities to specify how the NDT 

methods will be applied for the measurement of on a wide set of austempered castings 

• calibration of instruments and testing of procedures under real production conditions 

2.3. Major dependencies between austempered structu re and acoustic properties 

As previously mentioned, the main influence in an as-cast state is given by the graphite. It can be used for the 
initial inspection. After austempering, the influence of the graphite is coupled by the even more pronounced 
influence of the microstructure. The ultrasonic speed decreases by up to hundreds of m/s in the presence of 
ausferrite. This is due to the difference in acoustic impedance between Fe gamma and Fe alpha on their mutual 
interface. The structure of ausferrite provides many barriers to the spread of the ultrasonic beam. The more 
barriers there are, the lower the speed is. The lowest values are therefore achieved by the fine and acicular 
structure of the lower ausferrite and the highest speeds within the given range are achieved by the coarse 
structure of the upper ausferrite (see Fig. 2 ). For a more conclusive identification of the austempered matrix 
the same total value of cL as the differential between the as-cast and heat treated state - dcLTZ can be used. 
Of course, the speed values can be connected to the required parameters of the structure, such as the content 
of stabilized austenite. 
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Fig. 2 The dependence of cL on HT conditions 
(AVGI) 

Fig. 3 The dependence of Hr on HT conditions 
(AVGI) 

2.4. Major dependencies between the austempered str ucture and magnetic properties  

The results of the magnetic measurements show that while the iron in an as-cast state influences the value of 
the residual magnetization mostly by its mechanical properties (i.e. Hr increases linearly with hardness and 
strength), after the austempering process the main influence on Hr is given by the content of paramagnetic 
stabilized austenite. This influence is dominant and covers all of the other influences, such as graphite, 
mechanical properties, etc. The value of residual magnetization is several times higher compared to the as-
cast state. This is caused by the specific structure, which is similar to the composite of ferromagnetic ferrite 
needles/laths with a binder of paramagnetic austenite. Hence, the structure represents thin layers of 
ferromagnetic material, which are separated by non-ferromagnetic insulation, so the influence of the wall 
thickness is summarized along with the shielding effect - the same effect has been observed in the case of 
graphite - see [9]. The fine structure of the matrix after austempering also presents a number of obstacles to 
the movement of the magnetic domains as the “magnetic hardness” of the material increases. The value of 
the residual magnetization increases with increasing content of stabilized austenite. This dependence is 
nonlinear (see Fig. 3 ). 

The total value of the residual magnetization Hr as well as the difference between the first and second 
magnetization from the virgin state  - dHr can be reliably use to check the effect of the HT. As shown in Table 2 , 
the different ranges of values corresponding to individual structures are relatively smoothly linked. 

Table 2 Table of dHr values depending on the matrix of AGI, AVGI and ADI 

Microstructure 

of the matrix - AGI 

dHr Microstructure 

of the matrix - AVGI 

dHr Microstructure 

of the matrix - ADI 

dHr 

[A/m] [A/m] [A/m] 

pearlite+ferrite 12 ferrite 9 ferrite+pearlite 11 

martensite, lower 
ausferrite 31-33 

martensite, lower 
ausferrite 29-32 

martensite, lower 
ausferrite 32-34 

lower ausferrite 34-38 lower ausferrite 33-39 lower ausferrite 35-40 

transitional ausferrite 42-48 transitional ausferrite 45-50 transitional ausferrite 42-50 

upper ausferrite 50-60 upper ausferrite 52-60 upper ausferrite 51-60 

Similarly, the value of Hr/dHr can be reliably combined eg. with austenite content or can be successfully used 
for the detection and measurement of undesirable decarburization. The use of values of residual magnetization 
is not very reliable for the determination of the mechanical properties (esp. strength) as in the case of as-cast 
iron due to the opposite effects. To determine the mechanical properties it would be necessary to establish 
multiparametric dependencies based on both magnetic and ultrasonic parameters with a much larger data file. 
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3. CONCLUSIONS 

An inspection procedure was based on the above-mentioned dependencies - see Fig. 4. 

 

Fig. 4 Diagram of the inspection using ultrasonic speed and residual magnetization. 

A key factor for excluding castings with improper graphite during incoming inspections is the measurement of 
the ultrasonic speed cL. Inspection of the matrix should follow, using the differential of residual magnetization 
dHr. After the heat treatment it is also necessary to identify the matrix using Hr or dHr. To eliminate any failures 
in the inspection it is also recommended to measure the ultrasonic speed cL or the speed´s differential dcLTZ. 
Both groups of values are sufficiently conclusive for the identification of the matrix. According to the specific 
requirements the measured values can then be converted to the known parameters of the structure, such as 
the amount of stabilized austenite or the mechanical properties (hardness, strength, initial elastic modulus). 

It should be noted that the dependencies were determined using laboratory samples under optimal conditions 
(esp. excluding the influence of shape or wall thickness). Verification of the dependencies is currently being 
performed together with the implementation of inspection procedures in the production of specific parts made 
of austempered irons (ADI and AGI). Since these are generally thin-walled castings with a circular shape, it is 
necessary to correct the dependencies due to the influence of wall thickness and the radius of curvature. In 
further work it will be necessary to extend the existing values with more austempering temperatures and dwells. 

Reliable and affordable non-destructive diagnostics will support the reproducibility of austempered castings 
and thus awaken the interest primarily of potential European manufacturers in these excellent materials. 
Austempered iron with vermicular graphite in particular has considerable potential. The intended application is 
for cylinder liners and brake discs. 
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Abstract  

Steel, which was designated to process as high-grade and hardening of surface was investigated from the 
point of views of magnetic and transport properties. The aim of this study is to describe the magnetic behavior, 
electrical resistivity and thermal conductivity of this material in case that it is applied for the components of 
magnetic circuits or some parts in an electrical equipment. The basic information on structure and phase 
composition was obtained by optical and scanning electron microscopy, X-Ray Powder Diffraction and 
Mössbauer Spectroscopy. The temperature stability of the material was proved by measurements of 
temperature dependences of magnetic moment and electrical resistivity. The magnetic parameters were 
obtained by measuring of magnetic hysteresis loops in dependence on saturation fields and their frequencies. 
The parameters are discussed from the point of view of possible applications as a magnetic material, which 
can be stressed by enormous mechanical forces. 

Keywords: 41CrMo4 steel, magnetic properties, electrical resistivity 

1. INTRODUCTION 

Several construction steels may be applied as parts of magnetic circuits, where parameters of their magnetic 
and transport properties play an important role. For many applications knowledge of parameters for direct (DC) 
and alternating (AC) magnetic fields as saturation magnetization, coercivity, magnetic losses, susceptibility 
and electrical resistivity in dependence on temperature and heat&mechanical treatment history are requested. 
In literature some data on magnetic properties of construction low alloyed steels are seldom [1-3].The aim of 
this study is to describe magnetic behaviour and electrical resistivity of 41CrMo4 steel in case that it is applied 
as a soft magnetic material for the components of magnetic circuits or some parts in an electrical equipment. 

2. EXPERIMENTAL 

The samples of the 41CrMo4 steel were obtained from a commercial rod. The chemical composition according 
to material description was following (Table 1 ): 

Table 1 Chemical composition in wt. % 

C Si Mn P S Cr Mo 

0.36 - 0.44 0.15 - 0.40 0.50 - 0.80 Max. 0.025 Max. 0.035 0.90 - 1.20 0.15 - 0.30 

Structure and phase composition was studied using optical microscopy (OM), scanning electron microscopy 
(SEM), measurements of X-ray powder diffraction (XRD) and 57Fe Mössbauer spectroscopy (MS). XRD was 
measured by means SmartLab (Rigaku) automatic diffractometer in conventional Bragg-Brenato geometry, 
and with CuKα1,2 radiation, β-filter in diffracted path and linear positional sensitive detector D-Tex. The negative 
effect of fluorescence caused by Cu characteristic radiation on Fe-rich sample was reduced by ability of 
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detector decreased the detection of low energetic photons during the measurements. For the qualitative and 
qualitative analysis HighScore Plus program (PANAnalytical) equipped by JCPDS PDF-4 database was used. 
57Fe MS spectra were measured at room temperature in transmission geometry ~ 10 mCi 57Co(Rh) radioactive 
source and calibrated against α-Fe as the standard. The values of the isomer shift are related to α-Fe at room 
temperature. The computer processing of the spectra yielded the values of the relative spectrum area I and 
values of the hyperfine parameters including isomer shift δ, quadrupole splitting Δ and hyperfine induction Bhf.  

Changes in magnetic behaviour by high temperature were investigated by temperature dependence of 
magnetic moment and electrical resistivity. The temperature dependence of the magnetic moment was 
measured under vacuum (~ 10-2 Pa) using vibrating sample magnetometer in an external magnetic field of 
5 mT and in a temperature range of 25-800 °C with a sweep of 4 °C/min in vacuum. The dependence of 
magnetic moment on external field (hysteresis loop) were measured before and after annealing  at room 
temperature in external fields ± 1 T. Electrical resistivity were measured by four point method on thin strip in 
vacuum furnace using Keithley 2000 multi-meter. 

For AC measurements and quasistatic measurements of saturation magnetization and hysteresis losses 
equipment Remagraph - Remacomp C - 710 (Magnet-Physik Dr.Steingroever GmbH) was used with the ring 
core samples. This device is measuring the magnetic flux through the coil and it is based on the principle of 
Faraday law of electromagnetic induction. Outer diameter of this sample was 44.4 mm, inner diameter was 
38.1 mm, height of this sample was 3 mm, weight was 9.07 g. Number of turns of primary winding was 101 
and secondary winding had 20 turns. The properties were measured in frequency range 0 - 3000 Hz at room 
temperature. For the measurement without frequency was used part Remagraph and Remacomp was used 
for the other measurements (frequency range, which can this device use is approximately 10 Hz to 10 kHz). 

2.1. RESULTS AND DISCUSSION 

Information on the structure and phase composition was obtained using OM, SEM (Fig. 1 ) and XRD. From the 
XRD data (Fig. 2 ) the ferrite (matrix) structure parameters were unambiguously recognized. The presence of 
carbides Cr7C3 and Cr23C6 in the steel was also confirmed but intensities of their diffraction peaks are close 
the detection limits. Their content is about 0.4 wt. % Cr7C3 and 0.2 wt.% Cr23C6. 

 

 
 

Fig. 1  Scanning electron microscopy of the of 
41CrMo4 steel sample 

Fig. 2  X-ray pattern of 41CrMo4 steel. (♦ferrite,  
� Cr7C3, and • Cr23C6) 

The Mössbauer spectrum of the steel sample is shown in Fig. 3. The experimental data were fitted by three 
sextet with mean hyperfine induction Bhf = 32.9±0.1 T and two doublets. The sextets represent α + α” phases, 
the doublets can be ascribed to Cr7C3 and Cr23C6 type of carbides with agreement to parameters published 
in [4]. 
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Fig.  3 Room temperature Mössbauer spectrum of 
the 41CrMo4 steel sample. The crosses denote 

experimental points and the line the fitted function. 
Above the spectrum two main fitted components are 

drawn 

Fig.  4 Temperature dependence of magnetic 
moment of the 41CrMo4 steel sample measured in 

vacuum 

The temperature dependence of magnetic moment of the 41CrMo4 sample is drawn in Fig. 4 . From this 
dependence we can observe magnetic transformation at approx. 775 °C which corresponds to Curie 
temperature of the ferrite matrix [5]. The hysteresis loops are given in Fig. 5. They show that the samples 
remained stable after the vacuum annealing during the measurement of the above mentioned temperature 
dependence of the magnetic moment up to 800 °C in vacuum. From the saturation state we can derive 
saturation magnetization which is 190.0 ± 0.2 emu/g., i.e. 190 A·m2·kg-1 or 2.39·10-3 Wb·m·kg-1. The 
temperature dependence of electrical resistivity is drawn in Fig. 6 . The slight deviation from a smooth increase 
with temperature increase may be observed in two temperature regions: (i) The processes of recovery (defect 
annihilation) in the region up to approx. 200 °C and (ii) in region of Curie temperature at approx. 770 °C. The 
resistivity of the steel at room temperature is 12·10-8 Ohm·m. In agreement with the temperature dependence 
of magnetic moment formation of an amount of austenite causes increase in resistivity by temperature 
decrease in range 770 - 705 °C. 

  

Fig. 5  DC hysteresis loops of the 41CrMo4 steel 
sample before and after annealing 

Fig. 6  Temperature dependence of resistivity of 
the 41CrMo4 steel 
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The examples of the results obtained by AC magnetic measurements are shown in Figs. 7-9 . The shapes of 
hysteresis curves (Figs. 7  and 8) are changing with increasing excitation, where measured material is reaching 
saturation. With the increasing frequency the shapes of hysteresis curves become elliptic form and the areas 
of these curves (eddy current losses) are increasing. As expected, power losses Ps are dependent on excitation 
(hysteresis losses) and frequency of excitation (eddy current losses) so that the value of Ps is increasing with 
frequency and magnetic flux density too (Fig. 9). It should be noted, that the measurements at high frequencies 
were very fast and so the sample was not warm up too much despite the fact that value of total losses were 
high. 

f = 15 Hz f = 50 Hz f = 1000 Hz 

Fig. 7  Hysteresis curves with increasing excitations and frequencies 

 

B = 0.1 T B = 0.3 T B = 0.5 T 

Fig. 8  Hysteresis curves with increasing frequencies and saturations 

 

Fig. 9  Hysteresis losses in dependence on exitation and frequency 

DC measurement of hysteresis curves can be seen on Fig. 10. These curves are much narrower, than 
previous hysteresis curves at different frequencies, because only hysteresis losses are there and eddy 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

625 

current losses do not appear almost at all. The changes of DC permeability can be seen on Fig.  11. It 
reaches the maximum ~500 at magnetic field strength ~1360 A/m. 

 

Fig. 10  Hysteresis curves with increasing 
saturations at zero frequency 

Fig. 11  Curves of permeability with increasing 
saturations at zero frequency 

3. CONCLUSIONS 

We have measured magnetic parameters and electrical resistivity of 41CrMo4 steel. XRD and Mössbauer 
spectroscopy show, that the samples consist of ferrite and Cr7C3 and Cr23C6 type of carbides. The 
measurements of temperature dependences of magnetic moments and electrical resistivity confirm phase 
stability up to Curie temperature of ferrite (~770 °C). The room temperature resistivity was 12·10-8 Ohm·m. 
The saturation magnetization at room temperature is 190.0 ± 0.2 emu·g-1, i.e. 190 A·m2·kg-1 or 2.39·10-3 
Wb·m·kg-1 which corresponds with hyperfine induction Bhf = 32.9±0.1 T derived from the ferrite component in 
Mössbauer spectrum. The AC measurements show that the power losses are strongly dependent on frequency 
and excitations. For frequency 50 Hz and excitation 1.5 T the power losses reach ~100 W·kg-1. It is very 
important to know power losses in the magnetic circuits for the frequencies above 50 Hz. The temperature of 
the steel parts is increasing because of these losses so their value should be calculated. DC permeability 
reaches the maximum ~500 at magnetic field strength ~1360 A/m. 
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Abstract 

The macroscopic mechanical properties of steel are highly dependent upon microstructure, crystallographic 
orientation of grains and distribution of each phase present etc. Nanomechanical testing using depth sensing 
indentation (DSI) provides a straightforward solution for quantitatively characterizing each of phases in 
microstructure because it is very powerful technique for characterization of materials in small volumes. 
Measuring the local properties (indentation hardness HIT, Young’s modulus EIT, indentation energy: total W, 
elastic Wel, plastic Wpl) of each microstructure component separately in multiphase materials gives information 
that is valuable for the development of new materials and for modelling [1]. 
In this work, depth sensing indentation has been used to reveal mechanical properties of individual ferrite 
grains with different crystallographic orientations in various steel sheets. Electron backscatter diffraction 
(EBSD) analysis was used to determine the grain orientations, in which were made the nanohardness 
measurements. 

Keywords:  Berkovich diamond indenter, crystallographic orientation, hardness, Young’s modulus, steel sheet 

1. INTRODUCTION 

Nanomechanical testing using depth sensing indentation (DSI) provides a straightforward solution for 
quantitatively characterization (indentation hardness HIT, Young’s modulus EIT, indentation energy: total W, 
elastic Wel, plastic Wpl) of each phases in microstructure because it is very powerful technique for 
characterization of materials in small volumes. The principal goal of this method is to extract mechanical 
properties from indenter load vs. depth of penetration profile [1, 2]. The most commonly used method is 
the Oliver and Pharr method (O&P). In the O&P analysis, the hardness, H#$&C, and Young’s modulus, E#$&C, 
are determined from the load - depth curve. The hardness is defined as: H#$&C = &�|�'�(&T (1) 

where Pmax is the maximum indentation load and A)$&C is the projected contact area at Pmax. The reduced 

Young’s modulus Er is derived from the relation: 

E� = √*'+ �
þ'�(&T  (2) 

where S is the contact stiffness computed from the initial slope of the unloading curve at the Pmax, β is 
a constant that depends on the geometry of the indenter (β = 1.034 for a Berkovich indenter) and Er is 
the reduced modulus given by: 
Q,¯ = Q�-~0,./(&T + Q�-º0,º  (3) 

where υs and υi are the Poisson’s ratios of the samples and the indenter, respectively, and E#$&C  and Ei are the 
corresponding Young’s modulus (for a diamond indenter, Ei = 1141 GPa and νi = 0.07). From Eq. (2) and Eq. 

(3) can be the Young’s modulus E#$&C  determined. 
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The projected contact area A)$&C is calculated by evaluating an empirically determined indenter shape 

function A)$&C = f(h ̈$&C). For an ideal Berkovich indenter, it is given by: 

A)$&C = 24.56h'̈ $&C (4) 

where h$̈&C is the contact depth between material and indenter at the Pmax, which is also deduced from the 
load - depth curve using: 

h$̈&C = h¦0  − ε&�|��  (5) 

where ε is a constant related to the geometry of the indenter (for a Berkovich indenter, ε = 0.75) and hmax is 
the maximum indentation depth [3].In this paper, we present study in which hardness and Young’s modulus of 
steel sheets were measured by DSI method at the grain scale. We performed the grid indentation method [4, 
5] on an area containing several grains with different crystallographic orientation which was simultaneously 
characterized by electron backscattering diffraction (EBSD). 

2. MATERIAL AND METHODS 

The materials used in this study are steel sheets: 

(i) XSG steel - interstitial free steel  (ferrite microstructure). The mean size of the ferrite grain is 19 μm  
(Fig. 1a ). 

(ii) HR 45 steel - microalloyed steel (ferrite-pearlite microstructure). The mean size of the ferrite and pearlite 
grain is 7.9 μm and 3.9 μm, respectively. The volume fraction of pearlite phase is 14 % (Fig. 1b ). 

Chemical composition, mechanical properties and thickness t of the steels used are in Table 1 . Microstructure 
was mechanical polished down to 0.25 μm and subsequent chemical-mechanical polished to reduce local work 
hardening in the near-surface region to a minimum. 

 

  
 a) b) 

Fig. 1  Microstructure of investigated steels, a) XSG, b) HR 45 

Table 1 Chemical composition [wt. %], mechanical properties and thickness t of investigated steels 

Steel 
C Mn V S P Rp0.2 

[MPa] 

Rm 

[MPa] 

A80 

[%] 

HV 1 n 

 

t 

[mm] 

XSG 0.0013 0.082 0.002 0.0105 0.011 177 286 47.2 120 0.211 1.95 

HR 45 0.156 0.654 0.002 0.004 0.013 360 Re 449 27 179 0.139 1.80 

Indentation were carried out in the 10 x 11 matrix with a CSM instrument equipped with a Berkovich diamond 
indenter at a constant loading rate of 400 mN / min from 0 to the maximum force 5 mN, with 10 s hold period 
and constant unloading, the distance between the indentations was 8 μm. The load - depth curve were 
analyzed using the O&P analysis. After indentations, the indent location was observed via scanning electron 
microscope and the crystallographic orientation of grains with individual orientations was examined by means 
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of EBSD method. High resolution ESBD images were prepared on an area ~ 100 x 100 μm using a step size 
of 300 nm and applying a tilt angle of 70°. The obtained EBSD data were analyzed by HKL Channel 5 software. 
The program describes the orientation by using Euler angles (φ1, Φ, φ2), Fig. 2. Due to the assumed rotational 
symmetry of body centred cubic (BCC) grid, the relevant angle is only φ2 in the present analysis. φ2 ranges 
from 0°up to 45° to characterise the orientation dependence of hardness and Young’s modulus. Namely, φ2 is 
the angle of the crystal rotation from plane (001) to plane (101). Pairing of the measured mechanical properties 
to the corresponding crystallographic orientation of each indent was carried out so that the indents located 
inside the grains were taken into account, those which corresponded to the close grain boundary area of 
crystals (closer than the diameter of an indent) were neglected from the evaluation. Effect of crystallographic 
orientation on mechanical properties in HR 45 steel was determined only for ferrite component. 

 

Fig. 2  Formation of Euler angles [6] 

3. RESULTS AND DISCUSSION 

Fig. 3  shows the IPF (Inverse Pole Figure) map which describes the crystallographic orientation of detected 
grains of XSG steel. IPF of the investigated area on which the nano-indentation tests were performed, 
practically completely covers the whole possible grain orientations, Fig. 3a . In order to study the differences 
between crystallographic orientation and hardness and Young’s modulus, respectively grains with different 
crystallographic orientations in the sheet plane ((001), (001), (111)) were chosen. The hardness and Young’s 
modulus are dependent on crystallographic orientation, Fig. 3b , Fig. 3c . The hardness and Young’s modulus 
is substantially lower in the (001) plane than in plane (101) and (111). The hardness of the ferrite grain in plane 
(001) is lower about 5 % in XSG steel and about 4 % in HR 45 steel than in plane (101). Young’s modulus of 
the ferrite grain in (001) plane is lower about 4 % in XSG steel and 5 % in HR 45 than in plane (101). 

Mechanical properties in individual crystallographic planes depend on the chemical composition and grain 
size. XSG steel with coarse-grained microstructure has lower hardness (about 18 %) and Young’s modulus 
(about 12 %)) than HR 45 steel with fine-grained microstructure, Table 2 . The values of mechanical 
characteristics of ferrite grain in different crystallographic plane have a high standard deviation due to: 

• High surface roughness: for example - HR 45 steel Ra = 0.053 ± 0.006 μm, the maximum depth in plane 
(100) hmax = 0.359 ± 0.017 μm, in plane (101) hmax = 0.346 ± 0.019 μm and in plane (111) hmax = 0.351 
± 0.013 μm. 

• Different indentation distance from the grain boundary. 

• Roughness of the soft phase and that of hard phase is not equal, slip of the indenter can occur. 

• Depth of the indented area is unknown, it is likely that measured hardness value of hard component is 
affected by the soft component which is under indented hard grain and opposite the soft component 
may be affected by the hard one lying under that. Therefore the hardness value of hard component may 
be shifted to lower and that of soft component to higher value. 
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Table 2  Mechanical properties of ferrite grain in different crystallographic plane (in normal direction to the  
   sample surface) 

Steel Mech. properties (100) (101) (111) 

XSG 
HIT [MPa] 1670 ± 115 1784 ± 248 1761 ± 141 

EIT [GPa] 221 ± 28 230 ± 37 229 ± 16 

HR 45 
HIT [MPa] 1975 ± 183 2055 ± 162 2039 ± 182 

EIT [GPa] 245 ± 10 258 ± 4 256 ± 8 
 

 

 a) b) c) 

Fig. 3  a) Indentation matrix in EBSD map of XSG steel, b) IPF of indentation hardness, c) IPF of Young’s 
modulus (in direction normal to the sample surface) 

Fig. 4  shows effect of the rotation angle φ2 on hardness of ferrite grains. Detectable hardness anisotropy can 
be found as a function of rotation angle φ2. The hardness increases with increasing rotation angle φ2. Rotation 
angle φ2 has a similar effect on the hardness of ferrite grains in both XSG and HR 45 steel. XSG steel and 
HR 45 steel have the minimum hardness at rotation angle φ2 = 10°. Maximum hardness value of the ferrite 
grain in XSG steel is at rotation angle φ2 = 42° and in HR 45 steel it is at rotation angle φ2 = 41°. 

 

Fig. 4  The hardness of ferrite grain as a function of grain orientation according to rotation angle φ2 
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4. CONCLUSION 

Mechanical properties of ferrite grains in the steel sheets are dependent on crystallographic orientation. Slip 
planes ((101), (111)) in body centred cubic grid have higher hardness and Young’s modulus than plane (001). 
XSG steel and HR 45 steel have similar effect of crystallographic orientation on mechanical properties of ferrite 
grains. Mechanical properties of individual planes depend on grain size. The hardness increases with 
decreasing grain size. 
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Abstract 

The paper presents the research on low-cycle fatigue of selected wrought light metal alloys, applied inter alia 
in the aviation technology. The material for the research consisted of hot-worked rods made of AZ31 
magnesium alloy, dual-phase Ti-6Al-4V titanium alloy and 2017A (T451) aluminium alloy. Low-cycle fatigue 
tests were performed using an MTS-810 machine in an oscillatory cycle (R = -1) for two ranges of total strain 
Δεt = 1.0 and 1.2 %. Characteristics of cyclic deformation of the tested materials σa = f(N), as well as 
characteristics of their low-cycle durability were prepared using obtained data. It was found that the titanium 
alloy had the highest fatigue durability expressed by the number of cycles until failure of the sample. Durability 
of the investigated magnesium alloy was ca. 3 times lower. The aluminium alloy exhibited the lowest fatigue 
life. In respect to the applied strain range it was 10 or 13 times lower than for the titanium alloy. 

Keywords: Titanium alloy Ti-6Al-4V, aluminium alloy 2017A, magnesium alloy AZ31, low-cycle fatigue 

1.  INTRODUCTION 

Currently, there is a growing interest in light metal (Al, Mg and Ti) alloys for use in the automotive and aviation 
industry. This is mainly due to the efforts to reduce vehicle weight and increase fuel efficiency. 

Renewed interest in magnesium alloys results from the development of new coatings which can protect from 
corrosion, new alloys, new and improved technologies for casting blanks and forming that significantly improve 
the properties of the products [1-3]. The development of wrought magnesium alloys and their forming 
technologies so far was very limited. Wrought magnesium alloys were used sporadically, due to technological 
difficulties during forming and high manufacturing cost [4-6]. Mechanical properties of wrought magnesium 
alloys are higher than that of casting alloys [7]. Wrought alloys are also becoming more promising because of 
the development and improvement of new and existing forming technologies. The most preferred combination 
of properties is found in the alloys from Mg-Al-Zn-Mn group, containing up to 8 % Al, with the addition of Mn 
(2 %), Zn (up to 1.5 %) [8, 9]. 

Aviation industry, where the material requirements include high durability and fatigue resistance and low 
weight, is more and more dominated by the aluminium alloys. It is estimated that over 60% of the airliner 
construction is made of aluminium alloys [10]. 

The material used in this study consisted of hot formed bars of AZ31 magnesium alloy, dual-phase Ti-6Al-4V 
titanium alloy characterised by very high strength and machinability [11] and the 2017A aluminium alloy which 
has a very good susceptibility to stamping and folding. 2017A alloy is only moderately resistant to corrosion, 
but because of high mechanical properties is still used for components in automotive industry, machine parts 
and aircraft parts [10]. 

The usefulness of wrought light metals based alloys for machine parts manufacturing is determined by their 
low density and a number of advantageous mechanical properties. In case of application in automotive and 
aviation industries this alloys should have, among other things, advantageous fatigue characteristics. 
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The paper presents the results of low-cycle fatigue testing, carried out with two total strain ranges 
Δεt = 1.0 and 1.2 %. Based on the obtained results, the cyclic deformation σa = f(N) and low-cycle fatigue 
characteristics were prepared for tested materials. 

2.  MATERIALS AND PROCEDURES 

The experiments were performed using hot worked rods made of AZ31 magnesium alloy, two phased titan 
alloy Ti-6Al-4V and 2017A aluminium alloy. Tensile and low-cycle fatigue tests were performed on MTS 
machine under room temperature using cylindrical samples prepared as shown on Fig. 1 . The results of tensile 
tests (Fig. 2 ) were the basis for determining the low-cycle fatigue test parameters. 

 

Fig. 1  Dimensions of test sample 

 

Fig. 2  Comparison of static tensile test charts and mechanical properties  
of light metals based alloys 

Fatigue tests were performed in tension-compression cycle at a rate of asymmetry R = -1. The machine was 
controlled by strain. Two ranges of total strain Δεt = 1.0 and 1.2 % were used. Hysteresis loops (Fig. 3 ) for 
tested materials were registered during stabilized state of fatigue process (so called saturated state). Cyclic 
strain σ = f(N) charts (Fig. 5 ) and durability characteristics Nf (number of cycles to rupture, Fig. 5d ) were 
prepared using obtained results. In order to clarify the reasons for the lack of symmetry in the cyclic strain 
charts and irregularities in hysteresis loops for AZ31 magnesium alloy additional static tensile and compression 
test were performed with the accurate measurement of elongation (Fig. 4 ). Fig. 6  shows the fractographic 
analysis of low-cycle fatigue fractures. 
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a)  b)  

c)  

Fig. 3  Characteristic hysteresis loops:  
a), titanium alloy Ti-6Al-4V b) magnesium alloy AZ31, c) aluminium alloy 2017A 

 

Fig. 4  Static tensile and compression charts with precise strain measurement  
for AZ31 magnesium alloy 
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a)  b)  

c)  d)  

Fig. 5 Characteristics of cyclic deformation and durability:  
a) aluminium alloy 2017A, b) magnesium alloy AZ31,  

c) titan alloy Ti-6Al-4V, d) comparison of low-cycle durability 

     

Fig. 6 Morphology of fatigue fractures: aluminium alloy 2017A (left), magnesium alloy AZ31,  
titanium alloy Ti-6Al-4V (right) 

3. CONCLUSION 
Analysis of basic mechanical properties (Fig. 2 ) shows that titanium alloy Ti-6Al-4V has the highest strength 
and plasticity (Rm = 410 MPa, Rp0.2 = 302 MPa, A5 = 36 %). In contrast, magnesium alloy AZ31 has lowest 
mechanical properties (Rm = 316 MPa, Rp0.2 = 225 MPa, A5 = 17 %). Magnesium alloy has also different values 
of Rp0.2 in tensile conditions (Rp0.2 = 225 MPa) and in compression conditions (Rp0.2 = 130 MPa). 

In the low-cycle fatigue tests, aluminium alloy 2017 and titanium alloy Ti-6Al-4V were characterized by cyclic 
weakening, whereas magnesium alloy AZ31 exhibited cyclic stability in both tensile and in compression half-
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cycles. Significant differences in the surface of the hysteresis loop (Fig. 3) were registered in fatigue tests 
during stabilized state of low-cycle fatigue process. However, there was no relationship between the loop area, 
corresponding to the energy of destruction cumulated in the material during each cycle (highest for titanium 
alloy and lowest for magnesium alloy) and between the low-cycle durability Nf (Fig. 5b ). Durability of titanium 
alloy was in fact several times higher than the durability of magnesium and aluminium alloys, which showed 
lowest durability (Fig. 5 ). Analysis of behaviour of magnesium alloy AZ31 shows, that the deformation of the 
hysteresis loop (Fig. 3b ) and the lack of symmetry between static tension and compression half-cycles in the 
cyclic deformation charts (Fig. 4b ) were the result of different values of Rp0.2. 

Fractographic analysis showed differences in morphology of fractures resulting from low-cycle fatigue. The 
differences was mainly related to the occurrence of radial slips, which have been observed only in alloys AZ31 
and Ti-6Al-4V (Fig. 6b and Fig. 6c ). 
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Abstract  

The paper deals with the study of phase transformations temperatures of real peritectic micro alloyed steel 
grade. Phase transformations temperatures were obtained using Differential Thermal Analysis (DTA) and 
Setaram Setsys 18TM laboratory system. There are presented results from the low temperature region 
(below 1000 °C) and high temperature region (above 1000 °C). Extrapolation of obtained phase transformation 
temperatures to “zero” mass and “zero” heating rate is performed. The following temperatures of phase 
transformation were determined: eutectoid transformation (740  C), end of alpha-gamma transformation 
(845 °C), start of gamma-delta transformation (1472 °C), peritectic transformation (1486 °C) and liquidus 
temperature (1511 °C).The obtained phase transformations temperatures are discussed. Phase 
transformations temperatures are calculated using thermodynamic and kinetic software ThermoCalc and IDS 
also. Experimentally obtained data of phase transformations temperatures are compared with calculated data 
and discussed. Experimentally obtained data are essential for thermodynamic calculations and they are used 
also as input data for numerical mathematical and physical models.  

Keywords: Differential thermal analysis, Steel, Phase transformations temperatures, ThermoCalc, IDS 

1. INTRODUCTION 

Better control of the entire steel production cycle - from selection of quality raw materials, through proper 
control of primary and secondary metallurgy processes, and finally, the optimum setting of casting 
and solidification conditions, is necessary for modern competitive steel making company. It is very important 
to solve (continuously improve) the refining processes, optimize the slag modes [1, 2] thermal and chemical 
homogenization of the melt [3] or filtration of steel.  

It is necessary (for each steel making company) to continuously improve and optimize production processes 
in order to be competitive in respect to other competitors. For improvement and optimization of technological 
processes of steel production it is necessary to know, among others, the proper material data. Very important 
data are for example temperatures [4, 5] and latent heats of phase transformations, specific heat, surface 
tensions [6]. Although it is possible to find in available literature values of some of the above mentioned physical 
quantities, we can see differences even between these available data. One of the possibilities of obtaining the 
necessary data is use of simulation (calculation) programs, such as IDS software for calculation of 
temperatures of phase transformations and other material properties of steels. The calculated values should 
be verified by experimentally obtained data. Differential thermal analysis (DTA) is one of the methods that are 
suitable for obtaining thermo-physical data of steels. In the presented paper the differential thermal analysis 
was used for obtaining the temperatures of phase transformations. The experiments were supported by 
theoretical calculations using the software ThermoCalc (CALPHAD method) and IDS. Experimental data 
obtained in the low temperature region are very important for subsequent heat and mechanical treatment. 
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Temperatures of solidus and liquidus [7, 8] are in the high temperature region and they are important mainly 
for setting of casting conditions. 

2. DIFFERENTIAL THERMAL ANALYSIS (DTA) 

Differential thermal analysis is a dynamic thermal analytic method used for investigation of temperature effects 
of an investigated sample connected with its physical, chemical or physical-chemical changes during its 
continuous linear heating or cooling [9]. This method is used for measurement of temperature differences 
between investigated and reference samples. Temperature of the reference sample follows the selected 
temperature program, temperature of the investigated sample is subject to changes, which reflect physical and 
chemical transformations occurring in the sample. This method makes it possible to express all physical, 
chemical of physical-chemical changes that are accompanied by sufficiently big change of enthalpy. 

3. THERMOCALC 

This thermodynamic software is based on CALPHAD method. CALPHAD method enables prediction of phase 
composition of multicomponent system by utilizing thermodynamical parameters of subsystem (experimentally 
obtained phase and thermodynamical data of the lower order system). CALPHAD method enables (besides 
calculation of equilibrium) calculation of numerous thermodynamical parameters [10]. In this work ThermoCalc 
(version 4.1) was used for calculation of phase transformation temperatures of real steel grade. Calculations 
were performed with use of the database TCFE7 Steels/Fe-alloys database version 7 [11]. Only selected 
phases (BCC, FCC, CEMENTITE and LIQUID) were considered for calculation. 

4. IDS 

The IDS model simulates the solidification of low-alloyed steels and stainless steel containing Cr up to 26 wt% 
and Ni up to 16 wt %. The solutes considered are C, Si, Mn, P, S. Cr, Mo, Ni, Cu, Al, N, Nb, Ti, V B, Ca, O and 
H. The model applies thermodynamic chemical-potential-equality equations, interfacial mass balance 
equations of solutes and FD application of Fick’s second law of solute diffusion. Depending on steel 
composition, cooling rate and dendrite arm diameter (default value provided), the model determines the stable 
solution phases and their fractions and compositions as a function of temperature [12]. The IDS software was 
also used for calculations of phase transformation temperatures of real steel grade. 

5. EXPERIMENTAL EQUIPMENT AND CONDITIONS 

Steel samples (peritectic micro alloyed steel) were prepared from billets continuously cast on billet caster 
in ArcelorMittal Ostrava a.s. Produced billets are used for production of seamless line pipes. A stick with 
diameter of approx. 3.5 mm was mechanically cut from the billet of the alloy and cylinders with the height 
of approx. 3 mm and mass from 150 to 220 mg were cut from it. The samples were then polished and cleaned 
by ultrasonic impact in acetone. Ten samples were analysed in the low temperature region and ten samples 
in the high temperature region. Method of differential thermal analysis (DTA) [9] was used for the purposes of 
measurement of temperatures of phase transformations of real steel grade. Data, i.e. temperatures of phase 
transformations were acquired with use of experimental laboratory equipment for thermal analysis Setsys 18TM 
(Fig. 1a ) made by Setaram and measuring rods TG/DTA of the type „S“ (S - type rod Pt/PtRh 10%), which 
enable measurement within the temperature range from +20 °C up to +1600 °C. Steel samples were analysed 
in corundum (Al2O3) crucibles with volume of 100 µl, Fig. 1b . An empty corundum crucible served as reference 
sample, Fig. 1b  - left crucible. During heating/cooling a permanent dynamic atmosphere was maintained - flow 

of Ar (> 99.9999 %) was 2 litres/hour. Steel samples were during experiment control heated at the rate 
of 10 °C/min in the low and also in the high temperature region. 
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6. RESULTS AND DISCUSSION 

Temperatures of phase transformations were obtained on the basis of evaluation of DTA curves for heating, 
Figs. 2  and 3. During cooling an under-cooling of samples occurred, that’s why the values obtained at cooling 
were not evaluated. The difference between the temperatures obtained at heating and cooling exceeded in 
some cases even 20 °C. 

 

Fig. 2 DTA curve of the analysed steel in the low temperature region 

 

 

 

Fig. 1a SETARAM Setsys 18TM Fig. 1b Measurement bar with corundum 
crucibles  
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Fig. 2  shows a DTA curve of steel in the low temperature region (below 1000 °C). The first peak corresponds 
to eutectoid phase transformation and temperature of the peak start corresponds to the temperature of 
eutectoid phase transformation, Fig. 2 . Temperature of eutectoid phase transformations is marked as TEUT. 
On the basis of characteristic form of the curve before start of the peak it is possible to assume that part of the 
peak was the peak, corresponding rather to the Curie transformation (a complete overlapping of these two 
peaks took place). Due to overlapping of the peaks it is, however, impossible to determine exactly the 
temperature of the Curie transformation. For this reason the temperature was not evaluated. The second peak 
corresponds to the alpha-gamma phase transformation. Alpha-gamma phase transformation starts at the 
temperature of eutectoid phase transformations. The temperature of the second peak top corresponds to the 
temperature of the end of the alpha-gamma phase transformation. Temperature of the end of the alpha-gamma 
transformation is marked as Tα→γ,E. 

Fig. 3  shows DTA curve of steel in the high temperature region (above 1000 °C). The temperature of the first 
peak start corresponds to the temperature of start of the gamma-delta transformation. Temperature of 
transformation start is marked as Tγ→δ,S. Peritectic transformation temperature was evaluated as the 
temperature of second peak start. Peritectic transformation temperature is marked as TP. Temperature of the 
third peak top corresponds to the liquidus temperature. Liquidus temperature is marked as TL.  

 

Fig. 3 DTA curve of the analysed steel in the high temperature region 

The temperatures of phase transformations, obtained on the basis of DTA curves evaluation, were 
extrapolated to the „zero“ heating rate and „zero“ sample mass [13]. The obtained temperatures were corrected 
also on the basis of the temperature calibration (temperature of melting of pure metals). Experimentally 
obtained phase transition temperatures (corrected) are presented in Table 1 . 

Table 1 presents also basic statistic functions - average, standard deviation and variation coefficient. 
Independent parameters show high degree of consistency and low degree of variability. Standard deviation 
shows higher values for the temperatures Tα→γ, E and Tγ→δ,S. This is caused by difficult evaluation of those 
temperatures on the DTA curves. 

Temperatures of phase transformations were calculated also with use of calculation software ThermoCalc and 
IDS. The calculated temperatures of phase transformations are presented in Table 2 , which contains for clarity 
also experimentally obtained temperatures. 
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Table 1 Experimentally obtained phase transformation temperatures  

Sample 
TEUT Tα→γ, E Tγ→δ,S TP TL 

(°C) (°C) (°C) (°C) (°C) 

1 741 844 1474 1486 1510 

2 740 847 1473 1486 1510 

3 741 846 1471 1486 1511 

4 740 844 1472 1485 1511 

5 741 849 1465 1486 1512 

6 740 844 1470 1485 1511 

7 740 844 1474 1486 1511 

8 740 844 1474 1486 1511 

9 740 844 1474 1486 1510 

10 740 845 1475 1485 1510 

Average 740 845 1472 1486 1511 

St. deviation. 0 2 3 0 0 

Var. coeff. % 0.04 0.19 0.19 0.03 0.03 

Table 2  Comparison of experimentally obtained and calculated phase transformation temperatures 

  
TEUT Tα→γ, E Tγ→δ, S TP TL 

(°C) (°C) (°C) (°C) (°C) 

ThermoCalc 704 845 1476 1483 1517 

IDS - 830 1476 1480 1517 

Experimentally 740 845 1472 1486 1511 

The biggest difference between the experimentally determined and calculated temperature was observed 
in case of the eutectoid phase transformation. The difference between the experimentally determined 
temperature and the temperature calculated by the software ThermoCalc was 36 °C. The IDS software does 
not make it possible to calculate the temperature of the eutectoid transformation. The experimentally 
determined temperature of the end of the alpha-gamma transformation is the same as the temperature 
calculated by the ThermoCalc software. The temperature calculated by the IDS software is lower by 15 °C. 
The temperature of start of the gamma-delta transformation was calculated by both software programs 
to be 1476 °C. The experimentally determined temperature is by 4 °C lower than the calculated values. 
The temperature of the peritectic transformation was calculated to be 1483 °C (ThermoCalc) and 1480 °C 
(IDS). The experimentally determined temperature was by 3 °C or by 6 °C higher. The liquidus temperature 
was by both software programs calculated to be 1517 °C. The experimentally obtained temperature was 
by 6 °C lower. The differences between the calculated and experimentally obtained temperatures might have 
been caused by the calculation as such, when the software programs use various simplifications and they thus 
need not reflect real processes running in the steel during heating.  

7. CONCLUSIONS 

Temperatures of phase transformations of the real sample of steel were determined with use of differential 
thermal analysis. The following temperatures of phase transformations were determined on the basis 
of experiment: TEUT (740 °C), Tα→γ, E (845 °C), Tγ→δ,S (1472 °C), TP (1486 °C) and TL (1511 °C).  
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Temperatures of phase transformations were calculated with use of the calculation software ThermoCalc and 
IDS. For the temperatures Tγ→δ,S, TP, TL very good agreement was obtained between the experimentally 
determined and calculated temperatures (by both software programs). The maximal difference for these 
temperatures was 6 °C. The temperature of the end of the alpha-gamma transformation calculated 
by ThermoCalc was the same as the experimentally determined temperature; the temperature calculated with 
use of the IDS was lower by 15 °C. The biggest difference (36 °C) was observed in case of the temperature of 
eutectoid transformation of the experimentally determined temperature and the temperature calculated by the 
ThermoCalc software. 

It is presupposed that experimental values will be discussed in respect of next implementation in to the real 
technological process directly (e.g.: TL) or via a simulation and subsequently optimization of real casting 
process. 
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Abstract  

In work the presented numerical models of steel hardening processes take into account thermal, mechanical 
phenomena and phase transformations. In the model of phase transformations, in simulations heating process 
continuous heating was applied, whereas in cooling process continuous cooling of the steel at issue. The 
phase fraction transformed (austenite) during heating and fractions during cooling of ferrite, pearlite or bainite 
are determined by Johnson-Mehl-Avrami formulas. The theoretical model of phase transformations was then 
verified by experiments. The nescent fraction of martensite is determined by Koistinen and Marburger formula 
or modified Koistinen and Marburger formula. The stress and strain fields are obtained using the solution of 
the Finite Elements Method of the equilibrium equation in rate form. The thermophysical constants occurring 
in constitutive relation depend on temperature and phase composite. For determination of plastic strain the 
Huber-Misses condition with isotropic strengthening was applied whereas for determination of transformation 
plasticity a modified Leblond model was used. A satisfactory agreement was found.  

Keywords: Hardening, phase transformations, numerical simulations, stress  

1. INTRODUCTION  

Today an intense development of numerical methods supporting designing or improvement of already existing 
technological processes are observed. The technologies mentioned above include also steel thermal process 
comprising hardening. Efforts involving thermal processing numerical models aim to encompass an increasing 
number of input parameters of such a process. Predicting of final properties of the element undergoing 
hardening is possible after determination of the type and features of the microstructure to be created, 
accompanying such technology of product quality improvement. 

 

Fig. 1 Scheme of correlation of the hardening phenomena 

For this to be achieved, it is necessary to take into account, first of all, thermal phenomena and phase 
transitions in the numerical model (Fig. 1 ). As a consequence of analyzing of the thermal processing results 
many mathematical and numerical models were obtained. The results of the numerical simulations of the 
phenomena mentioned above are dependent on the precision in calculation of the instantaneous temperature 
and solid-state phase kinetics, the latter significantly affecting and the microstructure final. Therefore accuracy 
of the solid-state phase transformations model for each steel grade is very important here. Phase 
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transformations numerical models exploiting isothermal heating and cooling curves can be applied with respect 
to several carbon steel grades if the isothermal heating and cooling curves are adequately moved. However, 
the values of the curve move should be confirmed by the results of experimental research conducted for this 
specific or a similar steel grade.  

2. TEMPERATURE FIELDS  

Temperature fields are obtained with solved of transient heat equation (Fourier equation) with source unit:  

( )( ) vQ
t

T
CT −=

∂
∂−∇⋅∇ λ   (1) 

where: λ=λ(T) is the heat conductivity coefficient [W/(mK)], C=C(T)= ρ(T)c(T) is effective heat coefficient, 
c - specific heat [J/(kgK)], ρ - thickness [kg/m3], Qv is intensity of internal source [W/m3] (this can also be the 
phase transformations heat).  

Superficial heating investigation in model by boundary conditions Neumann (heat flux qn), however cooling are 
modelling by boundary conditions Newton with depend on temperature coefficient of heat transfer:  

( )( )∞Γ
Γ

−==
∂
∂− TTTq
n

T T
n αλ   (2) 

In heating simulation on surfaces except heating source, also radiation through overall heat transfer coefficient 
was taken into account:  

( ) ( )∞Γ∞Γ∞Γ
Γ

−=−−==
∂
∂− TTTTTTq
n

T
n

*3
0 ααλ  (3) 

where: αT(T) is heat transfer coefficient, α0 is heat transfer coefficient experimental determine, Γ  is surface, 

from witch is transfer heat, ∞T  is temperature of medium cooling.  

3. PHASE TRANSFORMATIONS  

In the model of phase transformations take advantage of diagrams of continuous heating and cooling. In both 
case the phase fractions transformed during continuous heating (austenite) is calculated using the Johnson-
Mehl and Avrami formula or modified Koistinen and Marburger formula (in relations on rate of heating):  

( ) ( ) ( )( ) ( )fs ttn
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where: 
A

η  is austenite initial fraction nescent in heating process, TsA is temperature of initial phase in 

austenite, TfA - is final temperature this phase.  

The coefficient b(ts,tf) and n(ts,tf) are obtain with (4) next assumption of initial fraction (ηs=0.01) and final fraction 
(ηf=0.99) and calculation are by formulas:  
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Pearlite and bainite fraction (in the model of phase transformations upper and lower bainite is not distinguish) 
are determine by Johnson-Mehl and Avrami formula [1].  

( ) ( )( )( )n
i TtbtT )(exp1, −−= χη

  (7) 

The nascent fraction of martensite is calculated using the Koistinen and Marburger formula.  
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or modified Koistinen and Marburger formula [3,4,7]:  
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where  
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( )
%
⋅η  is the maximum phase fraction for the established of the cooling rate, estimated on the ground of the 

continuous cooling graph, m is the constant chosen by means of experiment. For considered steel determine, 
that m = 3.3 if the start temperature of martensite transformations is equal Ms=493 K, and end this 
transformations is in temperature Mf=173 K [2].  

Increases of the isotropic deformation caused by changes of the temperature and phase transformation in the 
heating and cooling processes are calculated using the following relations:  
- heating  
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- cooling  
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  (12) 
where: ( )Tαα αα = , are coefficients of thermal expansion of: austenite, bainite, ferrite, martensite and pearlite, 

respectively, ph
Aε  is the isotropic deformation accompanying transformation of the input structure into 

austenite, whereas ( )Tphph
ββ εε =  are isotropic deformations from phase transformation of: austenite into 

bainite, ferrite, martensite, or of austenite into pearlite, respectively. These values are usually adopted on the 
basis of experimental research conducted on a heat cycle simulator.  

Heat of phase transformations take into account in source unit of conductivity equation (1) calculate by formula:  

∑=
k

kk
kHQ ηη
&

  (13) 

where: k
kH η  is volumetric heat k- phase transformations, kη&  is rate of change fractions k- phase. 

The methods for calculation of the fractions of the phases created referred to above were used for carbon tool 
steel represented by C80U steel. CCT diagrams for this steel grade are presented in the Figs. 2, 3 . After 
analysis of the above diagrams it can be noticed that steel under consideration does not contain ferrite but can 
contain remnant cementite. The curves of CCT diagrams are introduced into a relevant module of phase 
fraction determination with supplementary information regarding maximum participation of each phase. 

However, in the model based upon the diagrams of continuous cooling relevant ranges determine the paces 
of cooling evaluated to the time when the temperature achieves the transformation starting curve. 

In order to confirm the accuracy of the phase transformation model dilatometric tests were carried out on the 
samples of the steel under consideration. The model was verified by comparing the dilatometric curves 
received for different cooling paces with simulation curves. On the basis of the analysis of the results a slight 
move of CCT diagram was made in order to reconcile the initiation time of the simulation transformation and 
the times obtained in the experimental research (Fig. 3 ). These moves were presented, for example, in the 
studies. On the basis of the analysis of simulation and dilatometric curves the values of the thermal expansion 
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coefficient (α(.)) and isotropic structural deformations of each structural component were specified. These 

coefficients are: 22, 10, 10 and 14.5 (×10-6) [1/K] and 0.9, 4.0, 8.5 and 1.9 (×10-3). It was adopted that 1,2,3,4 
and 5 refer to austenite, bainite, martensite and pearlite, respectively. Exemplary comparisons of the simulation 
and experiment results are displayed in the Fig. 4. The transformation kinetics corresponding to the 
established speeds of cooling was presented in the Fig. 5 . 

  
Fig. 2 Diagram CCT for steel C80U Fig. 3 Shifted diagram CCT with CHT 

curves for considered steel 

  

Fig. 4 Experimental and simulating dilatometric curves 

Coefficient of thermal expansion the pearlite structure for considered steel is dependent on temperature  
(Fig. 4 ), approximate this coefficient by square function. Analysis results from the model notice, that 
advantageous, is use in modelling of phase transformations the CCT graph for considered group steel. 
Accuracy results, particularly in range rate cooling are obtain in which forming also bainite (Fig. 5 ).  

  

Fig. 5 Kinetics of phases for the fixed rates cooling 
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4. STRESSES AND STRAINS  

In the model of mechanical phenomena the equations of equilibrium and constitutive relationship accept in 
rate form [3]:  

( ) ee,,, εDεDσσσ0σ o&&o&&&& +===∇ Ttxα   (14) 
where: σ=σ(σαβ) is stress tensor, D=D(ν,E) is tensor of material constant (isotropic material), ν is Poisson 
coefficient, E= E(T) is Young’s modulus depend on temperature, whereas εe is tensor of elastic strain.  

Assumption additives of strains, total strain in environment of considered point are equal:  
ptpTphe
εεεεε +++=   (15) 

where: εTph are isotropic temperature and structural strain, εtp are transformations plasticity, whereas εp are 
plastic strain.  

To mark plastic strain the non-isothermal plastic law of flow with the isotropic strengthening and condition 
plasticity of Huber-Misses were used. Plasticize stress is depending on phase fraction, temperature and plastic 
strain [4]:  

( ) ( ) ( )p
0

p ,,,, efHef TYTYTY εηεη +=
  (16) 

where: ( )η,00 TYY =  is a yield points of material dependent on the temperature and phase fraction, 

( )p
efHH TYY ε,=  is a surplus of the stress resulting from the material hardening.  

5. EXAMPLE  

As it has been already mentioned, the simulations of hardening were subject the fang lathe of cone 
(axisymmetrical object) made of tool steel. The superficial heating (surface hardening) the section of side 
surface of cone was modelling Neumann boundary conditions taken Gauss distributions of heating source. 
The cooling simulated by flux results from the difference of temperature among side surface and cooling 
medium (Newton condition). The temperature of cooling medium is equal 300 K. The coefficient of thermal 

conductivity was constant and was equal αT=4000 [W/(m2K)]. The cooling performed to obtain by object 
ambient temperature, and final of structures. Obtained results of simulations were presented  
on the Figs. 6, 7 .  

  

Fig. 6 Distributions: temperature a) and 
austenite b) after heating 

Fig. 7 Zones: bainite a) and martensite 
b) after quenching 
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As it has been already mentioned, using of CCT diagrams within the cooling rate ranges wherein three 
transformations are observed: pearlitic, bainitic and martenisitic, guarantees more precise results. The results 
of verification simulation of phase transformation kinetics (Fig. 5 ) prove that application of CCT diagrams 
enables good precise determination of fractions and kinetics of newly-created phases depending on the cooling 
rate.  

   

Fig. 8 Distributions of radial, circumferential, tangential and axial stresses 

The simulations provide to very valuable distribution of temperature and good area of austenite deposition 
were obtained (Fig. 6 ). The hardened area after cooling appeared very beneficial, as well, which means that 
it is very well situated. The structure of the area after hardening is very good.  
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Abstract   

Monitoring the mechanical properties changes is very important to assure structural integrity of NPP 
components, especially within the context of their operational life extension. Determination of current 
mechanical properties of several structural materials of NPP components, especially reactor internals, is not 
possible using the standard testing methods, in connection with the material volume necessary for the testing. 
In comparison with reactor pressure vessel, reactor internals are usually not covered by the system of 
surveillance samples as well as other hardly replaceable components of the primary circuit, e.g. primary piping, 
steam generator etc. Sampling of the optimal material volume usually brings adverse consequences of 
affecting the integrity of component or in several cases destruction of the whole evaluated component. For 
standard size specimens, it is also necessary to take into account the high activity of the material, with influence 
on the collective dose of hot cell facilities personnel. Aim of this work is to present the advantages of the semi-
destructive testing method (instrumented hardness test method) in the process current mechanical properties 
evaluation of the hardly replaceable long-term operated NPP components. Instrumented hardness test method 
is a semi-destructive testing method for direct measurement of mechanical and fracture properties of materials 
including yield strength, ultimate tensile strength (UTS), strain hardening exponent, and fracture toughness. 
Semi-destructive testing techniques use technological processes and equipment enabling the direct 
determination of mechanical properties from the component surface without affecting its integrity. Advantage 
of semi-destructive degradation mechanisms quantification could be very promising for use in the field of 
nuclear energy for components of NPP as well as in other industrial sectors, e.g. chemical and petrochemical 
industry. 

Keywords: Mechanical properties, nuclear power plants, instrumented hardness test method 

1. INTRODUCTION 

1.1. Facility - general overview 

From 1970, ÚJV Řež, a. s., Division of Integrity and Technical Engineering, operates the fleet of 51 hot cells 
situated on the 3 floors of the Radiochemistry building. In the first period of operation until 1978, considerable 
attention was paid to verifying operational abilities of fuel elements. After the year 1980, most of activities are 
focused on the determination of degradation of NPP irradiated structural materials, especially from WWER 
components. At present, the main purpose of the facility is to support the Czech (Dukovany NPP, Temelín 
NPP), Slovak and several Ukrainian NPP`s within the frame of their reactor pressure vessel surveillance 
programs. Besides the portfolio of standard accredited mechanical tests (impact testing, fracture toughness, 
etc.) the laboratory is also focused on the development of innovative testing methods and their employment in 
the determination of irradiated material operational degradation. The instrumented hardness test method (ABI 
- automated ball indentation test method) is a non-destructive testing method for direct measurement of 
mechanical and fracture properties of the materials including yield strength, ultimate tensile strength (UTS), 
strain hardening exponent, and fracture toughness [1]. The ABI testing is based on multiple indentations by a 
spherical indenter at same test location. Testing is automated, rapid and localized, and allows determination 
of the true stress versus true strain characteristic of metallic materials having matching and comprehensive 
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strength properties [2]. The ABI test is particularly useful where a life extension evaluation is planned for a 
component and the materials property data are not available. Also, it can be used to measure properties for 
materials that may have service damage that has caused a change in tensile properties during service life (e.g. 
neutron embrittlement of nuclear pressure vessels). Another important application is the determination of yield 
strength of ferritic steel components, such as oil and gas pipelines, when documentation exists for the original 
or the repaired material and when deterministic fitness-for-service evaluation is required for safe operation at 
current or higher pressures [3]. The ABI test is a macroscopic/bulk technique that measures the properties on 
a small volume of material. This capability is valuable in mapping out property gradients in welds and HAZs 
(heat affected zones). The minimum diameter of the indenter must be large enough such that the spherical 
indentation, produced at the smallest practical depth/strain, covers at least three grains of the metallic sample. 
This requirement is the same for the minimum thickness of a tensile specimen in order to measure 
macroscopic/bulk properties. The ABI technique can be used to measure the stress-strain properties of the 
material that may have a sharp gradient of mechanical properties [2, 3]. This, for example, exists in a weldment 
where the base metal and weld metal have different strength and ductility and the HAZ may have a very sharp 
gradient of properties. This paper presents results of the project "Development of innovative semi-destructive 
method of high active material evaluation for nuclear reactor components lifetime assessment". The proposed 
project is dedicated to the use of instrumented hardness testing methods for evaluation of the current 
mechanical properties of the long term operated hardly replaceable components of nuclear power plants - 
especially the components of the reactor and the primary circuit. The use of this method is enabled by the 
existence of technological processes and devices that allow the acquisition of a small amount of test material 
from the surface of component while maintaining the integrity and strength of material, eventually directly in 
the tested component using equipment with remote control during reactor outage. The benefits of semi-
destructive quantification of degradation mechanisms can be used especially in the field of nuclear energy for 
evaluation of nuclear power plants irradiated components structural materials degradation, but also in other 
industrial areas, such as the chemical and petrochemical sector [2, 4, 5]. The main goals of the project are 
obtain a sufficient database of results from instrumented hardness tests as well as standard mechanical tensile 
and impact notch toughness test supplied by fractographic analysis of highly irradiated structural materials of 
nuclear reactor components and of other materials from difficulty replaceable components of nuclear power 
plant primary circuit subjected to environmental degradation. These results will be used to check the theoretical 
formulae and for the evaluation of the empirical correlations between of the standard tests and the 
instrumented hardness tests for assessment of property degradation of these materials during operation using 
specimens cut off from these components. Evaluate a certified procedure for testing and evaluation of 
instrumented hardness tests for determination of the effect of operation degradation on structural materials of 
critical nuclear reactor and primary circuit components from specimens cut off from these components during 
operation and apply this certified procedure on the assessment of lifetime of highly irradiated operating 
components of nuclear reactors and primary circuit components. 

2. EXPERIMENTAL  

2.1. Material  

The steel 15Kh2MFA was chosen for the experiments (tempered bainitic steel used for the fabrication of 
pressure vessels of WWER 440-type nuclear reactors). The chemical composition of the steel 15Kh2MFA is 
shown in Table 1 .  

 

 

Table 1 Chemical composition of the steel 15Kh2MFA 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

650 

 C Mn Si P S Ni Cr Mo V 

min. 0.13 0.30 0.17 - - - 2.50 0.60 0.25 

max. 0.18 0.60 0.37 0.025 0.025 0.40 3.00 0.80 0.35 

This paper describes the correlations of conventional test methods with innovative testing method obtained for 
the non-irradiated material 15Kh2MFA in the circumferential and longitudinal orientations of the original block 
of material, at testing temperatures of 24 °C and 265 °C.  

2.2. Tensile test results 

The first step of experimental part was to prepare a database of standard static tensile test results for the 
subsequent correlation with the results of the instrumented hardness test. For the realization of the tensile 
tests, tensile test specimens were machined from the original block of the material 15Kh2MFA. Tensile test 
specimens with a 4 mm diameter and a 22 mm gauge length in the 2 orientations: C - circumferential, L - 
longitudinal. Standard tensile tests were carried out at temperatures of 24 °C and 265 °C, in accordance with 
ISO 6892 using a video extensometer for precise measurements of the elongation. The results of the tensile 
tests are summarized in Table 2 . The experimental temperatures were chosen to enable a comparison with 
the tensile test results from surveillance program in the future. 

Table 2 Results of the tensile tests (15Kh2MFA, circumferential and longitudinal orientation) 

Number of 
Specimens Test Temperatures [°C] Orientation Average Rp 0.2 

[MPa] 
Average Rm 

[MPa] 

Used for 
correlation 

with: 

3 24 L 502 603 ABI 

3 265 L 470 550 ABI 

3 24 C 526 647 ABI 

3 265 C 469 549 ABI 

3. INSTRUMENTED HARDNESS TEST RESULTS 

The method is based on multiple instrumented indentations at a single penetration location on a polished 
surface by a spherical indenter of various diameters (from 0.508 to 2.5 mm) [2]. The scheme of the indentation 
profile durng and after force removal is illustrated in Fig. 1. Each cycle consists of indentation, unload and 
reload sequences (an example of the results obtained by ÚJV Řež, a. s., is shown in Fig. 2 ). A series of 
instrumented indentations were carried out using a 2.5 mm diameter and a 1.575 diameter tungsten carbide 
spherical indenter on an electro-mechanical testing machine INSTRON 5967 (modified to 10kN load in 30 kN 
reinforced frame). For the purpose of this project, an electro-mechanical testing machine INSTRON 5967 was 
installed into a semi-hot cell. The spherical indenter displacement was measured by a high sensitivity linear 
variable differential transformer (LVDT) extensometer RDPE lin 56. This transducer was used for the 
displacement/position measurement. It makes an accurate position measurement of the movement of the 
armature relative to the body of the displacement transducer. The LIN differential-inductance LVDT is inductive 
(similar to a LVDT sensor) and because there is no contact across the sensor element it is very robust. This 
sensor has been selected for high temperature, high pressure and high nuclear radiation position 
measurement applications. For the purpose of this project, a device to load the samples in the thermal chamber 
was developed (Fig. 3 ). Test specimens for instrumented hardness test, with 10 x 10x 55 mm gauge length in 
2 orientation: C - circumferential, L -longitudinal, were made from original block of material 15Kh2MFA.  
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Fig. 1  ABI test indentation profile during force 
application and after force removal (complete 

unloading) [1] 

Fig. 2 Example of a multi - cycle ABI test record - 
loading diagram, ÚJV Řež, a.s. 

 

Fig. 3  Device to load the samples in thermal chamber, ÚJV Řež, a.s. 

Table 3 The results of instrumented hardness tests (15Kh2MFA steel, circumferential and longitudinal  
              orientation), testing temperatures 24 °C and 265 °C, spherical indenter 2.5 mm 

Number of 
Specimens Test Temperatures [°C] Orientation Average Rp 0,2 

[MPa] 
Average Rm 

[MPa] 
Indenter ø 

[mm] 

3 24 L 484 599 2.5 

3 265 L 335 483 2.5 

3 24 C 486 595 2.5 

3 265 C 352 495 2.5 
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Table 4 The results of instrumented hardness tests (15Kh2MFA steel, circumferential and longitudinal  
              orientation), testing temperatures 24 °C and 265 °C, spherical indenter 1.575 mm 

Number of 
Specimens 

Test Temperatures 
[°C] Orientation Average Rp 0,2 

[MPa] 
Average Rm 

[MPa] Indenter ø [mm] 

3 24 L 500 630 1.575 

3 265 L 403 531 1.575 

3 24 C 498 648 1.575 

3 265 C 401 542 1.575 

 

Fig. 4 Correlations of the yield strength of instrumented hardness tests results with the standard tensile tests 
results (15Kh2MFA, circumferential orientation) 

 

Fig. 5 Correlations of the yield strength of instrumented hardness tests results with the standard tensile tests 
results (15Kh2MFA, longitudinal orientation) 
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Fig. 6  Correlations of the ultimate strength of instrumented hardness tests results with the standard tensile 
tests results (15Kh2MFA, circumferential orientation) 

 

Fig. 7  Correlations of the ultimate strength of instrumented hardness tests results with the standard tensile 
tests results (15Kh2MFA, longitudinal orientation) 

4. CONCLUSION 

Based on the obtained yield strength Rp0.2 and Rm values of the base material 15Kh2MFA, a correlation 
between the standard tensile test and instrumented hardness test results was obtained. The preliminary results 
suggest that the instrumented hardness test method is promising in the assessment of structural NPP materials 
degradation. The results from instrumented hardness test differed depending on the indenter diameter. This 
paper presents a comparison of the results from instrumented hardness tests and tensile tests (Figs. 4 - 7 , 
Table 3 , Table 4 ) for the two experimental temperatures: 24 °C - room temperature and 265 °C of a WWER 
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440. For both temperatures (24 °C, 265 °C), good correlations of Rp0.2 (Figs. 4 - 5 ) and Rm (Figs. 6 - 7 ) were 
obtained for the indenters of 2.5 mm and 1.575 mm in diameter. At present, it is necessary to enlarge the 
experimental data volume for different types of used indenters, materials (irradiated and non-irradiated) and 
to perform testing at a wide range of temperatures. Finishing of these activities will enable the correlations to 
be improved. The main goal of future research is to obtain a sufficient database of results from the instrumented 
hardness tests as well as standard mechanical tensile and impact notch toughness tests of highly irradiated 
structural materials of nuclear reactor components and of other materials from difficulty replaceable 
components of nuclear power plant primary circuit subjected to environmental degradation. Instrumented 
hardness test was carried out in accordance with draft standard ISO/TC 164/SC 1N675. In this time, standard 
specification does not exist. ABI test method has a good potential to be standardized. 
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Abstract 

The paper presents the calculations of temperature field, volume fractions of structural components and strains 
during multipass GMAW surfacing of a prismatic element made of S235 steel. The bimodal heat source model 
is used in the description of temperature field. The solution takes into consideration the heating caused by the 
welding heat source during overlaying subsequent weld beads and self-cooling of already padded areas. The 
highest temperatures enable to determine characteristic heat-affected zones. The critical temperatures A1 and 
A3 are used to determine partial and full austenitic transformation zones, while the temperature of solidus is 
used to determine the fusion line. Kinetics of phase changes during heating is limited by temperature values 
at the beginning (A1) and at the end (A3) of austenitic transformation. In order to quantitatively describe the 
dependence of structure and material quality on temperature and transformation time of over-cooled austenite 
during surfacing, time-temperature-transformation at continuous cooling (TTT) welding diagram is used. The 
structural and thermal expansion coefficient values are determined on the basis of authors’ own dilatometric 
research. For calculations are used authors’ programs made in Borland Delphi. The results are presented in 
the form of temperature and volume phase fraction distributions in the element’s cross section as well as 
thermal cycles of volume phase fractions and strains at selected points. 

Keywords: Multipass welding, temperature field, phase transformation, strains, GMA 

1. INTRODUCTION 

Modeling of thermo-mechanical states of surfacing process involves the proper determination of the 
temperature field, the quantitative perspective on phase transformations, and the determination of 
deformations, which is the basis for determining strains. Based on the analytical descriptions given in [1] by 
the authors of this study, there were performed analysis of welding thermal cycles, volume fractions of phases, 
thermal and structural strains in multipass GMAW surafacing of the welded plate with dimensions of 0.4 x 0.4 
m and thickness of 0.03 m made of S235 steel. Numerical simulations were performed for the example of 
making five welds of 0.2 m length in the middle of the plate (coordinate o the weld beginning x0 = 0.1 m). The 
following welding parameters were assumed U = 24.3 V, I = 232 A, welding speed v = 0.007 m / s, the electrode 
wire diameter d = 1.2 mm, electrode wire feed speed ve = 0.013 m / s, and the size of the weld hw = 2.77 mm, 
and ww = 11.93 mm. The welding overlap was obtained assuming the distance between the axes of the 
individual weld beads equal 8 mm. Thermal properties of the surfaced material and the electrodes are defined 

by a = 8⋅10-6 m2 / s, c = 670 J / (kg K), density of sample and electrode material ρ = ρe = 7800 kg / m3 i latent 
heat L = 268 kJ / kg.  Borland Delphi development environment was used in calculations. 

2. TEMPERATURE FIELD AND WELDING THERMAL CYCLE 

In the calculations of the temperature field the heat source with power of 3552 W was assumed, which 

corresponds to the welding power with a coefficient of efficiency η = 0.63. A source associated with the 
operation of the electric arc with the Gaussian distribution of power density is characterized by z0 = 0.0062 m 
and t0 = 0.001 s. The maximum values of the temperature field in the cross section (Fig. 1 ) allowed for the 
determination of characteristic heat-affected zones (Fig. 2 ). Solidus temperature of 1493 °C determines the 
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weld line, and the temperatures A1 = 720 °C  and A3 = 835 °C determine austenitic transformation zones: 
partial (between A1 and A3) and total (above A3). 

 

Fig. 1 The field of the maximum temperature in middle part of cross section. 

 

Fig. 2 Heat affected zones 

1) 2) 

  

Fig. 3 Thermal welding cycles at points 1 and 2 

3) 4) 
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Fig. 4 Thermal welding cycles at points 3 and 4 

In the figure, the selected cross section points were marked, for which an analysis of the welding thermal 
cycles, phase transformations and dilatometric graphs were performed. Fig. 3 and 4 present heat cycles in 
points 1-4. In all of the drawings peaks illustrate maximum temperatures during subsequent weld beads. In 
point 1 the temperature of the plate material exceeds the austenitizing temperature during the second weld 
bead, and then the material is melted twice during application of the third and fourth weld. In point 2 at the 
border of the third and fourth weld the temperature while applying these welds exceeds twice the melting point. 
In point 3, the material is not melted, but when making weld bead 3 and 4 it exceeds the temperature of full 
austenitizing. In point 4, the temperature exceeds the temperature A1 but does not exceed the temperature A3, 
which leads to incomplete austenite conversion during the third weld bead.  

3. SIMULATION OF CHANGES OF PHASE TRANSFORMATION SH ARES 

The phase transformations kinetics during heating is limited by the temperatures A1 of the beginning and A3 
the end of the austenite transformation, while the progress of phase transformations during cooling was 
determined on the basis of TTT-welding diagram for S235 steel shown in Fig. 5  [2]. The applied computational 
model allows to determine the shares of particular phases at any point of the element for any chosen time. 
After completion of the surfacing process (the material cools) the calculated percentage of bainite in the weld 
area ranges from 63 % to 100 %. The largest share of bainite was determined in areas where single 
austenitization occured. In the zones where the secondary austenitization occurred when making subsequent 
weld beads share of bainite amounts to from 60 % to 70%. The share of perlite in complete transformation 
zone and fusion zone is 12 % and grows to the value of 30 % in incomplete transformation zone in the area of 
parent material. The changes in phase shares at selected points of the cross section (comp. Fig. 2 ) are 
presented in Fig. 6  and 7. 

4. COMPUTATIONS OF THERMAL AND STRUCTURAL STRAINS 

The structural strains resulting from different densities of individual structures are related to phase 
transformations, which in conjunction with the thermal strains leads to complicated history of strains during 
repeated thermal cycles. In strain calculations there was assumed a linear expansion coefficient of particular 
structural elements and structural strains (Table 1 ) determined on the basis of the author's own dilatometric 
research [3]. Dilatometric graphs for the selected cross-sectional points were shown in Fig. 8  and 9. In these 
graphs applied numbers refer the successive thermal cycles associated with application of particular welds. 
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Fig. 5 TTT-welding diagram for S235 steel 

1) 2) 

  

Fig. 6 Volume fraction changes at points 1 and 2 of cross section 

3) 4) 

  

Fig. 7 Volume fraction changes at points 3 and 4 of cross section 
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Table 1 Structural (γ) and thermal (α) expansion coefficients of phases 

 α [1/°C]  γ 

Austenite 2.178⋅10-5 γF,P,S→A 1.986⋅10-3 

Ferrite 1.534⋅10-5 γB→A 1.440⋅10-3 

Pearlite 1.534⋅10-5 γA→F,P 3.055⋅10-3 

Bainite 1.171⋅10-5 γA→B 4.0⋅10-3 

Martensite 1.36⋅10-5  

In point 1, the maximum temperature of the first cycle does not exceed the temperature of the beginning of 
austenitizing, there was no phase transformations and the graph is rectlinear. In the second cycle, a complete 
austenitic transformation occurred during heating, and then (in the temperature range 499 °C - 360 °C) the 
transformation of austenite to bainite, which is illustrated by a fault in the graph marked with a black line and 
digit 2. In the third cycle, while heating the complete austenitic transformation occurs (3), and then melting 
(graph fault indicated by a dotted line). After solidification of the material a graph begins at 1493 °C (blue line 
- digit 3) with a rectilinear section (to a temperature of 589 °C) reflecting the shrinkage of the material. Cooling 
transformations are causing faults in the graph to a temperature of 368 °C, then a graph again assumes the 
shape of a straight line. In the fourth cycle a complete transformation and the melting of the material occurs 
again during heating (red line). After solidification a graph (blue line) coincides with the line of deformations 
from the previous cycle until the start of cooling phase transformations, where the lines are slightly shifted 
relatively to each. In the fifth cycle phase transformations do not occur, and a graph is rectilinear. 

1) 2) 

  

Fig. 8 Dilatometric diagrams for points 1 and 2 of cross section 

In point 2 (at the border of the third and fourth weld) during the first two cycles, the temperature does not 
exceed the temperature at the beginning of austenitization (black line). In the third cycle, the complete 
austenitic transformation occurs during heating (black line - digit 3) and then remelting is observed (dashed 
line). After solidification (blue line - digit 3) a straight section of the graph ends at 590 °C with faults reflecting 
cooling transformations that take place. In the fourth cycle during heating again the complete austenitization 
(red line) and remelting (dashed line) occur, and then the solidified material shrinkage (blue line - digit 4) to a 
temperature of 595 °C, when the cooling phase transformations began. In the fifth cycle, there were no phase 
transformations and the graph has rectilinear shape. 
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In point 3 of a complete transformation zone (the material has not been melted during the entire surfacing 
process) a dilatometric graph retains its continuity. In the first two cycles, the temperature does not exceed the 
initial temperature of austenitization and the graph remains rectilinear. In the third cycle, complete 
austenitization occurred during heating, whereas during cooling the austenite was converted into the hardening 
structures, which is visible in the form of characteristic faults on the graph. Similar phenomena occurred in the 
fourth cycle, the graphs for the third and fourth cycle are clearly shifted. In the fifth cycle, there were no phase 
transformations and graph retains rectilinear character. In point 4 the incomplete conversion of austenitic 
occurred in the third cycle 

3) 4) 

  

Fig. 9 Dilatometric diagrams for points 3 and 4 of cross section 

5. CONCLUSION 

The paper presents the results of calculations of thermal and structural strains during welding process using 
GMAW multipass method. Following the determination of the variable temperature fields, the heating phase 
transformations were considered with reference to the temperatures of the beginning and end of austenite 
transformation, subjecting them to the chemical composition of steel, whereas the cooling phase 
transformations were calculated on the basis of TTT- welding diagram. Calculated welding heat cycles and 
volume shares of particular structural components allowed for the determination of the size of the thermal and 
structural strains. In case of multi-pass surfacing or rebuilding by welding, complex thermal cycles cause 
multiple phase transformations resulting in significant changes in the strains in the heat affected zone, which 
requires consideration in the welding process modeling. The obtained results provide the basis for calculating 
the strain states. 
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Abstract   

This paper analyses the effect of work hardening on the behaviour to cavitation erosion for the low alloyed 
steel 16MnCr5. 

Cavitation tests were conducted on a vibrator device with piezoceramic crystals, which fully complies with the 
requirements imposed by the ASTM G32 - 2010. 

The evaluation of behaviour at cavitation erosion was made based on curves gradient of hardness on the 
section of layer hardened by cold plastic deformation, as well as the variation curves of cavitation parameters 
MDE (depth of penetration of erosion) and MDER (penetration rate of erosion) with the duration of test. The 
topography of surfaces damaged by cavitation and the structural changes resulting in marginal layer were 
analysed with light microscopy and scanning electron microscope, they justified the significant increases of 
resistance to cavitation erosion.  

Keywords:  Work hardening, low alloyed steel, cavitation erosion 

1. INTRODUCTION 

The research in the cavitation field have as target to use the modern technologies by hardening of materials 
surfaces and, default to improve their resistance to the demands generated by  impact with the microjets and 
shock waves, produced during the exploitations, through implosion to cavitations bubbles in the hydrodynamic 
field [1 -3]. 

Such a process is the laser shock peening [4, 5]. The process consists of applying an opaque overlay on the 
surface to be treated, which can be paint or black tape. Over this is inserted a transparent overlay, which may 
be water or glass. Under the action of the laser pulse, opaque layer evaporates quickly, ionized gases retained 
between the sample surface and the transparent layer absorbs the energy of the beam and plasma state is 
created. The phenomenon generates pressure waves that induce compressive stresses of high values in 
surface layers and adjacent substrates. The microstructural deformations resulted, produce a local work 
hardening, and the residual stresses in the material leads to a significant increase in hardness and mechanical 
strength characteristics. By applying such process is estimated a significant reduction in manufacturing costs 
and in energy consumption needed, compared to other classical method of hardening. 

The main purpose is to use beneficially the residual stress, resulting from plastic deformation of the crystalline 
structure of the material under the action of shock waves generated by the impact of the laser radiation with 
opaque layer deposited. The materials can be processed in the annealed state, which is an advantage in terms 
of machining by cutting, following that the pieces will be hardened to surface and the core them to remain soft 
and plastic, for to take over dynamic stresses from exploitation. 

2. EXPERIMENTAL PROCEDURE 

2.1. Material for test 

To investigate the effects of work hardening upon the behaviour to cavitational erosion, chose a low alloyed 
steel 16MnCr5 (EN 10084-1998, No. 1.7131), used in the manufacture of components for control, distribution 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

662 

and regulation devices of hydraulic drive systems [1, 2], whose chemical composition is shown in Table 1 , with 
mean values of the mechanical characteristics, in delivery status, according to Table 2 . 

Table 1 Chemical composition of the examined steel 16MnCr5. 

Steel 

mark 

Additional and alloying elements [%]  

C Si Mn Cr S P Al Ti Mo Cu Ni 

16MnCr5 0.21 0.32 0.97 1.00 0.03 0.09 0.0175 0.035 0.018 0.2 0.1 

Table 2 Mechanical characteristics of the examined steel 

Steel 

mark 

Rm 

MPa 

Rp0.2 

MPa 

A5 

% 

Z 

% 

HB 

daN/mm2 

16MnCr5 1174 1059 12 51 207 

2.2. Treatments applied 

Test samples, for the experiment, were processed in a cylindrical bar with diameter of 20 mm, subjected prior 
to a annealing heat treatment, by heating the material at 670 ± 10°C with one hour duration, followed by slow 
cooling in the oven. 

After this treatment, the surface that would be subject to cavitational erosion, was rectified and polished to a 
roughness Rz = 0.2÷0.5 μm. After this, some of the samples were prepared for laser shock peening by applying 
a film of black paint, over this a quartz glass plate with a thickness of 3 mm.  

The treatment was performed on a laser facility UR HTS 300, at a nominal power P=240 W, applying 39 
spots/cm2 with time of pulse t=8 ms, spot diameter is 2 mm. The energy absorbed by the opaque overlay is  
E = 1.92 J approximately and is calculated with the relationship: 

E = P ⋅ t [J]            (1) 

In this way, under the action of the laser beam, the ionized gas resulted between sample surface and the 
transparent overlay, through vaporized of opaque layer, creates the plasma state. High pressure exerted on 
the sample surface by plasma, induce high waves by compressive, which produces deformation of the piece 
material and thus a working hardening to marginal layer. 

The depth of hardened layer resulting was emphasized determined by the hardness gradient curves HV0.3, 
and the investigations to the optical microscope. 

2.3. Method and equipment for research of resistanc e and cavitation  

The experimental researches were conducted in the Cavitation Laboratory at the Politehnica University of 
Timişoara, on a vibrator device with piezoceramic crystals. Equipment, procedures of preparing and testing of 
samples to cavitation, and interpretation of results are fully complies with the requirements imposed by the 
ASTM G32 rules [6 - 8]. 

Throughout the term of cavitational attack (165 minutes each divided into a period of 5 minutes, 10 minutes 
and 12 of 15 minutes each), functional parameters of device was maintained at specified values (the power of 
ultrasonic generator 500W, frequency 20000 ± 2% Hz, amplitude of vibrations 50 μm, sample diameter 15.8 ± 
0.05 mm, supply voltage 220V/50Hz, the temperature of the working fluid (drinking water) 22±1ºC. After each 
interval, samples were washed in acetone, dried in air jet and weighed on analytical balance. 
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3. EXPERIMENTAL RESULTS  

3.1.  Microhardness tests 

Intensity of microstructural changes produced in the surface layer was evaluated and through microhardness 
measurements, HV0.3, hardness variation on the hardened layer thickness is shown in Fig. 1 .  

Analysing to optical microscope, in 
section, the layer resulting from 
treatment, were observed structural 
changes characteristic for work 
hardening phenomenon, on the 
depth of 0.25 mm. Was observed to 
the surface of piece a molten layer 
on a very small depth of up to 5 μm, 
dark, with oxides resulting from 
impact between surface and laser 
beam. Between this and the 
hardened layer is observed heat 
affected zone, on a depth of about 
10 μm. 

In the edge area, there are values of 
hardness HV0.3 = 560-597 
daN/mm2, the maximum of which is 
located at a distance of about 0.03 
mm from the surface. 

The phenomenon is due to the heat 
affected surface layer, which is 
characterized by somewhat lower 
values of hardness. 

 

                                                            Fig. 1  Hardness gradient curve from the surface toward the centre 

After this maximum, the hardness values to measured points begin to decrease with increasing the depth, 
reaching after about 0.3 mm to the base material hardness value in annealed state, HV0.3 = 190 daN/mm2. 

Usable depth which is consider is about 0.2 mm from the surface, corresponding to hardness value  
HV0.3 = 230-250 daN/mm2. 

3.2.  Micrographic analysis 

Investigations carried out to the optical microscope at different magnification orders, before and at the end of 
vibratory cavitation, have highlighted the nature of the structural constituents, for each phase of treatment, as 
on see in the pictures below (Figs. 2 and 3 ). 

In Fig. 2a  results that in annealed state, the resulted microstructure is consists of ferrite, separated between 
the critical temperatures Ar 1 ... Ar 3 and pearlite, formed when is reached the temperature Ar1. Usually, for 
carbon contents of about 0.16 %, the proportion of pro-eutectoid ferrite is higher than the pearlite [3, 6]. But, 
the presence of the alloying elements (Cr and Mn) in the steel chemical composition reduced the carbon 
concentration for the eutectoid point, and increases stability to transformation austenite [4], 6]. Therefore, the 
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microstructure will be composed of 65-70 % pearlite (dark) and 30-35 % ferrite (white). The image in Fig. 2b  
shows the extent of damage by cavitational erosion for annealed sample surfaces. 

  
- a - - b - 

Fig. 2 OM image of the 16MnCr5 in annealed state: a) base material, b) section through the eroded zones 

  
- a - - b - 

Fig. 3 OM image of the 16MnCr5 in work hardened state: a) the zone between the work hardened layer and 
the base material, b) section through the eroded layer 

In Fig. 3  is shown the microstructure of the work hardened layer by laser shock peening, before the cavitational 
attack (Fig. 3a ), and after its completion (Fig. 3b ). It see that work hardening phenomenon causes the 
fragmentation and finishing of the structure of ferrite and pearlite, which become heavily saturated with 
dislocations, which causes a low level of penetration of cavitation erosion in marginal layer. 

Analysing comparatively images in Figs. 2b and 3b , it is obvious that work hardened surface have a greater 
resistance to damage caused by impact with micro-jet and shock waves generated by the implosion of 
cavitation bubbles. These images show the beneficial effect that can have the laser shock peening treatment 
for increase the surfaces resistance, which running in cavitational hydrodynamic fields. 

3.3. Cavitation curves 

Based on the mass losses, recorded at the end of each test period (5, 10 and 15 minutes) using specific 
relationships [1, 2] we determined the mean depth of erosion MDE, respectively mean depth erosion rate 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

665 

MDER for each interval, and after that were raised the mediation curves MDE(t) and MDER(t) shown in Fig. 4a 
and 4b . 

 
- a - - b - 

Fig. 4  The variation of cavitation parameter with time of the attack: a) mean depth of erosion; b) mean depth 
erosion rate 

The sample 1 in annealed state, after the initial period, suffers great losses due to massive expulsions of 
crystalline grains and parts of those. According to investigations from the previous paragraphs, it was observed 
that the material in this state is characterized by a structure composed of ferrite and pearlite, constituents with 
relatively low mechanical characteristics and resistance to cavitational erosion. After this phases, the mean 
depth erosion rate tends to stabilize at values close or slightly lower than the maximum, due to cold hardening 
of material and the air that entering the resulted caverns, characteristic behaviour of materials with high 
plasticity. 

At sample 2, in work hardened state, due to fragmentation and finishing of the crystalline structure of the 
material which result indenting hardness and mechanical strength characteristics, the mass loss are greatly 
diminished. 

In Fig. 4a  are given variation experimental values at the mean depth of erosion MDE with the attack duration 
t. These values are proportional to the mass loss being, negligible in the first 15 minutes, period characterized 
by the production of cracks and elastic-plastic deformations [2]. 

Comparing the cumulative values of mean depth of erosion, after 165 minutes, of the two types of specimen, 
result that the resistance for work hardened state is of about 2.4 times higher than in the annealed condition. 

In Fig. 4b  are given the variations of the mean depth erosion rate MDER with duration of attack t. After the 
evolution of mediation curves MDER(t), with a tendency to stabilize at maximum, is specific for the materials 
with high resistance to cavitational erosion [2]. The dispersion of experimental points on the mediation curve, 
much lower after 15 minute, shows a microstructure homogeneity and uniformity of hardened layer, 
respectively to mechanical characteristics that influence resistance to cavitation. Comparing the values 
towards which tend to stabilize mean depth erosion rates, is observed that the work hardened layer has a 
resistance of about 2.5 times higher. 

4. CONCLUSIONS 

The analysis of results based on cavitation parameter variation curves MDE(t) and MDER(t), hardness gradient 
curve on the hardened layer thickness, correlated with metallographic investigations, concerning morphology 
the eroded structures, result that for laser shock peening is substantially improves the behaviour and the 
resistance to cavitation for low alloy steel 16MnCr5 compared with annealed state, thereby increasing the life 
of the equipment in highly developed cavitation conditions. 
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The typical topography at the cavitated surface, for the samples heat treated differently, shows a preferential 
degradation to areas of ferrite, a microstructural constituent with a low resistance to crack initiation, an 
important role having the crystalline grain dimension. 

Thus, the annealed material is characterized by a ferritic-pearlitic coarse crystalline structure with high content 
of ferrite, which favours the initiation and crack propagation, resulting in massive expulsions or parts of this. 
The mean depth of erosion resulted from cavitation erosion, after the test period of 165 minutes for the material 
in annealed state is about 2.4 times higher compared with work hardened material. 

Crystal structure strongly deformed and saturated with dislocations, resulting from laser shock peening 
treatment, is characterized by an increased degree of fragmentation and finishing, that stimulates growth of 
hardness, mechanical characteristics and a reduction of mean depth erosion rate of about 2.5 times as 
compared with the annealed state. 
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Abstract   

Pitting is a type of fatigue wear of the material subjected to cyclic loading, especially occurring in the gears or 
bearings. Si-DLC coatings are currently used due to their excellent properties such as low friction coefficient, 
high hardness, and wear resistance. Tribological studies of 30CrMoV9 steel samples with Si-DLC coating were 
performed using four ball testing machine T03 used for surface fatigue resistant test condition. Analysis of 
pitting cracks was performed using a profilometer, light microscopy, and scanning electron microscopy. The 
experimental results were compared with the theoretical model. 

Keywords: Steel, Rolling contact fatigue, Pitting, Fatigue 

1. INTRODUCTION 

Pitting is a phenomenon of destroying the material under cyclic load and a lubricant environment. It spreads 
in a fatigue behaviour typically from the surface of the material where strong tensile stress is present [1-3]. 
Direction of the propagation is generally perpendicular to the surface. When a crack reaches the depth of the 
maximum shear stress, the direction of the propagation changes to that parallel to the surface and next the 
crack propagates towards the surface. Lubricant can penetrate the resulting fracture, causing its dilatation, 
that is the Rebinder effect [4]. In order to improve the wear resistance of materials, e.g. steel 30CrMoV9, 
numerous surface modification techniques can be used, such as carburizing, nitriding, applying different 
coatings e.g. TiN, CrN or diamond-like (DLC, Si-DLC). DLC coating has a low friction coefficient, high wear 
resistance, and relatively high hardness. Moreover, it is chemically inert [5-7]. The addition of Si to the DLC 
coatings additionally improve their wear resistance, and improve adhesiveness to the substrate [6,8-10]. 
Improvement of a wear resistance can be also obtained by a heat treatment of the substrate. Different kinds 
of tempering the material are used to obtain proper microstructure or precitipation carbide phases. Obtaining 
the required proportion of strengthening phases and their appropriate morphology increases the wear 
resistance of the material [11-20]. 

2. EXPERIMENTAL 

In this research samples of 30CrMoV9 steel with Si-DLC coating were investigated 
in wear conditions. Tests were performed using modified friction joint of a four-ball 
tester T03. The modification consists of replacing the active ball by the cylinder with 
the truncated cone (Fig. 1 ). 

 

 

Fig. 1 Photograph of a sample used in the tribological tests 
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Tribological tests were performed under following conditions: friction load: 3924 N, contact pressure for balls: 
8.06 GPa, the contact pressure for the cone-balls joint: 6.41 GPa, spindle speed: 1450 + 50 rpm, preload 
friction: 981 N, ambient temperature: 23 ± 2 °C, oil type: mineral [21]. The test was performed until nucleation 
of the first pitting fracture, which was confirmed by the change of the vibration amplitude. The appearance of 
such changes automatically ended triboligical test. Metallographic investigations were made using a Bruker 
Detak contact profilometer, light microscope in bright field view (LM:BF) and using differential interference 
contrast (LM:DIC) on a Nikon Eclipse LV150N instrument with so-called extended depth of focus, and on a 
FEI Versa 3D scanning electron microscope. Sites of pitting after the tribological test and after cutting 
perpendicular to the axis of the cross-section of the samples were analysed. Specimens were etched using 
2% Nital before investigations. 

3.  RESULTS AND DISCUSSION 

Tests were performed using three samples with different time to pitting nucleation: A1 in which pitting occurred 
after approximately 6 113 s, A2 where pitting occurred after approx. 61 958 s, and A3 sample with the longest 
duration of the test, pitting appeared after approx. 310 514 s. Fig. 2a shows the profile of a crack, and Fig. 2b  
wear on the sample A1 with marked direction of probable further cracking. This is not a typical pitting wear, 
because it has not fully disclosed pit wear. However, it can be clearly seen that photomicrographs of wear pit 
after cutting perpendicular to the axis of the sample show pitting wear (Fig. 2c-e ) with numerous secondary 
fractures propagating in the bottom of the pit and fatigue cracks (Fig. 2c ). 

a) b) c) 

   
d) e) 

 
 

Fig. 2 a) crack profile of A1 sample b) pitting in A1 sample (SEM-SE) - arrow shows direction of crack 
spreading, after etching c-d) LM:BF e) LM:DIC. Etching was in 2% Nital 

 

In sample A2 clearly evident pitting wear exists. Profile (Fig. 3a ) shows a section of the pit, and Fig. 3b  worn 
area with marked direction of cracking. Possible direction could be concluded through observation of a specific 
arrangement of fatigue striations in the bottom of the pit. Also in this case a number of secondary fractures in 
the bottom of the pit (Fig. 3c-e ) exist. 
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a) b) c) 

 

 
d) e) 

Fig. 3 a) crack profile of  A2 sample b) pitting in A2 sample (SEM-SE) - arrow shows direction of crack 
spreading, after etching c, e) LM:DIC d) LM:BF. Etching was in 2 % Nital 

Fig. 4a shows the wear profile of the sample A3 (the longest time to pitting nucleation), and Fig. 4b  wear area 
with marked direction of crack propagation. Also in this case there are numerous secondary fractures in the 
bottom of the pit (Fig. 4c-f ). 

a) b) c) 

   
d) e) f) 

   
Fig. 4 a) crack profile of A3 sample b) pitting in A3 sample (SEM-SE) - arrow shows direction of crack 

spreading, after etching c) LM:BF d-f) LM:DIC. Etching was in 2 % Nital 

The samples were etched in 2% Nital, however, etching could not conclusively prove that pitting cracks 
propagate intergranularly or transgranularly. However, it is not disclosed metallurgical defects that could initiate 
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crack. Additionally, hardness depth profiles of the substrate (Fig. 5 ) do not show a direct correlation between 
the hardness of the substrate and the time of pitting nucleation.  

 

Fig. 5  Hardness depth profiles of investigated samples 

The relationship between theoretical model [22] and experimental results of the depth of the greatest shear 

stress based on the profilometry measurement of sample A2 was also examined. Calculated (228 µm) and 

experimental depth (220 µm) values are in good agreement (Fig. 6 ). 

a) b) 

  

Fig. 6  Dependence of the depth of the greatest shear stress a) theoretical model b) experimental results 

4. CONCLUSION 

In examined samples of 30CrMoV9 steel with Si-DLC coating, pitting nucleation occurred from surface the 
sample. The depth of cracks is in good agreement with the theoretical model of the greatest shear stress, 
which allows predict of deep cracks pitting. The hardness of the substrate seems to has no essential influence 
on the time of pitting nucleation, and the way of crack propagation cannot be clearly defined (intergranularly 
or transgranularly). It should be noted that pitting crack is heavily dependent on environmental changes of 
friction contact. Shorter time for experiment termination for sample A1 in comparison to sample A2 and A3 
may be caused by changes in the amplitude of the wobble system long enough to terminate the experiment 
before the full unveiling of the pit. 
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Abstract 

This article deals with the new results from measurement of mechanical properties of P92 welded joints. Tested 
specimens (welded joints of P92 steel) were prepared using GTAW technology (141). After the welding the 
different modes of Post Weld Heat Treatment (PWHT) were made and the values of hardness, tensile strength 
and impact toughness of weld metal and heat-affected zone (HAZ) were measured. The aim of the research 
is to find the dependence between the mode of PWHT and the mechanical properties of weld metal and heat-
affected zone. This study contains mechanical properties of P92 welded joints obtained in the years 2011-
2014.  

P92 is modern heat-resistant high-alloy steel used in thermal power plants with supercritical parameters 
(600 °C / 30 MPa), therefore it is necessary to find out the mode of Post Weld Heat Treatment, where the 
advantageous combination of mechanical properties will be achieved. 

Keywords: Steel P92, Post Weld Heat Treatment, Mechanical Properties, Gas Tungsten Arc Welding 

1. INTRODUCTION 

Due to increasing of energy consumption, which is driven by strong economic growth, there is a demand to 
improve the efficiency of current power plants. Efficiency of these energy facilities can be improved mainly by 
using the higher values of temperatures and pressures (or both of these parameters). To make this possible it 
is necessary to use modern materials, which are able to resist high steam parameters - one of them is 
martensitic steel with a high creep resistance X10CrWMoVNb9-2 (also known under designation P92). It was 
found that P92 steel is very resistant against creep, but its corrosion resistance at work conditions is 
problematic [1]. P92 could be used to construction of parts exposed to ultra super critical (USC) parameters 
of steam (300 bar / 600 °C) [2]. 

In many construction blocks, there is a necessary to use welding for permanent connection of two parts. 
Welding is a special process of connection, because mechanical properties of welded materials and weld metal 
are very significantly affected by heat input. Due to heat input (which depends mainly on welding method and 
parameters), the weld metal and heat-affected zone become the most critical region of welded constructions 
in term of mechanical properties and creep properties. To improve the mechanical properties of welded joints 
the post weld heat treatment (PWHT) is carried out. In the group of 9-12 % Cr martensitic steels, the post weld 
heat treatment is necessary because of crack initialization [3]. 

This article deals with a post weld heat treatment of welded joints made by gas tungsten arc welding (141) 
carried out on P92 plates (thickness 8 mm). The aim of this article is examine the mechanical properties 
(hardness, tensile strength and impact toughness) after the different PWHT modes and choose the optimal 
mode of post weld heat treatment in terms of mechanical properties of weld metal and heat-affected zone. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

673 

2. EXPERIMENTAL RESULTS 

The welding specimens were prepared from P92 base material where the 1 / 2 V notch was created (Fig. 1 ). 
As a welding consumable the Bohler Thermanit MTS 616 (EN 12070 - EZ CrMoWVNb 9 0.5 2 B 4 2H5) 

∅ 2.4 mm was used, shielding gas was Arcal TIG / MIG (EG - č. 231-147-0). Welding process was carried out 
by GTAW technology (141) - with parameters according Table 1. Preheat temperature was 200 °C and the 
interpass temperature did not exceed the 300 °C. After the welding the different modes of post weld heat 
treatment were made, see Table 2. 

Table 1 Welding parameters 

Current [A] Voltage [V] Speed of welding [mm.s-1] Heat input [kJ.mm-1] 

130 - 160 12 - 16 0.71 - 1.77 0.529 - 2.163 

Table 2  Designation of tested specimens and their modes of heat treatment 

Specimen 
designation 

Testing 
temperature 

Duration of heat 
treatment 

Specimen 
designation 

Testing 
temperature 

Duration of heat 
treatment 

P92-0 as-welded conditions 

P92-730-1 

730 °C 

1 hour P92-760-1 

760 °C 

1 hour 

P92-730-2 2 hours P92-760-2 2 hours 

P92-730-3 3 hours P92-760-3 3 hours 

P92-730-4 4 hours P92-760-4 4 hours 

P92-730-5 5 hours P92-760-5 5 hours 

P92-730-6 6 hours P92-760-6 6 hours 

 

Fig. 1  The example of specimen’s macrostructure 

4.3. Tensile test 

Transverse tensile test of welds were done according to EN 4136 [4], at temperature of 20 °C. The minimal 
required value of tensile strength can be found in EN 10216-2 [5] - for P92 the values must lay in the range 
from 620 to 850 MPa. Graphical expression of average tensile strength - mode of heat treatment dependence 
can be seen on Fig. 2 . 

Fig. 2  shows decreasing trend of tensile strength with increasing dwell on annealing temperature. 
The maximum value of tensile strength is 776 MPa (without PWHT), the minimum value is 519 MPa 
(730 °C / 6 hours). In the case of heat treatment mode 730 °C / 6 hours the value of tensile strength is not 
acceptable according to EN 10216-2. 
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Fig. 2  The effect of heat treatment on average tensile strength 

4.4. Impact test 

All specimens had modified dimensions 5 x 10 mm with V notch situated in VHT 2 / 2 (notch situated in  
heat-affected zone, 2 mm far from the fusion line, 2 mm below the surface). For the required impact energy 
cannot be used the values written in EN 10216-2, because this values are defined for standardized size of test 
specimens (10 x 10 mm). The value of impact energy according to standard EN 10216-2 (27 J) have  
to be converted to dimensions of specimens using EN 13480-2 [6] “Metallic industrial piping - Part 2”. 
According to this standard, the required impact strength for specimens of size 5 x 10 mm is 14 J.  

 
Fig. 3  The effect of heat treatment on average impact energy - VHT 2 / 2 
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The effect of heat treatment on average impact energy is captured in Fig. 3 . 

In Fig. 3  can be seen noticeably increase of impact energy - VHT 2 / 2 in 4 hours (760 °C). The maximum 
value in this time of tempering is 81 J. Minimum value of the impact energy reached in 6 hours (730 °C) was 
18 J. All results are acceptable according to standard EN 10216-2 [5]. 

4.5. Hardness 

Hardness testing was performed according the ČSN EN 1043-1 - the testing load was 10 kg (HV10). 
In standard ČSN EN ISO 15 614-1 [7], there is a requirement that the maximum value of hardness cannot 
exceed the value of 350 HV. 

 

Fig. 4  The effect of heat treatment on hardness 

From comparison of hardness (Fig. 4 ) measured 2 mm under the specimen’s surface can be seen that the 
hardness values mostly decreases with the time of the heat treatment. In Fig. 4 can be also seen that the 
maximum values of hardness were obtained in weld metal region. From the graphical dependence of hardness 
on heat treatment is clear, that P92 steel has to be heat treated after the welding because  
in as-welded condition the values of hardness are above the allowed limit 350 HV. Specimens with heat 
treatment have acceptable hardness according to standard ČSN EN ISO 15 614-1. 

The effect of heat treatment on average values of hardness in weld metal can be seen in Fig. 5 . 
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Fig. 5  The effect of heat treatment on average values of hardness 

3. CONCLUSION 

P92 is one from the group of materials, which can work in the ultra-supercritical conditions. It has very good 
mechanical properties and resistance against creep, nevertheless during welding the properties are devalued 
due to heat input. To improve the mechanical properties the heat treatment is necessary. In order to find out 
the optimal heat treatment the series of experiments were made and the testing of tensile strength, impact 
energy and hardness was carried out. 

Experiments showed that tensile strength has decreasing trend with increasing dwell on annealing 
temperature. All values of tensile strength except the mode of heat treatment 730 °C / 6 hours are in the 
acceptable range from 620 to 850 MPa (according EN 10216-2). 

The acceptable value of impact energy from standard EN 13480-2 called “Metallic industrial piping - Part 2” for 
specimen size 5 x 10 mm is 14 J. In 4 hours (760 °C) the increase of impact energy - VHT 2 / 2 can be seen. 
The maximum value in this time is 81 J. Minimum value of the impact energy (reached in  
6 hours / 730 °C) is 18 J. All results are acceptable according to standard EN 10216-2. 

According to ČSN EN ISO 15 614-1 maximum value of hardness cannot exceed the value 350 HV. From 
presented results it can be seen, that the sample without heat treatment has got hardness above the maximum 
allowed value (350 HV). All modes of heat treatment fulfilled the criterion of maximum hardness according 
ČSN EN ISO 15 614-1. 

Based on obtained results it can be confirmed, that after the welding process it is necessary to made post-
welding heat treatment for P92 steel. It is also clear, that with the increasing dwell on annealing temperature 
the tensile strength decrease. The maximum value of the impact energy - VHT 2 / 2 was achieved in 4 hours 
(760 °C), where also the values of hardness and tensile strength had optimal values. From this point of view 
tempering at 760 °C / 4 hours can be considered as optimal regime of post weld heat treatment of P92 welds 
made by GTAW. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

677 

ACKNOWLEDGEMENTS 

This work was supported by the Ministry of Industry  and Trade of Czech Republic in the project FT-
TI3 / 206. 

REFERENCES 

[1] SCHMIDOVÁ E., ŠVANDA P. Behavior and Degradation of Stabilized Corrosion Resistant Steel. Conference 
Proceedings CCT 2010. Pardubice, 2010, s. 281-288, ISBN 978-80-7395-258-7. 

[2] CHEN Q., SCHEFFKNECHT G. Boiler design and materials aspects for advanced steam power plants. In: 
Proceedings of COST Programme part II: Materials for Advanced Power Engineering 2002, Vol. 21,  
ISBN: 3-89336-312-2. 

[3] HALD J., STRAUB S. Microstructural stability of 9-12 % CrMo(W)VNbN-steels,  In: Proc. Konf. “Materials for 
Advanced Power Engineering 1998”, Liege, Oct. 1998, J. Lecomte-Beckers et al. (Eds) Jülich 1998, Part I,  
pp. 155-169. 

[4] EN 4136:2001. Destructive tests on welds in metallic materials - Transverse tensile test. CEN 2011. 

[5] EN 10216-2. Seamless steel tubes for pressure purposes - Technical delivery conditions - Part 2: Non-alloy and 
alloy steel tubes with specified elevated temperature properties. CEN 2008. 

[6] EN 13480-2. Metallic industrial piping - Part 2: Materials. CEN 2003. 

[7] ČSN EN ISO 15 614-1. Specification and qualification of welding procedures for metallic materials - Welding 
procedure test - Part 1: Arc and gas welding of steels and arc welding of nickel and nickel alloys. 

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

678 

OPTIMISATION TECHNIQUE FOR ARC WELDING OF STRUCTURE D SHEET 

IVANOV Sergei1, KARKHIN Victor1, PANCHENKO Oleg2, MICHAILOV Vesselin 2 

 1 The Peter the Great St.Petersburg Polytechnic University, Russia  
 2 Brandenburg University of Technology, Cottbus, Germany, EU  

Abstract   

Effects of weld path curvature on microstructure and mechanical properties of structured sheet arc welded 
joints are studied. Solution of the direct heat conduction problem is obtained by the Green's function method. 
Optimization problem for obtaining a constant weld or heat affected zone width is formulated and solved 
numerically. The optimum power distribution along the curved weld path in arc welding of a 0.7 mm thick steel 
panel is presented. 

Keywords: Arc welding, structured sheet, microstructure, hardness, temperature field, optimization 

1. INTRODUCTION 

Stiffness of sheet structures can be increased by the formation of cell structured surface on it. Welding along 
the cell boundaries leads to formation of curved weld with recognizable non-uniformity of bead width and heat 
affected zone (HAZ) (Fig. 1 ). In this case, selection of welding parameters rise solution of the following 
optimization problem: to find such parameters of heating technology which provide the given geometry of 
heated zone and/or product properties. Required (variable) parameters of heating technology can have 
different nature (power distribution of heat source, its speed, path, etc.) [1, 2]. Features of heating processes 
and ability of welding parameters optimization of joint with curved welds is not studied enough. 

The aim of study is to develop the procedure for optimization of arc welding parameters of structured sheet 
metal.  

2. EXPERIMENTAL PROCEDURE  

Arc welding of structured sheet from low carbon steel DC04 
(≤0.08 % C and ≤0.4 % Mn) with thickness h = 0.7 mm (Fig. 1 ) 
was studied. Steel thermophysical properties: thermal 
conductivity λ = 0.025 W mm-1 К-1, thermal diffusivity a = 5 mm2· 
s-1, melting temperature Tm = 1728 К. Welding procedure: 
current I = 45 A, voltage U = 10.5 V, welding speed v = 15 mm·s-

1, filler wire G2Si1 (0.07 % C, 1.0 % Mn, 0.3 % Si ) diameter 0.8 
mm, shielding gas 82 % Ar + 18 % CO2, initial temperature To 
= 293 К [3]. The structured sheets with structure width of 33 mm, 
structure height of 3 mm and bend radius of 5 mm are 
considerably increase stiffness and decrease aerodynamic drag 
[4]. Arc movement along the cell boundaries with constant speed 
and power (constant heat input) and variable bend radius leads 
to formation of curved weld with recognizable asymmetry of 
temperature field about arc trajectory (non-uniformity of bead 
width and HAZ) (Fig. 1 ). It leads to inhomogeneity of 
microstructure and mechanical properties along the weld. 

Fig. 1 Overview of GMA welded joint of 
structured sheet with thickness 0.7 mm 
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3. MICROSTRUCTURE AND PROPERTIES OF WELDED JOINT   

Varied width of HAZ and its components (coarse grain HAZ (CGHAZ), fine grain HAZ (FCHAZ), inter-critical 
HAZ (ICHAZ), sub-critical HAZ (SCHAZ)) is the result of asymmetrical temperature field (Fig. 2 ). Hardness 
distribution measured in central plane of the sheet provides the overview of inhomogeneity of local mechanical 
properties in the weld (Fig. 2a ). An elevated HAZ hardness can be explained by formation of non-equilibrium 
microstructure under high cooling rate (cooling time in the range 1123 - 773 K of the metal heated up to Тmax 
= 1625 К  ∆t8.5/5 =8.5 s for left wide part of HAZ and 6.5 s for right narrow part of HAZ). 

Base metal consists mostly of ferrite and a small amount of perlite. Anisotropy of mechanical properties is 
determined by stretching of ferrite grains along the rolling direction. Usage of filler wire with chemical 
composition different from base metal leads to formation of welding bead with consists of acicular ferrite with 
interlayers of polygonal and Widmanstätten ferrite along the former austenite grain boundaries. Low cooling 
rate promotes formation of pronounced CGHAZ comprised of mixture of quasipolygonal and Widmanstätten 
ferrite. FCHAZ contains equiaxial grains of polygonal ferrite with almost identical diameter. 

 

 

a)            b) 

Fig. 2 Microhardness distribution (a) and microstructure (b) in section А-А of welded joint (see. Fig. 1 ) 

4. SOLUTION OF DIRECT HEAT CONDUCTION PROBLEM  

During solution of direct heat conduction problem welded sheets is represented as a solid layer (curvature of 
surface was neglected) and welding arc is normally distributed surface heat source. Heat flow distribution can 
be described by equation: 
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where r is a distance to heat source axis, re is normal radius of heat source (distance to the center of heat 
source, on which power decreases in e ≈ 2.72 times). Heat source net power q = ηhUI = 0.9×10.5×45 = 425.25 
W (where arc thermal efficiency ηh = 0.9 [5]) radius re = 2 mm. 
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Assume that the continuous heat source moves on the surface of flat layer with given trajectory ABCD and at 
the moment t it situated in point C (Fig. 3a ). Let us find the temperature field by the Green’s function method. 
Consider the continuous source as a complex of instantaneous elementary sources, which is situated in point 
B with coordinates (ξ,η,0) and act at the moment τ during dτ and release energy q(τ)dτ. Then temperature 
increment from elementary source in any point P(x,y,z) in the moment t can be described by following equation 
[2]:    
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where )4/(2
0 art e= , )( τ−t  -  is time of elementary source heat passage. 

Summarize heat increment from all elementary sources (integration of the equation (2) over t) gives 
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where tf is expiration time of heat source in point D (Fig. 2 ). It is not complicate to find the integral numerically 
because of known trajectory (ξ(τ) and η(τ) is specified functions). All characteristics of temperature field 
(maximum temperature field, thermal cycles, cooling rate, etc.) can be calculated by equation (3). 

Maximum temperature field far from weld beginning is shown in Fig. 3b . It’s asymmetrical relative to curvilinear 
trajectory especially at transition region between two linear parts of weld. Such temperature distribution is 
confirmed experimentally (see Fig. 1 ).   

During welding along curved path the field of heat flow is more complicated than during linear welding. It affects 
thermal cycles (Fig. 4a ). It is seen that curves are intersecting. For example temperature in point 1 more distant 
from arc axis is higher than in closer point 3. Results of calculation are in good agreement with experiment. 

      

a)           b) 

Fig. 3 Schematic of calculation of temperature in point P (a) and calculated maximum temperature field on 
the surface of welded joint (welding trajectory is presented by dashed line) 
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If arc power q and welding speed v is constant than half-width W1 and W2 and total width W (W=W1+W2) is 
vary along weld (Fig. 4b ). Weld bead boundaries (isotherms Tmax = Tm) has a different distance from arc path. 

     

a)        b) 

Fig. 4 Thermal cycles during welding with constant arc power (points 1 - 4 are shown in Fig. 3 ) (a) and 
distribution of weld width and arc power along curved weld at constant power (dashed and dotted lines) and 

at optimal power (solid line) (b) 

5. SOLUTION OF OPTIMIZATION PROBLEM   

An optimum criterion is commonly called objective function. For welding and allied processes it can be 
formulated using a least-squares deviation method [6-8]: 

∑ ∑
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where p is unknown parameter vector, p = {p1, p2,… , pK}; J is number of observations; K is number of unknown 
parameter; fj and fjm is calculated and measured value of weld characteristic at point j;  pk and pk

0 - unknown 
parameter and its prescribed value, wj

f and wk
p   is  the weighting factor for temperature field characteristic in 

jth point and kth required parameter; R.T. - regularization element. 

For example welding cross section size (distance between melting isotherm, HAZ width and crater geometry), 
time and cooling rate in temperature interval other characteristics of heat processes can be taken as a 
response function f. Weighting factors are defined by investigator. Regularization permits to smooth over the 
required function of power distribution.  The given pk

0 value kth parameter may include limitations with value (

minkp , maxkp ). To be accented that objective function determination is the most important step in 

formulation of optimization problem. It is affected with investigator that’s why it is subjective.  Solving of 
optimization problem relatively to unknown parameters (inverse problem) resolve into repeated direct problem 
analytical or numerical solving.   

Now let us obtain constant weld, W = W1 + W2 = const (constant distance between isotherms Tmax = Tm on the 
face surface) by varying of arc power q at a constant welding speed v. Then the objective function (4) can be 
presented in a simplified form: 
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where J - amount of target weld path sections where weld width W  is  determined. Contribution of each section 
is equal (all weighting coefficients is identical).  

Let us find the optimal power distribution along the weld. One section of the weld in the range 0 - 17.5 mm 
along the х axis divide on J transversal sections (Fig. 5 ). Corresponded travel time of heat source tint = 1.3 s 
divide on K equal steps. Assume that heat source power is equal in the each k time step, qk = const. Then 
solution of equation (5) relative to desired vector q with components q1, q2,…, qK  can be obtained by the well-
known optimization methods. 

 

Fig. 5 Optimisation problem for heat input: a - required weld width and numeration of controlled sections 
along weld axis; b - numeration of time steps; c - power distribution during welding 

Optimal power distribution along weld was obtained by steepest descent method with K = J = 30 (Fig. 4b ). It 
is seen that the power reduces in the junction between two straight sections of the weld. Weld with constant 
width W  = 3.73 mm refers to such power distribution. Corresponded half-widths W1 and W2 are unequal as a 
HAZ width astride the weld. 

6. CONCLUSION 

1) The proposed optimization technique of welding conditions of  welds considers the main arc welding 
parameters, properties of welded material and joint geometry. The technique is based on offered 
objective function and on analytical solution of corresponding heat conduction problem.  

2) The curved weld with constant width can be obtained by optimal distribution of arc power along the weld 
at constant welding speed.  
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Abstract 

The corrosion behavior of four grades of valves steels i.e. X33CrNiMn23-8, X50CrMnNiNbN21-9, 
X33CrNiMnN23-8, X50CrMnNiNbN21-8, X53CrMnNiN20-8 and X55CrMnNiN20-8 in combustion gases  
of petrol with different of ethanol volume percentage has been studied. In this work, the results of kinetic 
oxidation of above mentioned valve steels in combustion gases of petrol-ethanol mix with 5,10, 50 % [v/v] of 
ethanol are presented. It has been found that increase of ethanol in a petrol-ethanol mix up to 50 % ethanol 
volume percentage decreases corrosion resistance of examined steels. 

The corrosion tests have been performed gravimetrically under thermal shock conditions by heating  
of specimens from room temperature up to 1173 K. After heating at 1173 K for two hours, specimens were 
quenching at room temperature for 20 minutes and again heated. This experiment simulated the working 
conditions of a highly thermal loaded exhaust valves in spark or self-ignited combustion engines. The analysis 
performed shows that the corrosion resistance of X50CrMnNiNbN21-9, X53CrMnNiN20-8 and 
X55CrMnNiN20-8 valve steels in an environment of combustion gases from petrol with 50 % ethanol additive 
(v/v) is significantly worse than in an environment of combustion gases of petrol-ethanol mix with 5 and 10 % 
[v/v] of ethanol. 

Keywords : Valve steels, combustion gases, petrol-ethanol mix, kinetic of oxidation 

1. INTRODUCTION 

The exhaust valves of four-stroke, spark and self-ignited combustion engines belong to the heavier loaded 
thermally and mechanically components, operating in extremely corrosive environment of hot exhaust gases. 
Among numerous structural components, To assure high-temperature creep resistance of highly-loaded 
thermally and mechanically exhaust valves, i.e. high resistance of valve steels to low, and especially high 
temperature creeping [1], and high heat resistance in exhaust gases of petrol, where to the main oxidizing 
agents belong: oxygen from 0.3 to about 8.0 %, carbon dioxide from about 5.0 to about 12.0 % and overheated 
steam from about 3.0 to about.5.5% [2, 3]. The objective of the present work was to investigate an effect of 
alloying additions, especially Cr, Ni, Mn and Si, on corrosion resistance of highly alloyed austenitic valve steels 
in exhaust gases of petrol with 5, 10 and 50 % [v/v] ethanol additives (v/v) [4]. Oxidation of the specimens was 
carried out at temperature 1173 K, in conditions of cyclic thermal shocks, simulating operation of the exhaust 
valves in self-ignited combustion engine. Performed investigations have shown considerable effect of 
simultaneous increase of ethanol contents in petrol and Cr, Si and Ni alloy additive contents on corrosion 
resistance of the valve steels in an environment of combustion gases. 

2. OWN REASERCH 

The investigations into the corrosion resistance of valve steel were conducted on samples in the form of discs 
of the thickness of approximately 1 mm and a diameter 16 and 19 mm obtained through machining process of 
the drawn bars (of the diameters of 17 and 20 mm respectively) of an industrial high-alloy valve steel 
X33CrNiMnN23-8, X50CrMnNiNbN21-8, X53CrMnNiN20-8 and X55CrMnNiN20-8 with composition given in 
Table 1 . 
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Table 1  Chemical composition of steel valves 

Steel Chemical composition, wt. % 

C Cr Ni Mn Si Mo W Nb S P N 

X33CrNiMnN23-8 0.35 23.40 7.80 3.30 0.63 0.11 0.02 - <0.005 0.014 0.28 

X50CrMnNiNbN21-8 0.54 19.88 3.64 7.61 0.30 - 0.86 2.05 0.001 0.031 0.44 

 X53CrMnNiN20-8 0.53 20.50 4.10 10.30 0.30 0.12 - - <0.005 0.040 0.41 

X55CrMnNiN20-8 0.55 20.00 2.30 8.18 0.17 0.11 - - <0.005 0.040 0.38 

The samples to the tests of corrosion resistance, after machining and drilling ∅ 2 [mm] holes in distance of 
about 2 mm from the edge of specimens, underwent operation of grinding and polishing with use abrasive 
compounds and then cleaned with methanol and dried under a stream of compressed air. Next, the samples 
were weighed with use of an analytical balance with the accuracy of 10-4 g in an air-conditioned room. Then 
the samples were hung on kanthal hooks and in a glass hanger they were put inside the pipe of the oxidation 
reactor. The specimens oxidized in determined time interval were taken from the working chamber of the 
reactor tube and next cooled down at room temperature, and then cleaned mechanically and with the use of 
compressed air (Fig. 1 ). 

 

Fig. 1  Reactor used in corrosion resistance tests of valve steels in hot flux of exhaust gases from a  
combustion engine: 1 -  the glass tube of the reactor, 2 - steel housing, 3 - grip, 4 - pedestal,  

5 - connector pipe, 6 - pipe delivering the combustion gases to reactor, 7 - oxidation area of samples, 8 - 
collar, 9 - combustion outlet 

The examinations of corrosion resistance of valve steels in combustion gases of petrol with 5, 10 and 50% 
ethanol additives (v/v) were conducted at 1173 K under the conditions simulating work of valves in self-ignited 
combustion engine i.e. continuous flow of gas through the oxidation reactor under cycling of thermal shock 
condition i.e. heating the samples at temperature of 1173 K for 2 hours and subsequently cooled at room 
temperature and keeping them at room temperature for 25 minutes (Fig. 2 ) [5]: 

 

Fig. 2  The scheme of setup used in corrosion tests: 1- fuel tank,  
2 - combustion engine, 3 - delivering pipe of combustion gas,  

4 - furnace, 5 - reactor with samples, 6 - range of funeral movement, 7 - combustion bulbs, 8 - combustion 
outlet 
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The oxidation rate was investigated by measurement of mass loss in the oxidized specimens with reference 
to the initial surface area of the specimens S [g/cm2] and time of oxidation t [hours], and in the following step, 
results of the measurements were again related to the duration of the oxidation step as a function of the number 
of thermal shocks and oxidation times [6, 7]. 

3. TEST RESULTS AND DISCUSSION 

The obtained results shows that among examined steels the highest corrosion resistance in combustion gases 
of petrol-ethanol mix with 5 % ethanol [v/v] reveals X33CrNiMnN23-8 steel, which contains the followed highest 
alloy additives Cr (23.40 %), Ni (7.82 %) and  Si (0.63%), and the lowest Mn additive (3.30 %) - (Fig. 3 , curve 
1a). The other examined steels i.e. X50CrMnNiNbN21-9, X53CrMnNiN20-8 and X55CrMnNiN20-8 in the same 
conditions show significantly lower corrosion resistance with increasing of time oxidation up to 70 h (Fig. 3 , 
curves 2a, 3a and 4a). Behavior of above mentioned steels can be explained by lower Cr, Ni and Si content.  

The corrosion resistance of X33CrNiMnN23-8 in combustion gases of petrol-ethanol mix with 10% ethanol 
[v/v] was similar as with 5 % [v/v] ethanol (Fig. 3 , curve 1b), whereas for X50CrMnNiNbN21-9, X53CrMnNiN20-
8 and X55CrMnNiN20-8 steel decrease of corrosion resistance were observed (Fig. 3  curve 2b, 3b and 4b).  

 The growth of ethanol in petrol-ethanol mix up to 50 % [v/v] in steel X33CrNiMnN23-8 did not influence on 
significant decreases its corrosion resistance in combustion gases (Fig. 3  curve 1c). Also the similar corrosion 
resistance were observed for other examined steels i.e. X50CrMnNiNbN21-9, X53CrMnNiN20-8 and 
X55CrMnNiN20-8 oxidized at the same temperature respectively for 70, 50, 30 h and combustion gases  
(Fig. 3  curves 2c, 3c and 4c). 

 
Fig. 3  Corrosion resistance of the valve steels 1 - X33CrNiMnN23-8, 2 - X50CrMnNiNbN21-9, 3 - 

X53CrMnNiN20-8 and 4 - X55CrMnNiN20-8 in combustion gases of petrol with: a - 5 %, b - 10 % and c - 50 
% ethanol additive [v/v]. The samples were oxidized under the conditions of cyclic thermal shocks at the 

temperature of 1173 K 

4. CONCLUSION 

The analysis performed shows that corrosion resistance of X33CrNiMnN23-8 steel in an environment of 
combustion gases from petrol-ethanol mix up to 50% of ethanol [v/v] is better than for other examined steels 
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i.e. X50CrMnNiNbN21-9, X53CrMnNiN20-8 and X55CrMnNiN20-8 (Fig. 3 ). Moreover it was concluded that all 
examined steels in combustion gases from petrol-ethanol mix with increase of ethanol up to 50% ethanol [v/v] 
have slightly worse corrosion resistance properties (Fig. 3 ). The differences on corrosion resistance between 
X33CrNiMnN23-8 steel and other examined steels in combustion hot exhaust gases from petrol-ethanol mix 
with the same ethanol percentage can be explained by alloy additives contents in examined steels such as Cr, 
Ni, Si (Table 1 ). The higher Cr, Ni, and Si contents cause better corrosion resistance properties of valve steels. 
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Abstract 

It is a common practice to use automated software tools to identify material properties values in dataset 
recorded during the tensile tests. Our work is a comparative study how different numerical algorithms affect 
resulting material properties values. We tested four different algorithms on fifteen dataset while datasets 
covered all the most common metal force-deformation characteristics. Two algorithms can be considered as 
validated according to the standard while two others need some minor modifications. We expect that after 
these modifications also the two algorithms will meet evaluation requirements. Effect of using different 
validated algorithms is relatively small but still it needs to be considered as a source of uncertainties in entire 
physical test and evaluation chain.   

Keywords: Tensile test, automated results evaluation 

1. INTRODUCTION 

Recently the computer controlled automatic testing systems are mostly used for material testing. These 
systems include computer controlled stand and create records of test parameters during test procedure. The 
software Included is also used for automatic results evaluation. This paper deals with the influence of 
algorithms used for tensile test results evaluation on the obtained material properties values. We introduce 
three algorithms we have designed and one commonly used on Chinese universities [1]. All algorithms were 
programmed in Visual Basic for Application and the results were compared in MS Excel. As a testing data we 
used data from a survey [2]. We used fifteen data sets, twelve of which were real data from the real tensile 
tests and three were artificial curves. At the end all results are compared and discussed. 

2. ALGORITHMS 

2.1. Algorithm based on curve derivation 

This algorithm is based on relation between a 
curve derivative and a curve slope. Because 
we search a linear region of the force-
deformation curve thus derivation in that 
region must be constant. Because data are 
usually sampled with very small time step the 
uncertainty between two points is increasing 
and thus derivative calculated for each two 
consecutive points tend to oscillate (see 
Fig. 1 ). There are two options how to bypass 
this problem. First one is smoothened to the 
derivative curve. The second is to compute 
derivative using distant points. We chose the 
second option and used segments with 
length 40 data points. The slope was still not 

Fig. 1  Oscillations if derivative is computed for every two 
subsequent data points 
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quite constant therefore we defined the constant region which has at least 90 % of maximum value of the slope 
(see Fig. 2 ).  

 

Fig. 2  Derivation curve using sectors of 40 data points 

2.2. Iterative algorithm based on R p0,2 

Algorithm is based on assumptions presented in [3]. To find a slope of elastic region necessary for determining 
Rp0.2 we assume: linear regression in the linear region, lower limit is set to 10 % Rp0.2, upper limit is set to 50 
% Rp0.2. Iterative algorithm uses in 0th step preset Rp0,2

0 , from that value calculates lower and upper limit, from 
those limits slope and from the slope finally Rp0,2

1. This procedure repeats until abs (Rp0.2
n+1- Rp0.2

n) < ε (defined 
precision). Algorithm converges usually within several iterations. For Rp0.2

0 they can be used values from 
interval 0.1Rm - 0.8Rm with minimal influence on number of iterations needed. 

2.3. Algorithm based on finding segment with maxima l coefficient of determination 

 

Fig. 3  Coefficient of determination for Dataset 6 
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Coefficient of determination compares real values with their estimates. It may have values between 0 and 1. 
For the value 1 there is a perfect correlation between the real values and the estimates for this specimen. For 
value equal 0 the regression equation is not able to find good estimates. The algorithm tries to find a segment 
with maximum coefficient of determination. To start with we use values entered by a user or we use results of 
other methods. In Fig. 3  you can see the dependency between coefficient of determination for lower limit (from 
20 to 120MPa) and upper limit (from 150 to 200 MPa) for dataset 6. Segment with the best coefficient of 
determination (0.999866) is the segment from 76 to 206 MPa. 

2.4. Iterative method used on Chinese universities [1] 

This method uses the following algorithm (see Fig. 4 . for details): 

• In the starting part of the loading curve (F-ΔLe), where Rp0,2 is expected, the point A0 is randomly chosen. 
The value Fp0.2

0 corresponds to this point on the load axis. It is assumed it represents the load on yield 
point Fp0.2. 

• Two point B1 and D1 are defined at values 0.1 Fp0.2
0 and 0.5 Fp0.2

0 respectively and straight line is put 
between them. 

• At the point C, which corresponds to 0.2% elongation, a line is constructed parallel to the line B1D1. That 
line intersects the load curve at point A1. 

• In case A1 = A0, Fp0.2
0 is the load on the yield point Fp0..2, which is the value we looked for. Otherwise the 

entire procedure repeats with new value Fp0.2
1 derived from A1. 

• Iterations continue until An=An-1. Then Fn is the load Fp0.2 at the yield point we looked for and the slope 
of the BnDn represents Young’s modulus of elasticity. 

 

Fig. 4  Iterative method used to find yield point [1] 

This iterative method is easily utilized particularly in automated test systems. In addition to yield point, if we 
use an extensometer it is also applicable for the ductility determination. Together with the appropriate 
extensometer it significantly contributes in eliminating the differences in the results of the measurements. 

3. ALGORITHM VERIFICATION 

All algorithms were programmed in Visual Basic for Applications, modules for data loading and reporting were 
added. The final program analyzes all data files in a given directory with all algorithms and it creates the report 
table. 
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We used the data files from project TENSTAND EU [2] as a source data for this survey. The data are ASCII 
files with force-elongation curves with different material characteristics and they are freely available for a 
software validation. The standard [4] states that in case of validation using predefined data files of known 
material the results should be within the limits presented in Table 1 . 

Table 1  The maximum allowed differences between the results obtained by computer and the results obtained  
              manually 

Parameter  
Average deviation D Standard deviation s 

relative absolute relative absolute 

Rp0.2 ≤ 0.5 % 2 MPa ≤ 0.35 % 2 MPa 

Rp1 ≤ 0.5 % 2 MPa ≤ 0.35 % 2 MPa 

ReH ≤ 1 % 4 MPa ≤ 0.35 % 2 MPa 

ReL ≤ 0.5 % 2 MPa ≤ 0.35 % 2 MPa 

Rm ≤ 0.5 % 2 MPa ≤ 0.35 % 2 MPa 

A - ≤ 2 % - ≤ 2 % 

All algorithms were tested on 15 datasets, 12 of them are real data measured on real specimens and 3 are 
artificially generated curves. Complete report table with all data for all dataset covers three complete A4 pages, 
therefore it is not present in this paper (but it is available upon request). A brief summary of the results for each 
algorithm follows. 

3.1. Algorithm based on curve derivation 

In three cases the difference in yield point value Rp0.2 was ≥ 0.5 % from CTV (CTV = conventionally true value. 
The value is attributed to the particular quantity and accepted, sometimes by convention, as the value with uncertainty 
which is satisfactory for the purpose [4]. It specifies the interval in which the right value is present with certain probability. 
In our case these are values agreed in study [2] - Table 9: Agreed values for the Premium Quality ASCII dataset (no 

smoothing applied). It shows the algorithm failed in these cases. Further analysis revealed the cause to be 
unexpected derivative behaviour probably during grips tightening around specimen that led to extreme value 
of derivative. Due to the fact the algorithm use 90% of maximum derivative value to define linear part of the 
curve the result is not satisfying. Based on the results we cannot consider this algorithm as validated. On the 
other hand is it highly probable that after some small changes in the algorithm to overcome such problems, 
the method will be able to pass a process of validation. 

3.2. Iterative algorithm based on Rp0.2 

Relative difference of the yield point value Rp0.2 was in all cases less than 0.5 %. For 11 datasets it was equal 
to CTV. After deep study this algorithm can be considered as validated for a data without any disturbances. 

3.3. Algorithm based on finding segment with maxima l coefficient of determination 

This algorithm needs a starting point around which it tries to find required values. For our tests we choose  
20 % Rp0.2 for the middle lower value of the segment, 75% of Rp0.2 for upper middle value of the segment and 
delta to be 20 % Rp0.2. These values were chosen so that the minimal segment would be from 40 % to 55 % of 
Rp0.2. For all datasets the relative difference was ≤ 0.5 % from CTV, therefore the algorithm can be considered 
as validated for data without disturbances. In few cases the algorithm reached interval limits without finding 
maximal coefficient of determination. From this reason changes in algorithm allowing the segment boundaries 
to move would increase a usability of this method. 
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3.4. Iterative method used on Chinese universities 

Relative difference from CTV at yield point was more than 0.5% in two cases. In one case is is probably 
because of disturbances are present in the analyzed data. This method has some difficulties based on the 
following: 
1) It does not eliminate pre-stress in the specimen (while the other methods do) 
2) Algorithm uses bisector method, which is not ideal for data with disturbances. 

Most of the differences were similar to the method described in chapter 2.2. This algorithm cannot be 
considered as validated as it is. It is however highly probable that after some small changes it can pass the 
validation process. 

4. CONCLUSION 

Three algorithms were introduced and one was taken from the literature. Software for algorithms validation 
was prepared and all four algorithms were tested on fifteen dataset. Two algorithms were considered as 
validated and two others were studied further. Changes in these two algorithms were suggested and it is highly 
probable that after the changes both algorithms will pass the validation process. The report table shows all the 
differences between resulted values achieved by all algorithms for different materials (different datasets). For 
data without disturbances all methods resulted mostly in difference less than 0.5 MPa in yield point value. 
Therefore we can say none of these algorithms have significant effect on resulting material properties values.   
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Abstract 

The Danish coal-fired Ultra Super Critical (USC) plant, Nordjyllandsværket has now reached 100.000 hours of 
operation. Taking advantage of the boiler maintenance programme, tube sections were removed from more 
than 20 different locations in the boiler during the 2012 summer shutdown to assess the materials conditions 
of the boiler. The tubes have been investigated to document wall thickness, fireside corrosion and steamside 
oxidation rates and morphology and microstructure evolution after 100,000 hours exposure. The mechanical 
and fracture properties were obtained using small punch test technique (SPT) as well as using miniaturized 
test specimens. The present paper focuses on investigations and modelling of the influence of sigma phase 
precipitation on mechanical and thermal stability of the austenitic alloy TP347H that was used as a construction 
material for superheaters and re-heaters. Obtained results show that even very small amounts of sigma phase 
affects fracture behaviour significantly. Drop in fracture properties can be clearly identified using miniaturized 
test specimens or SPT. 

Keywords: Sigma phase, Tp347HFG stainless steel, miniaturized test specimens, SPT 

1. INTRODUCTION 

Very little data exists in the literature which describes long-term exposure of TP347HFG and TP347H although 
there are many articles on short term laboratory exposures and initial experiences in power plants. Sigma 
phase is an intermetallic Fe, Cr phase that forms in austenitic steels during long term exposure at high 
temperatures. The presence of sigma phase leads to embrittlement of the material at ambient temperatures. 
The presence of sigma phase is a problem for steels with a higher Cr content however has not been recognised 
as being present for TP347HFG. The microstructural evolution of TP347HFG has been discussed for 
exposures between 1000 - 50,000 hours, where sigma phase develops within 1000 hours at 700 °C and within 
the first 50,000 hours at 650°C [1]. Such temperatures ranges are not utilised at Nordjyllandsværket, however 
sigma phase is observed. This work is focused on quantification of the influence of sigma phase on material 
properties including fracture behaviour using miniaturized test specimens and small punch test. 

2. INVESTIGATION METHODS  

The superheater and re-heater materials had been in service for 100,000 hours. As there are no direct 
measurements of the tube wall temperatures, they were estimated based on flue gas and steam temperatures 
according to EN standard [2]. Service temperature varies between 550 and 585 °C depends on the position of 
tubes. Specimen rings from the exposed tubes were prepared according to standard metallographic 
preparation techniques. Specimens were etched electrolytically with 10% oxalic acid to reveal microstructure. 
The orientation of the tubes in the boiler has a great influence on the microstructure. Therefore all samples 
were orientated in the same way such that the side facing the furnace was marked as position 0° and the side 
facing away from the furnace was marked 180°. The microstructure of the TP347H and TP347HFG tubes was 
investigated with Light Optical Microscopy (LOM) and Scanning Electron Microscopy (SEM) equipped with 
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Energy Dispersive X-ray Spectroscopy (EDS). To understand effect of sigma phase on material properties and 
structure, various testing methods based on miniature test techniques have been used including small punch 
test method. The influence of sigma phase on mechanical and fracture properties of tubes were further 
investigated by the means miniaturized Charpy V-notch test, miniaturized Tensile Test (TT), Small Punch Test 
(SPT) and Fracture Toughness Test (FTT). Fig. 1  shows the placement of all specimens in the test tubes for 
both wall thickness, and drawings of the test samples with dimensions are shown in Fig. 3 and 4. All tests 
were carried out according to valid standard [3-5]. SPT were carried out according to recent version of draft of 
the standard for this test [6]. The Small Punch (SP) miniaturised test technique is an invaluable method capable 
of providing direct values for mechanical properties of materials. The small punch technique is an almost non-
destructive technique for characterizing the mechanical properties especially of service-exposed plant 
components. The microscopic size of the specimens means that only negligible amounts of material have to 
be sampled. The SP testing technique utilises a small disc specimen, 8 mm in diameter and 0.5 mm in 
thickness, clamped around its circumference and indented by a spherical punch up to failure [6,7]. Monotonic 
load vs. displacement records are used to derive estimates of tensile and fracture toughness parameters see 
Fig. 4b) . All tests presented in this work were performed at room temperature. Impact properties after exposure 
have been compared to values of impact energy in a virgin state of material TP347HFG used in work [7]. 

 

Fig. 1 Cutting plans for TP347H tubes a) thinner tubes; b) thicker tubes 

   

Fig. 2  Tensile test specimens 

 

a) 

b)  

Fig.  3 a) Charpy subsize specimen; b) miniaturized Charpy specimen 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

695 

 

a) 

 

b) 

Fig.  4 a) Principle of small punch test; b) Typical SPT record 

3. RESULTS 

All samples were first investigated with LOM in order to get a general overview of the microstructural changes. 
ASTM Grain size [8] was also measured and has been found to be between G5 - G9 depends on components 
and conditions. 

3.1. Microscopy investigations of sigma phase forma tion  

The LOM investigations revealed the presence of sigma phase in the majority of the samples investigated. 
Sigma phase was found in greater amounts in position 0°, which is facing directly to the furnace and thereby 
meets the hottest flue gas - see Fig. 5 . A sigma phase free band of about 300 - 400 µm at the surface on the 
flue gas side was observed. The greatest concentration of sigma phase was in the mid-thickness of the tubes 
and its content was decreasing towards the steam-side of the tubes. Small amounts of sigma phase were 
observed also in position 180° that is facing away from the furnace and is partially shielded from the hot flue 

gas by surrounding tubes. Sigma phase content in position 0° and 180° varies between 0.2 and 5.5 

%.  

Fig. 5  LOM image of sample 17 a) 0° - 5.5 % of sigma phase, b) 180° - 0.6 % of sigma phase 

3.2. Mechanical testing 

Tensile tests. The sigma phase is known to influence the mechanical properties, especially toughness, of 
materials at lower temperatures. Several test methods were used in order to find the most suitable and 
sensitive test method for evaluation of the influence of sigma phase on mechanical and fracture properties of 
TP347H and TP347HFG. The performed tensile tests did not show a significant difference in results due to the 
presence of sigma phase in the structure especially with respect to yield strength and tensile strength, see 
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Table 1 . Tensile strength seemed to be at the same level for all tubes at the side with sigma phase and at the 
side without sigma phase. Decrease of yield strength at the side with sigma phase appeared just in tubes with 
great amounts of sigma phase (tube 17 and 19 - 5.5% and 2.2 % of sigma phase) and in tube 13, which 
contains rather small amount of sigma phase (1.1%), but was operated at the higher temperature (585 °C).  

Table 1  Tensile properties of the tubes with maximum amount of sigma phase 

Specimen ID  Tensile strength  
Rm  

Upper yield strength  
ReH 

Elongation  
A 

Reduction of area  
Z 

Tube 17 [MPa] [%] 

position 180°  

17-1-b 

675 357 48.0 64.0 

684 389 43.3 59.6 

position 0° 

17-2-b 

676 277 38.7 45.9 

678 286 38.7 45.5 

Plastic properties such as elongation and reduction in area showed a significant response where the affect of 
sigma phase resulted in a higher  loss of reduction of area. The measured values of elongation and reduction 
of area can be directly related to toughness of steel as sigma phase appears  to change of fracture properties. 
All investigated tubes showed decrease of elongation and reduction of area (of 8 - 25% depending on the 
content of sigma phase) compared to tubes without sigma phase. 

Charpy V tests.  Data of absorbed energy were plotted in two graphs (see Fig. 6 ) depending on the wall 
thickness and type of specimens used for testing. This was compared with results of steel TP347HFG in as 
received condition that were previously tested [7]. Drop of impact energy at the side with sigma phase 
happened at all tested tubes with the exception of tube 14, where the difference between the side with and 
without sigma phase is very small. Tube 14 has the smallest amount of sigma phase of all fine-grained tubes. 
Tube 17, with the highest amount of sigma phase, appears to suffer the biggest drop of impact energy. A 
significant drop of impact energy at the side with sigma phase was also observed for samples from coarse-
grained tubes 13, 18 and 19. Level of impact energy of the coarse-grained tubes is generally higher than of 
the fine-grained tubes. 

Small punch test  is a method which sensitively responds to the structure of steel. Fig. 7 shows comparison 
of test records of the SPT specimens from both sides of the Tube 17 with the highest amount of sigma phase. 
From Fig. 7 , differences between the side with and without sigma phase can be clearly seen. It was recognized 
that sigma phase affects SPT fracture energy significantly. The drop in fracture energy is about 50 %. SPT 
results were compared with “as received” data of Ø 38.0 x 6. mm tube made of TP347HFG steel that was 
investigated at MMV earlier [7]. The results are also shown graphically in Fig. 7  right, where the test results 
are supplemented by values of TP347HFG grade steel in as received conditions [7]. In this way it was possible 
to compare both the effect of sigma phase and the effect of operation conditions on fracture behaviour of the 
steel under investigation. It was assumed that the side without sigma phase was degraded just due to operation 
and the side with sigma phase was degraded due to operation and presence of sigma phase. 

4. DISCUSSION 

Specimens which had been exposed at Nordjyllandsværket were assessed with respect to microstructure 
evolution. Surprisingly sigma phase was revealed on the TP347HFG and TP347H type steel. Sigma phase is 
a Cr rich intermetallic which is a brittle phase which will increase the likelihood of a brittle fracture at ambient 
temperature. The microstructure of TP347H is austenitic strengthened with primary Nb-rich precipitates of MX 
type. Precipitation of secondary MX, M23C6 and sigma phase takes place during service at elevated 
temperatures. In the present work only NbC and sigma phase were detected after 100,000h of service. 
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Minami’s [1] long term aging experiments of austenitic steels also show presence of NbC and sigma phase at 
temperatures below 650°C. These observations are in a good agreement with MatCalc calculations that 
predicts MX and sigma phase as the equilibrium phases in TP347H. The analysed sigma phase contained on 
average, 38 %Cr. 1 % Si, 2 %Mn and 4 % Ni and was preferentially observed on grain boundaries. The 
presence of this phase on grain boundaries will affect significantly both the mechanical properties and the 
corrosion properties. 

 
Fig. 6 Results of impact tests 

 
Fig. 7 Results of SPT 

The formation of sigma phase is dependent on C, Nb and Cr content in the material [9]. Thermodynamic 
calculations of the effect on C on formation of sigma phase, show the rapid decrease of the content of sigma 
phase when C content increases to 0.1 w. t% [10]. According to [9] sigma phase will form when C content is 
below a critical level and Cr equivalent is greater than 18 wt. %. The critical C content can be reached by 
precipitation of Nb carbides, thus the Nb/C ratio is an important factor for sigma phase formation. 

The power plant needed to know if the localised presence of sigma phase would compromise the structural 
performance of the superheaters. However since the tubes in question had a small wall thickness (some as 
small as 3.6 mm) and sigma phase was only localised on one side of the tube, it was not possible to undertake 
conventional mechanical material testing. However with the use of miniature specimens and small punch test, 
it was feasible to undertake mechanical testing in localised areas. 

The conventional tensile testing seems not to be sensitive enough to quantify the effect of sigma phase on the 
strength of TP347H, but a small effect could be detected on the plastic properties (elongation and reduction of 
area). With either the more sensitive dynamic test methods (impact testing) or more localized SPT, a drop in 
fracture energy clearly could identified the presence of brittle phase in the structure. In addition electron 
microscopy revealed more brittle fracture contra the ductile fracture where there was no sigma phase. Since 
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sigma phase is stable at higher operating temperatures (550 - 620 °C), and after 100,000 hours had nucleated 
preferentially at grain boundaries, it could be feared that the sigma phase content in the specimens with lesser 
visible sigma phase would increase after longer exposures, thereby making other components more 
susceptible to fracture. Whilst sigma phase does not promote fracture at operating temperatures but only at 
temperature below 200 °C, care must be taken during outages when servicing the components. Very important 
is the fact, that SPT method can be successfully used not only for evaluation of the effect of sigma phase but 
also for evaluation of degradation level due to operation. As the SPT requires only a very small volume of 
testing material this method can be used as a useful tool for monitoring and residual lifetime assessment of 
materials exploited in service. 

5. CONCLUSIONS 

Based on experimental results, the following important facts can be concluded: 

1) Detailed microstructural analyses and material properties evaluation have been carried out on tubes 
taken from the Danish coal-fired Ultra Super Critical (USC) plant after 100,000 operation hours. 

2) Sigma phase was detected on side facing to the furnace. The portion of sigma phase varied between 1 
and 5.5 % on the side facing the furnace and about zero on the side facing away the furnace. 

3) Several testing methods were used for evaluation and quantification of effect of sigma phase on material 
properties. Static test methods were not so sensitive to show this effect as more suitable seem to be 
impact testing and also small punch testing. 

4) Drop in absorbed energy in both types of Charpy specimens were identified due to presence of various 
amount of sigma phase in the structure, for the worst tube with about 5 % is a drop in absorbed energy 
about 50% compare to virgin state of TP347 HFG steel. A brittle fracture was observed where there was 
more sigma phase. 

5) Effect of sigma phase were also studied using small punch test method, results shows significant 
changes in force - displacement record as well as in fracture energy of SPT 
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Abstract   

The high carbon steel rods are designed for the manufacture of wire on the rope and steel cords. They are 
produced in continuous rolling mills with accelerated cooling device. High carbon wire rods should have a 
uniform pearlitic structure at cross section and a longitudinal which guarantees high tensile strength and 
relatively good plasticity. In practice rolled high carbon steel rods (0.40 ÷ 0.94 %C) should have a uniform 
pearlite structure with uniformly distributed cementite plates having a thickness of 0.02 ÷ 0,04 μm and the 
distances between the plates at 0.1 ÷ 0.2 μm. That type of pearlitic structure should ensure good plasticity [1]. 

The paper presents results of research on the influence of cooling conditions of high carbon wire rods (C70D 
and C46D according EN 10016-2) on the morphology of pearlite. For thermo-plastic treatment a deformation 
dilatometer DIL 805A / D were used. The samples after deformations were cooled to temperature to obtain 
pearlitic structure. The metallographic analysis of samples were done and morphologies perlite were 
determined. As a result of the research was to describe the dependence of the distance inter plates (Lm) as a 
function of the cooling rate after deformation. It will be used to the design high carbon wire rods cooling 
technology with high level of plasticity after rolling processes. 

Keywords: High carbon wire rods, pearlitic morphology, distance between cementite plates 

1. INTRODUCTION 

The high carbon steel rods are designed for the manufacture of wire on the rope and steel cords should have 
a uniform pearlitic structure at cross section and a longitudinal which guarantees high tensile strength and 
relatively good plasticity. Wire rod without pure pearlitic structure before drawing must be patented. Wires 
obtained from patented wire rod are characterized by better properties than the wire rods obtained from other 
heat treatments. The structure of patented wire as compared to the wire obtained from the wire rod rolled with 
heat treatment in the production line is characterized by a smaller thickness of cementite platelets. Increased 
stiffness of thick plates of cementite, in the untreated wire rod patenting, leads to increased consolidation of 
ferrite. In practice high carbon steel rod rolling process should have a uniform pearlite structure with uniformly 
distributed cementite plates having a thickness of 0.02 ÷ 0.04 μm and the distances between the plates at 0.1 
÷ 0.2 μm. That type of pearlitic structure ensures good plasticity. In industrial conditions quality of patenting is 
determined by the tensile strength of the wire after patenting Rmp dependent on the contents of C [2]. 

Rmp= 1000C+500[ MPa]           (1) 

where: C - the percentage of carbon. 

Patented wire rods should not have even small amounts of martensite, ferrite precipitates on the grain 
boundaries at both cross-sectional and longitudinal directions. Properly selected cooling parameters should 
prevent the formation of hard structures (martensite and bainite) and ensure that the actual structure of pearlite 
interlamellar distance to 0.2 μm. Subsequent rapid cooling reduces the amount of cementite. In the process of 
drawing cementite and pearlite have different way of elongation, consequently, can be formed microcracks, 
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which adversely affect the quality of the finished wire. Well-designed cooling process allows obtain a uniform 
pearlitic structure at cross section and a longitudinal [3]. 

2. EXPERIMENTS 

Analysis of the actual manufacturing conditions of high carbon wire rod showed that the rolling end temperature 
depends on the final diameter is in the range 880 ÷ 950 °C. After rolling wire rods are cooled in air accelerated 
cooling process. In work parameters of cooling conditions for determine of pearlitic structure were obtained 
[1]. For determine the influence of cooling conditions of high carbon wire rods (C70D and C46D) on the 
morphology of pearlite deformation dilatometer DIL 805A / D was used [4, 5, 6]. The thermo-plastic treatment 
was done. The temperature of the end of the deformation adopted 900 ºC. For reproducing the history of 
deformation during the test samples were heated to a temperature of 1050 ºC at a heating rate of 10 °C / s, 
annealed at this temperature for 10 minutes and then cooled at a cooling rate of 10 °C / s to the temperature 
of the beginning of deformation. Three steps of deformation was applied strain ε1 = ε2 = ε3 = 0.25 at a 
deformation rate of 10 s-1 in temperatures of 970 ºC, 930 ºC and 900 ºC intermittently between strain 0.2 s. 
After that the samples were cooled with different cooling rates in the range of 0.1 ÷ 10°C / s. The range of 
cooling rate was determinated using DTTT diagram (Time-Temperature-Transformation diagram after 
Deformation) and guaranteed to achieve the ferritic- pearlitic structures. The Fig. 1  shows a diagram of thermo 
- plastic treatment.  

 

Fig. 1 . The diagram of thermo - plastic treatment 

The metallographic analysis of samples was done and morphologies of perlite were determined. For 
metallographic observation Hitachi S4200 scanning electron microscope was used. Based on recorded photos 
morphology of pearlite were done. The distance of plates of cementite after deformation and cooling were 
determined.  

3. RESULTS 

Using Hitachi S4200 scanning electron microscope a thickness of cementite plates and distance inter plates 
of cementite were determined. The exemplary structures of the C46D grade steel are presented in Fig. 2 . The 
results obtained by scanning electron microscope observation C46D steel are given in Table 1 . 
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Fig. 2  Microstructure of C46D grade steel cooled after deformation steps with cooling rate 1 °C / s 

Table 1  The results of quantitative assessment of pearlite plates of C46D steel after the simulation of  
               thermo-plastic with a variable cooling rate 

Cooling rate after 
deformation 

° C/s 

Medium distance inter 
plates 

Lm [µm] 

Minimal distance inter 
plates 

Lmin [µm] 

Maximal distance inter 
plates 

Lmax [µm] 
0.1 s-1 0.389 0.052 0.790 
1 s-1 0.259 0.080 0.721 

2.5 s-1 0.275 0.082 0.591 
5 s-1 0.264 0.058 0.626 

7.5 s-1 0.239 0.076 0.621 
10 s-1 0.192 0.066 0.476 

     

Fig. 3 Microstructure of C70D grade steel cooled after deformation steps with cooling rate 1°C / s 
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The exemplary structures of the C70D grade steel are presented on Fig. 3 . The results obtained by scanning 
electron microscope observation C70D steel are given in Table 1 . 

Table 2 The results of quantitative assessment of pearlite plates of C70D steel after the simulation of  
               thermo-plastic with a variable cooling rate 

Cooling rate after 
deformation 

° C / s 

Medium distance inter 
plates 

Lśr [µm] 

Minimum distance inter 
plates 

Lmin  [µm] 

Maximal distance inter plates 

Lmax  [µm] 

0.1 s-1 0.425 0.103 0.899 

1 s-1 0.,242 0.093 0.643 

2.5 s-1 0.191 0.083 0.421 

5 s-1 0.203 0.075 0.569 

7.5 s-1 0.189 0.061 0.471 

10 s-1 0.162 0.056 0445 

Based on results of quantitative assessment of pearlite plates the formula for describing the dependence of 
the medium distance inter plates as a function of the cooling rate after deformation was obtained (Fig. 4 ). To 
describe the changes in the distance inter-plate power law equation was used. For steel C46D equation 1 was 
developed, and the standard deviation was R2 = 0.86.  

Fig. 4 The changes of medium distance inter plates as a function of cooling rate 

Lm(Cr)C 45= 0,29Cr− 0,122

          (1) 

For steel C70D equation 2 was developed, and the standard deviation was R2 = 0.94.  
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Lm(Cr)C70= 0,26Cr− 0,19

          (2) 

where: 

Lm(Cr) -  medium distance inter plates as a function of the cooling rate, μm; 

Cr - cooling rate, °C / s 

4. SUMMARY 

For determine the influence of cooling conditions of high carbon wire rods (C70D and C46D) on the morphology 
of pearlite thermo-plastic modelling, using deformation dilatometer DIL 805A / D were done. After  deformation 
samples were cooled down with different cooling rates in the range of 0.1 ÷ 10°C / s. Metallographic tests were 
done and morphology of pearlite were done. The study shows that the optimum cooling rate for C46D steel 
should be between 7.5 ÷ 10 °C / s, and 4.5 ÷ 10 °C / s for C70D steel. This cooling conditions guarantee the 
formation of pearlitic structures with the average distance interlamellar equal to, or less than 0.2 μm.  

As a result of the research dependencies of the distance inter plates (Lm) as a function of the cooling rate after 
deformation analysing steel were obtained. They will be helpful to the design high carbon wire rods cooling 
technology with high level of plasticity after rolling processes. 
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Abstract 

Formed parts of the car-body represent cyclic loaded products. For the proper design of these parts is very 
important not only knowledge of deformation and stress material behaviour at production by forming 
technologies but important is also knowledge of other factors which influence subsequent product utility 
properties at the car operation. It´s obvious that truly important parameter for the proper car-body part proposal 
is the fatigue strength of the given material. Mainly for cyclic exposed stampings of chassis assembly is 
knowledge of used materials fatigue strength one of the basic presumptions for the safe car operation. 
Measured dependences of stress size on the number of cycles (Wöhler´s curves) are thus very important input 
parameter at design for the given car-body part. However from the practical point-of-view they don´t reflect 
influence of individual production technologies on the fatigue strength of processed materials. Regarding fact 
that formed parts from steel sheets are during production cut by several different technologies is submitted 
paper focuses on the determination of material cutting influence on the fatigue strength. For experiment there 
was chosen ultra-high strength TRIP steel and the most commonly used material cutting technologies (laser 
cutting, shearing and machining). For samples prepared as mentioned was on the six stress levels observed 
material cutting influence on the achieve number of cycles up to fracture. Results of experiments were 
compared with the reference samples which were machined. Results from measurements are presented 
mainly graphically as stress versus number of cycles and fatigue fracture surfaces images from the electron 
microscope. 

Keywords: Wöhler Curve, Ultra-high Strength Material, Cyclic Fatigue, Material Cutting 

1. INTRODUCTION 

These days are especially car producers forced to process still more and more types of materials with high 
strength (mainly high-strength steels). This phenomenon arises from increasing demands for higher passive 
safety and for the lower weight of cars at the same time. These contending claims can be fulfilled just by 
application the higher amount of ultra-high strength materials at the car-body design [1]. This application of 
ultra-high strength materials means also production technologic problems among them can be found also 
preparation of workpiece. This is also very important reason that nowadays are more and more used also non-
conventional cutting technologies - mainly laser cutting, eventually plasma cutting or water jet cutting. 
Regarding the fact that because of economic reasons are no cut edges being machined after cutting, used 

cutting method and its character has a very important influence on 
the subsequent work piece plastic properties [2]. That is why this 
paper deals with the influence of cutting technologies on the cyclic 
fatigue of so-called TRIP steel (structure - Fig. 1) cause this steel 
is able to reveal strengthening during impact and thus to absorb 
part of impact energy. 

 

Fig. 1  Structure of TRIP steel 

Ferrite 
Martensite 
Bainite 
 
Non-
transformed 
residual 
austenite 
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2. METHODOLOGICAL BASE AND EXPERIMENTAL PART 

For testing influence of material cutting on the cyclic fatigue was chosen TRIP steel RA-K 40/70 which is used 
in the automotive industry mainly for production reinforcements and car-body chassis parts. In the experimental 
part were firstly carried out tensile tests for 3 directions regarding the rolling direction (0 °, 45 ° and 90 °).Then 
there were carried out fatigue tests (determination of Wöhler´s curves) for samples prepared by different cutting 
technologies and images of fatigue fracture surfaces from the electron microscope.  

2.1. Static tensile test 

The static tensile test is basic test for determination material mechanical properties and enables to get 
information about deformation abilities of the tested material. In Table 1 are summarized measured 
mechanical properties for TRIP steel 40/70 for directions 0 °, 45 ° and 90 ° regarding the rolling direction. 
Graphical illustration of measured results from the static tensile test is shown in Fig. 2 . 

Table 1 Mechanical properties of the tested material (TRIP steel RA-K 40/70, thickness 1.5 mm) 

Rolling 
dirrection  

Yield 
strength 
Re [MPa] 

Ultimate 
strength 
Rm [MPa] 

Uniform 
ductility 
Ag [%] 

Total 
ductility 
A50mm [%] 

Strength 
coefficient 

C [MPa] 

Strain-
hardening 
exponent 

n [1] 

Normal 
anisotropy 
coefficient 

r [1] 

0 ° 459.2 760.8 20.7 27.8 1423.1 0.2589 0.7843 

45 ° 462.1 763.7 22.9 29.1 1421.4 0.2611 0.7317 

90 ° 461.7 762.4 23.2 28.8 1433.5 0.2653 0.9148 

 

Fig. 2  Results from the static tensile test - material: RA-K 40/70 
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2.2. Preparation of samples for the cyclic test 

To determinate influence of material cutting method on the cyclic fatigue there were firstly prepared samples 
by following cutting technologies: laser cutting, shearing and machining. Shape and dimensions of these 
testing samples were chosen with respect to the subsequent cyclic tests which were carried out by the machine 
Instron E3000. Its maximal force for tests was 3 kN. Entire preparation of samples was done in cooperation 
with Centre for Nanomaterials, Advanced Technologies and Innovation TU of Liberec where are all 
technologies for material cutting mentioned above at disposal. Shape and dimensions of testing sample are 
shown in Fig. 3  (left). At laser cutting there were used laser head from company Laser Mechanisms, load of 
laser 400 W, feed rate 500 mm·min-1. Lay-out of this workplace is shown in Fig. 3  (right). 

  

Fig. 3  Shape and dimensions of testing sample (left) and lay-out of the whole laser cutting workplace (right) 

Samples prepared by machining were milled by the shank cutter with diameter 35 mm. During preparation of 
samples by shearing there was used cutting clearance with 5 % of the sheet thickness. Achieved testing 
samples cut edges quality can be seen in Fig. 4 , where are shown images from the optical microscope 
NEOPHOT 21 of metallographic scratch-patterns. 

 
a) 

 
b) 

 
c) 

Fig. 4  Shapes of cut edges for milling (a), laser cutting (b), shearing (c). 

2.3. Cyclic tests 

Cyclic life curves σa-Nf (Wöhler´s S-N curves) give information about dependence of the cycles to failure Nf on 
the fatigue stress in terms of stress amplitude σa. Wöhler´s curve can be generally plotted for several mean 
stresses σm, which influence its course. Usually there are experimentally determined two Wöhler´s curves 
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namely at the symmetrical loading cycle (σm = 0) and at the transient loading cycle (σm = σa). For both diagrams 
there is common decrease of cycles to failure with increasing stress. Such area is called as the time-dependent 
fatigue strength area and is limited from the right by number of cycles NC (number of cycles where there is not 
fatigue fracture above it). Area with the number of cycles N > NC is called as the permanent fatigue strength 
area (infinite life) [3]. For the experiment there was chosen transient loading cycle whose course is shown from 
Fig. 5  (right). For cyclic testing in the zone of low-cyclic loading where value of applied force gets over 3 kN 
was used modernized universal test machine TIRAtest 2300 which enables to carry out tests up to frequency 
3 Hz. In this case there was used loading frequency of 1 Hz. For the area of high-cyclic loading was used 
device Instron E3000 which is primary designed for these kinds of tests with possibility to set frequency up to 
350 Hz. For this high-cyclic loading there was used loading frequency of 40 Hz. The device for high-cyclic tests 
Instron E3000 is shown in Fig. 5  (left) together with detail of gripped sample in the jaws of testing device.  

 

 

Fig. 5  Machine for cyclic tests Instron E3000 and chosen loading cycle 

In the area of the Wöhler´s curve time-dependent fatigue strength were always measured 7 stress levels. To 
measure relevant results there was for every stress level such measurement 5-times repeated. In final graphs 
is always written mean value from these 5 measurements. Also in this area of fatigue strength was for the 
approximation of measured values used the Wöhler-Basquin´s equation: 

 

(1) 

where: 
 

 - amplitude of stress [MPa] 
 - fatigue strength coefficient [MPa] 
 - fatigue strength exponent [-] 

As results from carried out experiments there are constants from the approximation mentioned above (1) for 
all tested cutting technologies (laser cutting, shearing, machining) of RA-K 40/70. Moreover there are graphs 
illustrating dependence of the amplitude on the cycles to failure (number of cycles). The example how to 
compute constants of the approximation equation (1) is shown from via graph in Fig. 6 . There are summarized 
all important quantities - measured points of the Wöhler´s curve and the approximation curve according (1). 
Computed constants are summarized in the table which is also shown in Fig. 6 . This example how to compute 
important constants is done for the laser cutting technology. 

( )bffa N2/σσ =

aσ
/
fσ

b
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Fig. 6  Example of computation approximation constants for the laser cutting technology 

Constants for the Wöhler-Basquin´s equation (1) for all tested material cutting technologies are summarized 
in Table 2  where are also shown values of fatigue strength. 

Table 2 Results from measurement fatigue tests for material RA-K 40/70 at different cutting technologies 

Material cutting technology  

Fatigue strength 
coefficient [MPa] 

Fatigue strength 
exponent [-] 

Fatigue strength 
[MPa] 

σc 

Laser cutting 2264 -0.20453 128 

Shearing 932 -0.09263 242 

Machining 1585 -0.14445 209 

   
Laser cutting Machining Shearing 

Fig. 7  Images of fatigue failure surfaces loaded by transient cycle with amplitude of stress 325 MPa 

Within the frame of the experimental part there was also carried out research of material fatigue failure by 
means of images from the electron microscope. Examples of these images for fatigue failure surfaces for 
samples loaded by transient cycle with maximal loading of 650 MPa are shown in Fig. 7 . 

/
fσ b
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3. CONCLUSION 

These days is majority of personal cars designed as platform of the unitary car-bodies. Such conception has 
contributed to the significant weight reduction of the whole car while keeping the required rigidity. Car-body as 
the one complex is designed as a weldment mainly from metal sheet stampings with different properties 
(different mechanical properties, surface treatments, material thicknesses) which are the most frequently joint 
by the resistance spot welding (the higher portion), by the MIG/MAG, TIG and laser welding, mechanically by 
means of screws and nuts, overlap jointing, trimming or these days still more and more by adhesive bonding. 
That is why in this paper was tested so-called TRIP steel as a member of UHSS (ultra-high strength steels) to 
evaluate influence of cutting technologies on the fatigue strength. In the previous chapter was described the 
entire methodology how to compute all important constants for fatigue tests. These results are summarized in 
Table 2 . Moreover there were made images of fatigue failure surfaces from the electron microscope - see 
Fig. 7 . Graphical illustration of measured values is shown in Fig. 8 where are plotted Wöhler´s curves of TRIP 
steel RA-K 40/70 for different material cutting technologies. From this comparison can be concluded that for 
RA-K 40/70 is the most negative influence from the laser cutting. Further research should be focused on the 
zones affected by strengthening due to the thermal loading. Also measurement of micro-hardness should be 
carry out in the zones of cut edges to reveal change of hardness values which strongly influence material 
mechanical properties. Results from shearing and machining are in light of fatigue cycle testing comparable. 
Results are truly very important to evaluate influence of cutting methods on the TRIP steel plastic properties. 
On the other hand, this kind of tests is very time consuming.  

 

Fig. 8  Wöhler´s curves of TRIP steel RA-K 40/70 for different material cutting technologies 
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DETERMINATION OF FRACTURE TOUGHNESS IN THE UPPER SHELF REGION USING 
SMALL SAMPLE TEST TECHNIQUES  

KONOPÍK Pavel, DŽUGAN Jan, RUND Martin 

 COMTES FHT a.s., Dobrany, Czech Republic, EU 

Abstract  

The residual lifetime assessment and the risk of a possible service components failure are critical issues in the 
safety and reliability analyses of industrial plants. The residual lifetime can be evaluated by the standard 
mechanical test techniques, such as the tensile test, uniaxial creep test, the Charpy or the fracture toughness 
test. Fracture mechanics in particular has attained high significance in establishing ultimate load limitations 
and assessing the integrity of a large number of engineering structures of multifarious types. Standard 
mechanical tests used to determine the fracture toughness involve extraction of large blocks of material and 
therefore are not applicable to in-service components.  

The development and in-service application of essentially non-destructive, miniature material sample removal 
systems (e. g. the surface sampling systems, such as Electric Discharge Sampling Equipment - EDSE) 
provided a practical incentive for development of small specimen test methods to evaluate material properties, 
e. g. fracture toughness. The EDSE can cut out small slices (‘boat sampling’) about 3 mm thick and 
approximately 20 mm wide x 25 mm long from thick-section components leaving behind cavities with round 
edges that usually do not require repair. 

In this study, two different methods will be used for fracture toughness determination: Small Punch Test and 
multiple-specimen method using sub-size Charpy specimens (3x4x27 mm). Both methods require very little 
experimental material and specimens can be made directly from the removed ‘boat sample’ by the EDSE.  The 
applicability and reliability of both methods will be discussed. 

Keywords: Small Punch test, facture toughness, Micro-Tensile test, Mini-Charpy test 

1. INTRODUCTION    

There is an increasing demand for the integrity assessment of important components in the course of their 
service nowadays. Degradation of the properties of materials can lead to a loss of reliability and safety in 
equipment and structures in service.  

Conventional testing methods used for residual lifetime assessment require large amounts of material and 
often lead to a compromise of the equipment integrity. In order to avoid component damage, an appropriate 
sampling device has to be used. Non-destructive sampling is enabled by latest equipment using electrical 
discharge machining processes. This portable device is able to extract a small experimental block (‘boat 
sample’) from a real in-service component.  

Despite a limited amount of testing material, a few kinds of small size specimens can be prepared and tested. 
For example, for tensile properties, the Small Punch Test is often used [1-7] as well as the Micro-Tensile test 
which shows much better applicability and reliability [8-10]. 

The aim of this paper is to find a reliable test method for fracture toughness determination using small 
specimens which can be manufactured from the ‘boat sample’ by the EDSE. Two methods meet this 
requirement: the Small Punch Test (SPT) and the multiple-specimen method using sub-size Charpy specimens 
(mini-Charpy specimens).  
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Some materials have already been investigated using the SPT in the work [10]. The SPT results indicated the 
usability of this method for fracture toughness determination of selected materials. Therefore, additional 
assessment was done using the SPT for other material states (four additional materials) to confirm the SPT 
applicability. Convenience of both the SPT and the mini Charpy method for fracture toughness determination 
will be discussed. 

2. MATERIALS AND METHODS     

Two different miniature test techniques were used in order to find a reliable testing method for fracture 
toughness (JIC) determination. For obtaining the reference values JIC, standard tensile and fracture toughness 
tests were also performed.  

2.1. Experimental Materials  

Experimental materials were 3 steels. The first one was an experimental low carbon steel, the second one was 
34CrNiMo6 steel and the third one is heat-resistant chromium steel P91 which is commonly used at service 
temperatures up to 600 °C in the power industry. The steels were investigated in different material states, 
either in the delivered state or after heat treatment. The heat treatment consists of austenitization for 20 
minutes, quenching in oil and annealing at a specific temperature which is labeled in Table 1.  

Altogether, the materials were in twelve different heat treated states. However, eight states had already been 
investigated in the work [10]. 

2.2. Tensile and Fracture Toughness Tests 

Tensile tests according to CSN EN ISO 6892-1 were performed at room temperature on the investigated 
materials. Round samples of diameter 5 mm and gauge length 25 mm were used (see Fig. 1 ). Prior to testing 
specimen dimensions were measured. After the test a yield stress Rp0.2 was determined as well as tensile 
strength Rm. At least three samples were tested for each material. 

 

Fig. 1 Specimen for tensile test 

The fracture toughness tests were performed on three point bend specimens. The evaluation was done 
according to ASTM E 1820. Samples were machined then fatigue pre-cracked with the final stress intensity 
factor of about 20 MPa.m1/2. Test pieces were side-grooved after pre-cracking and subsequently tested. Tests 
were performed according to the multiple specimen method. Crack lengths after tests were measured by digital 
image processing and fracture toughness values were determined for the materials investigated. At least three 
samples were tested for brittle material and about ten samples for J-R curves determination in all other cases. 
Tests were executed at room temperature. Results of the tensile tests and the fracture toughness test are 
summarized in Table 1 . 
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Table 1 Results of tensile test and effective fracture strain vs. fracture toughness 

Material Heat Treatment 

Test Results 

Rp0,2 Rm  εf J IC 

[MPa] [MPa] --- kN/m 

Experimental steel as delivered 1145.5 1252.1 1.19 49.4 

Experimental steel annealing at 250 °C/2h 1168.5 1365.6 0.96 39.9 

Experimental steel annealing at 350 °C/2h 1166.6 1285.6 1.10 47.0 

Experimental steel annealing at 440 °C/2h 981.1 1022.1 1.07 253.5 

Experimental steel annealing at 500 °C/2h 812.0 816.0 1.29 382.6 

Experimental steel annealing at 620 °C/2h 661.2 734.0 1.30 517.3 

34 CrNiMo6 quenched 1219.6 1965.0 0.13 42.1 

34 CrNiMo6 as delivered 932.0 1034.2 0.77 189.9 

34 CrNiMo6 annealing at 680 °C/2h 726.8 844.7 0.94 178.4 

34 CrNiMo6 annealing at 750° C/2h 528.4 688.3 1.01 263.0 

34 CrNiMo6 annealing at 450 °C/2h 1291.9 1373.9 0.23 74.7 

P91 as delivered 534.7 696.2 1.16 318.7 

2.3. Small Punch test (SPT) 

Small punch tests were performed on a servohydraulic testing system of 10 kN capacity. Tests were carried 
out in a testing fixture of the dimensions mentioned in Fig. 2 .  

 

Fig. 2 Small punch test fixture 

  

Fig. 3 Left: Scheme of distinctive points determination, right: SPT records 
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Displacement of the penetrating ball was measured by an extensometer attached to the fixture. Distinctive 
points from the records were determined according to Fig. 3 -left. Obtained curves for all materials are shown 
in Fig. 3 -right . Tests were performed at room temperature.  

Various procedures for fracture toughness evaluation from the SPT for ductile fracture [1-8] have been 
published. In the case of upper shelf behavior, the following relation is widely used: 

JIC=k.εf-J0                                                                                                                         (1) 

εf=ln (h0/hf)=β.(uf/h0)x                                                                                                                        (2) 

where εf is fracture strain, h0 initial sample thickness, hf samples thickness in the crack region, uf is 
displacement at sample fracture and β, x, k and J0 are empirically determined constants. 

In the case of brittle fracture, the following relation is recommended [3]: 

KIC = C. [σfSP]2/3                                                                                                                             (3) 

σfSP=130 (Pmax / ho
2) - 320                                                                                                                       (4) 

where Pmax is force at unstable crack propagation and h0 is the initial sample thickness. C is empirically 
determined constant. The determination of fracture behaviour using SPT for the brittle and ductile states is 
usually done separately. However, for the investigated steels a linear correlation between fracture toughness 
JIC and fracture strain εf was applicable for the whole scale of fracture behaviour. 

There are two possibilities of εf determination as can be seen from Eq. 2. The first one is the determination of 
fracture strain by measuring the sample thickness after a fracture in the crack region according to Fig. 4 . The 
second possibility is its determination from test records with the use of displacement at fracture (uf). In this 
study, fracture strain was determined by measuring the sample thickness after a fracture. 

  

a) Experimental steel - annealed at 500°C  b) 34 CrNiMo6 - as delivered 
Fig. 4  Determination of εf on the basis of optical measurements 

 

Results of fracture strain from SPT and standard fracture toughness test (see Table 1 ) are depicted as εf vs. 
JIC in Fig. 5. On the left, data published in the work [10] are depicted and the reliability coefficient R was 0.9689. 
However, when additional assessment of four other material states was considered (see picture on the right), 
the reliability coefficient R was only 0.2992.  
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Fig. 5 Fracture strain vs. fracture toughness, left: published data in [10], right: added data 

2.4. Mini-Charpy test for fracture toughness determ ination 

Material 34CrNiMo6 in the delivered state was tested using mini-Charpy specimens for fracture toughness 
determination. The evaluation was done according to ASTM E 1820. Samples were machined then fatigue 
pre-cracked with the final stress intensity factor of about 20 MPa.m1/2. Test pieces were side-grooved after 
pre-cracking and subsequently tested. Tests were performed according to the multiple specimen method. 
Crack lengths after tests were measured by digital image processing and the fracture toughness value was 
determined for the material investigated. The J-R curve was determined and the fracture toughness value, 
defined as the intersection of the 0.2 mm offset construction line with the J-R curve, was calculated. Due to 
small specimens size, the dimension criteria for size independent fracture toughness given by ASTM E1820 
standards were not fulfilled. Therefore, this test is denoted as JQ in the results table. Test results obtained from 
mini-Charpy specimens and compared with standard test results are shown in Table 2 . J-R curves of both 
geometries are depicted in Fig. 6 . The deviation between both fracture toughness values is only 1.7 %. 

Table 2 Fracture toughness results 

Material Sample size     
mm 

J IC,JQ 

kN/m  

Error 

% 

34CrNiMo6 

state-as delivered 

15x30 189.9  

3x4 193.2 1.7 

 

Fig. 6 J-R curves of 34CrNiMo6, state as delivered 
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3. CONCLUSION   

Two small specimens test techniques were investigated in order to assess fracture toughness: Small Punch 
Test (SPT) and multiple-specimen method using sub-size Charpy specimens (3x4x27 mm). Evaluation using 
SPT is based on empirical correlations. The SPT correlations are considered valid only for specific types of 
materials. Due to very promising results from the previous work, other material states, obtained by heat 
treatment of the same materials, were measured to confirm the correlation relation obtained for these 
materials. However, these results do not fit in the previous correlation. Therefore, the SPT cannot be 
considered as a reliable method for fracture toughness determination of various materials. 

On the other hand, the second technique using mini Charpy specimens does not require any correlations due 
to maintaining the same load as in the case of standard fracture toughness tests. 

Though only one material has been tested so far using mini Charpy specimens, the result indicated that this 
method is more convenient for fracture toughness determination of various materials in the upper shelf region.  
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Abstract  

The paper below presents the results of studies of the flexible SuperCor SC-57S structure built by Polish 
manufacturer ‘ViaCon Polska Sp. z o.o.’ at their test site in Rydzyna. The tests aimed to examine the behaviour 
of the steel shell and soil structure in the construction phase. The measured quantities included the 
displacement, determined through geodetic surveys, and stress, recorded with a set of strain gauges. Values 
of internal forces that occur in the structure were determined. The conclusions based on these results may be 
helpful in understanding the behaviour of flexible steel shell and soil structures in the construction phase. 

Keywords : Steel-shell-and-soil structure, corrugated steel plate, flexible structures, the SuperCor structures 

1. INTRODUCTION 

Analysis of structure response in the construction phase provides a lot of information about behaviour of 
bridges. This is particularly important during long-term operation of objects, when structural failures are 
observed as a result of static as well as fatigue loads. [1] [2] 

This paper presents the results of the studies carried out on the SuperCor SC-57S structure by ‘ViaCon Polska 
Sp. z o.o.’ at their test site in Rydzyna. The conducted research aimed to examine the behaviour of the steel-
shell-and-soil structure in the construction phase. The displacement was determined through geodetic surveys. 
The values of stress were recorded with a set of strain gauges. The numerical model of the structure was 
developed in the CandeCad computer program implementing the finite element method. Computations were 
performed for comparison with the results of the measurements. This paper presents the values of 
displacement and internal forces that occurred in the structure. 

The study involved the SuperCor SC-57S flexible corrugated steel structure with a design span of lt=17.59 m 
and the curvature radii of 13.74 m and 3.43 m. The structure, fixed to a concrete footing, consists of the 7 mm 
thick plates made from S315MC steel. The corrugation profile has a depth of 140 mm and a pitch of 381 mm. 
The plates are bolted using M20 compression bolts with nuts tightened up to the required torque of minimum 
360 Nm. The backfill consists of 25 layers, 30 cm in thickness each. The soil density index was ID=0.95 in the 
direct vicinity of the steel structure and ID=0.98 in the remaining part of the backfill. It is important that backfill 
be properly constructed, as this component interacts with the steel shell and carries significant part of the load. 
The effect of positive arching is particularly important here. [3] [4]   

2. CONDUCTING THE RESEARCH 

During the construction process, the displacements were measured through geodetic surveys. The values of 
stress were determined with a set of strain gauges. The gauges were placed at the valleys and crests of the 
corrugation. Geodetic surveys were carried out after the construction of each layer of backfill and at 7, 25, 53, 
84, 132, 211, and 403 days from the backfill completion date. Vertical and horizontal deflections of the structure 
measurement points were taken into account in the surveys. The first geodetic survey, zero reading, was 
performed after assembling the steel structure, therefore the deflections due to the dead load were not 
accounted for. Strain gauge readings were taken after the placement of each layer of the backfill. The additional 
readings were taken after 12 hours for layers marked as V, VII, X, XII, XIV and XVII. The output for layer 
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denoted as XXV was read after 12 hours and at 3 weeks. Basic dimensions of the structure, location of the 
strain gauges and geodetic measurement points are shown in Fig. 1  and Fig. 2 .  

 

Fig. 1 Basic dimensions of the structure and location of geodetic measurement points. 

  

 

Fig. 2 Basic dimensions and location of strain gauges on the structure 

3. ANALYSIS OF THE STRUCTURE BEHAVIOUR 

In soil-steel structures, the steel shell shares the load with the soil backfill. During the construction process, 
the weight of the backfill and its pressure on the steel shell cause the deformation of the structure. The structure 
arches upwards and its width narrows. Following the placement of consecutive layers of backfill the 
deformation decreases [5]. The diagram below shows the vertical displacements in the crown and U value of 
the narrowing at points 1 and 17. It indicates that the buckling and the narrowing reduced after placing layers 
XIX-XXV. Successive measurements conducted from 02.04.2009 to 03.05.2010 showed that the structure 
underwent further deformation. The measurement points 1 and 17 moved away for nearly 20 mm; the point at 
the left corner moved more than 22 mm and the point at the right corner moved approximately 3 mm to the 
left. The displacement in the crown reached the value of 43 mm. 
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Fig. 3 Measured displacements in SuperCor SC-57S structure 

The diagram presented below confirms the measured displacements. The reduction in bending moment in the 
crown appeared after placing layers XIX- XXV and at the corners of the structure, after placing XVIII and 
successive layers. After the placement of layer XXV, the bending moment for all three points was negative. 

 

Fig. 4 Bending moments occurring in the crown and corners of the structure 

A constant rise in normal forces was recorded in the corners of the structure along with the placement of 
successive backfill layers. The rise was uniform up to layer XVII. Axial forces increased considerably faster 
after the placement of the layers XVIII-XXV. Normal forces in the crown of the structure increased non-
uniformly. Significant compressive force gains were recorded after 12 hours and three weeks from the 
completion of backfill layers. This might be a result of the compacted backfill relaxation and soil pressure on 
the sidewalls of the structure. The compressive forces decreased with placing of successive backfill layers. It 
may be assigned to the effect of vibrations and the disruption of adhesion on the steel-soil interface. [5] [6] 
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Fig. 5 Normal forces in the crown and corners of the structure 

At the end of the backfilling process, a reduction in the valley tensile stresses was recorded. These stresses 
nearly disappeared after three weeks from the completion date. This confirms the redistribution of stress over 
time. Maximum value of normal stress in the crown for the lower wave was reached after layer XIX was laid 
(133.5 MPa), and for the upper wave, after layer XXI was laid (-210.9 MPa). The diagram below shows 
determined stresses, normal forces and the bending moment in the crown of the structure. 

 

Fig. 6 Values of stress, normal forces and bending moment in the crown of the structure 

The values of stress, normal forces and bending moment in the left and right corners of the structure are 
presented in the diagrams below.  
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Fig. 7 Values of stress, normal forces and bending moment in the left corner of the structure 

 

Fig. 8 Values of stress, normal forces and bending moment in the right corner of the structure 

In both corners, the compressive stress at the corrugation valley was present during the whole construction 
process. Maximum compressive stress in the lower wave was recorded after 12 hours following the placement 
of layer XVII (-96.3 MPa, left corner) and layer XV (-98.2 MPa, right corner). Maximum tensile stress in the 
upper wave was recorded after the placement of layer XV (73.2 MPa, left corner) and layer XVI (91.7 MPa, 
right corner). Then tensile stress was decreasing until the change of sign. The compressive stress occurred in 
the left corner after placing layer XXI and in the right corner after placing layer XX. It confirms that the structure 
was (pre)stressed. The maximum values of compressive stress for the left corner (129.5 MPa) and the right 
corner (104.6 MPa) were reached three weeks after the placement of layer XXV. 

The measuring points marked as 7, 8, 9, 10 and 11 were considered in the analysis of the vertical deflections 
that appeared near the crown of the structure. Point 9, placed in the centre of the crown is where the largest 
displacements are expected. Smaller deflections should occur at points 8 and 10. The smallest should be 
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recorded for points 7 and 11. [7] Fig. 9 shows the results of geodetic survey of vertical displacement obtained 
after placing consecutive layers and at 7, 25, 53, 84, 132, 211 and 403 days from the completion date.  

 

Fig. 9 Geodetic measurement results: displacements of points 7-11 

Table one presents the values of the measured vertical displacements at points 7-11 after placement of layer 
XXV and 403 days from the completion date.  

Table 1  Values of vertical displacements at points 7-11 

Measurement point 7 8 9 10 11 

Vertical displacement after completion of backfill (mm) -5.09 -6.82 -3.67 -39.75 -54.29 

Vertical displacement after 403 days form the completion date (mm) -17.23 -24.35 -43.06 -71.48 -70.17 

The geodetic surveys indicate that the vertical displacements were also caused by settlement of the 
foundations. This is confirmed by the displacements of points 1 and 17 located at a small distance 
(approximately 10 cm) from the supports. Fig. 10 shows that these values are increasing with time.   

 

Fig. 10  Geodetic measurement of displacement of points 1 and 17 
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CONCLUSIONS 

Based on the studies, the following conclusions can be drawn. The largest deflections and bending moments 
occurred in the construction phase. They rose with the backfill height until the level of crown was reached. 
Subsequently, the values decreased with backfilling continued above the crown. The tensile stresses in the 
structure also decreased significantly, hence the structure was (pre)stressed. The upward deflection of the 
steel structure during the construction of backfill is a positive phenomenon. [5] The studies have confirmed 
that the construction process is the most critical phase of the work of flexible shell and soil structures. 
Significant regularity observed relates to the change of shape of the examined structure. It is confirmed by the 
displacements recorded at points 7-11. The largest were expected at point 9 in the centre of the crown. After 
completion of backfill, the vertical displacement at point 7 was -5.09 mm. The upward deflection of 6.82 mm 
was recorded at point 8. Displacements that occurred at point 9 reached -3.67 mm and -39.75 mm at point 10. 
The largest was at point 11: -54.29 mm. The structure did not behave in the manner anticipated. This may be 
the evidence for the imperfection of construction procedure. Survey conducted 403 days later revealed 
displacements: -17.23 mm at point 7, -24.35 mm at point 8 and -43.06 mm at point 9. The largest deflection: -
71.48 mm, occurred at point 10, located closer to the centre of the crown. The structure changed its shape to 
one closer to the anticipated. It confirms the redistribution of stresses with time.  

More full scale tests should be conducted to identify the behaviour of soil steel structures under long term 
service conditions and their load-carrying capacity determined by using the damage mechanics methods. [8] 
The global monitoring system based on the measurement of acoustic emission (AE) may be helpful in locating 
and identifing the type and the dynamics of the deterioration processes. The resulting data may be used for 
determining and locating the damage zones that are dangerous for the structure. [9] 
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Abstract 

In this study, the effect of different traverse speed of abrasive water jet (AWJ) on HARDOX 400 steel was 
experimentally investigated. In the experiment five different traverse speeds of 20, 40, 60, 80 and 100 mm/min 
were used. After the cutting the qualitative aspects, especially surface roughness and the analysis of 3D 
surface topography, were measured. The experiment was carried out on the water-jet machine with pump 
power of 18.5 kW generating working pressure 280 MPa. Few well-known relations have been proven. First 
of all, the growth of all surface roughness parameters with increasing traverse speed has been observed. 
Another relation is that the smallest values of surface roughness parameters are obtained for profile close to 
the upper edge cutting surface. On the contrary, the profile close to the bottom edge is characterized by a 
significant increase of surface roughness with increasing traverse speed. The smallest declination angle was 
obtained for the slowest traverse speed. The good cutting quality is associated with a slower traverse speed 
but longer time of cutting brings higher costs, since the process consumes more water, electricity and abrasive. 
Therefore, some optimization is suggested to make process sufficiently precise and economic. 

Keywords: Water-jet cutting, HARDOX steel, surface roughness, 3D surface topography 

1. INTRODUCTION 

The paper is aimed at problems of surface quality, the problems studied many times by various research teams 
all over the world. The first attempts were performed in the nineties of the twenties century [1]. The striation 
formation process [2] surface roughness [3] and other quality parameters [4] are studied since the beginning 
of the twenty first century. In spite of the fact that these studies last more than twenty years, the overall results 
are still insufficient and, therefore, research is opened for further progress. Some mathematical and statistical 
methods are introduced to the surface quality research since the end of the last decade [5,6]. Simultaneously 
with the further studies aimed at striations’ process formation and the investigation of the consequences of the 
jet delay and divergence inside the produced kerf [7,8], the knowledge is pushed to the better prediction and 
control of the abrasive water jet cutting process. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

The experiments were performed using water jet APW 2010BB machine, which is located in the Laboratory of 
Finishing Treatments at the Kielce University of Technology. The process constant parameters are presented 
in Table 1 . 

 

 

Table 1 The process constant parameters for abrasive water-jet cutting 
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Parameter Unit Value 

Water pressure MPa 280 

Abrasive mass flow rate g/min 360 

Abrasive material grain size mm 0.212 (80 mesh India garnet) 

Angle of impact rad 0 (normal to the sample surface) 

Stand-off distance mm 2 

Water orifice diameter mm 0.3 

Focusing tube diameter mm 1.02 

Focusing tube length mm 76 

 

The experiments were performed with various traverse speeds on the same material, which was HARDOX 
400 steel with the thickness of 15 mm. The chemical composition of material is presented in Table 2. HARDOX 
400 is an abrasion resistant steel with the nominal hardness of 400 HBW. HARDOX represents a combination 
of hardness and toughness. It’s extremely resistant to wear and it is able to perform as a load-carrying part in 
many applications. This enables new innovative ways of designing steel structures. 

Table 2  Chemical compositions HARDOX 400  

C Si Mn P S Cr Ni Mo B 

≤0.15 ≤0.7 ≤1.6 ≤0.025 ≤0.01 0,5 0.25 0.25 0.004 

 

In the first stage of experimental work 3D surface topography were measured on non-contact 3D Profiler 
Talysurf CCI - Lite. The Talysurf CCI Lite is an advanced type of measurement interferometer, which uses an 
innovative, patented correlation algorithm to find the coherence peak and phase position of an interference 
pattern produced by precision optical scanning unit. All the samples were measured in three different areas 
(Fig. 1 ). All measured surface topography areas had the same measured window 4.25 x 1.6 mm. The aim was 
to show the differences in surface roughness topography depending on the measurement sites. 

 

Fig. 1 Three section of surface roughness. 

Five basic roughness parameters are compared in this paper, namely Sa, Sq, Sv, Sp, Sz. Each area has been 
thoroughly researched. Sa 3D parameter is expanded from the roughness (2D) parameter Ra [9]. It expresses 
the average of the absolute values in the measured area, which is equivalent to the arithmetic mean of the 
measured region on the three-dimensional display diagram when valleys have been changed to peaks by 
conversion to absolute values. Sq parameter responds to 2D parameter Rq. Parameter Sq differs from Sa as 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

725 

it expresses the root mean squared in the measured area. The valleys have been changed to high peaks by 
squaring. Sz parameter expresses the sum of the maximum value of peak height and the maximum value of 
valley depth on the surface within the measured area. This is the sum of maximum value of peak heights Sp 
and maximum value of valley depths Sv on the surface in the measured area. 

The measured characteristics of the surface are summarized in Table 3 . Surface roughness parameters 
(arithmetic mean height Sa and root mean squared height Sq) were measured for each traverse speed and 
each measuring area (window). The comparison shows increase of each one parameter with both the traverse 
speed and depth of jet penetration into material. The measurements are supplied by graphical records of the 
surface topography (Fig. 2 ) and the Abbott-Firestone curves with distribution of ordinates for each traverse 
speed and measures area on the cut wall (see Fig. 3 ). The characteristic values for these analyses are 
maximum valley depth Sv, maximum peak height Sp and maximum height Sz. The results are presented in 
Table 4 . 

Table 3 Surface roughness parameters, arithmetic mean height (Sa) and root mean squared height (Sq)  
              (20A1 - measured area A1 for traverse speed 20 mm/min, etc.) 

Parameter 20A1 40A1 60A1 80A1 100A1 

Sa, µm 3.19 3.72 4.07 4.61  5.57 

Sq, µm 4.15 4.73 5.22 5.88  6.97 
 

Parameter 20A2 40A2 60A2 80A2 100A2    

Sa, µm 3.13 4.94 6.45 11.80 12.46 

Sq, µm 4.02 6.20 8.22 14.10 15.80 
 

Parameter 20A3 40A3 60A3 80A3 100A3 

Sa, µm 3.95 7.18 13.88 22.30 33.14 

Sq, µm 4.80 8.69 15.91 26.01 38.81 
 

 

Fig. 2 3D surface topography for traverse speeds a) 40 mm/min (area A3) , b) 100 mm/min (area A2) 
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Table 4 Surface roughness parameters extended (maximum valley depth Sv, maximum peak height Sp,  
              maximum height Sz): 20A1- traverse speed 20 mm/min for area A1, etc. 

Parameter 20A1 40A1 60A1 80A1 100A1 

Sv, µm 45.55 30.38 40.77 57.15 51.63 

Sp, µm 56.04 48.74 61.55 32.39 32.49 

Sz, µm 101.59 79.12 102.32 89.54 84.12 
 

Parameter 20A2 40A2 60A2 80A2 100A2    

Sv, µm 49.57 63.14 49.00 46.29 31.83 

Sp, µm 26.31 27.70 52.87 39.99 51.63 

Sz, µm 75.88 90.84 101.86 86.28 83.46 
 

Parameter 20A3 40A3 60A3 80A3 100A3 

Sv, µm 34.64 33.17 85.06 66.96 92.80 

Sp, µm 21.70 42.08 79.35 86.22 115.46 

Sz, µm 56.35 75.25 164.41 153.18 208.25 

The quality of surface can be determined from the Sz parameter. If the values are higher the quality is worse, 
because differences between peaks and valleys (the highest and lowest parts of measured surface) are 
increasing. The dispersion (variance) of the measured values is a significant parameter (see the bar graphs in 
Fig. 3 ) - the narrower the measured distribution the better the surface. It can be observed that in lower parts 
of the cut walls (close to the bottom of the kerf) the dispersion of measured parameter Sz increases 

dramatically (from about 30 µm near the top to the more than 100 µm). Therefore, the increase of Sz over 
60 µm is possible to consider as the overcoming of the limit for sufficiently good cutting. 

In the second part of experimental work the influence traverse speed on the declination angle has been 
compared. The angles between the tangents to striations and impinging jet axes are the typical features 
created by the streams of abrasive water jets. The example of impinging jet axis on the cut walls is presented 
in Fig. 4 . The measurement of the declination angles was performed on the photos of the cutting walls. These 
“declination angles” can be used for the description of the material cutting parameters. Measured declination 
angles are shown in the Table 5. The limit for rather good cutting is about 20 degrees. Such declination angle 
corresponds with the traverse speed being approximately 60 % of the limit one for applied water jet 
characteristics and material thickness and parameters. Therefore, it is possible to determine the limit traverse 
speed and then control the process through setting of the current traverse speed. 

Table 5  Comparison of declination angles determined from direct measurements on cutting edge photos,  
              from regression equation prepared from measured points and from theoretical model before  
              correction and the corrected one 

Declination angle Measured Regression Theory Theory corrected 

20 mm/min 8.04 8.00 2.78 5.66 

40 mm/min 11.57 11.50 7.86 11.81 

60 mm/min 16.08 16.50 14.44 16.97 

80 mm/min 23.49 23.00 22.23 22.69 

100 mm/min 30.88 31.00 31.07 31.07 
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Fig. 3 The Abbott-Firestone curve with distribution of the ordinates for different traverse speeds and 
measured areas 
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Fig. 4  Comparison of declination angles: measured ones, the ones calculated from regression, the ones 
calculated from the theoretical model and the ones from the corrected (see [10]) theoretical model 

3. CONCLUSION 

Some new forms of quality evaluation have been presented in this paper. One of them is based on the optical 
device for surface scanning application and a subsequent determination of the surface quality from measured 
data. The parameter Sz, the total difference of heights in the scanned area, is proved to be a relatively good 
parameter for quality evaluation. The declination angle of striations is another one, provided that the correction 
for bigger but slower particles is applied. 
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Abstract   

Phase composition of the steel P91 during annealing was studied with the aim to reveal the evolution of new 
phases. In this paper, the precipitation was characterized using energy-dispersive X-ray spectroscopy (EDS) 
and electron diffraction in transmission microscopy (TEM). Only Nb-rich particles were found in the studied 
samples austenitized at 1423 °C for 20h and water cooled. After tempering at 673 °C for 2 h, the formation 
mainly M3C type carbides and after tempering at 873 °C for 2 h, the formation of M7C3 and M23C6 was observed. 
These structure changes play an important role for stability and also carbon diffusion.  

Keywords: P91, carbides, carbon, precipitation 

1. INTRODUCTION 

The Cr-Mo-V steels as P91 are widely used in power and petrochemical plants due to its very well properties 
as creep resistance, toughness or corrosion at higher temperatures. This high strength steel normally 
transform completely to martensite during air cooling. The temperature of the martensite start (Ms) is about 
673 K, temperature of martensite finish (Mf) is about 473 K [1, 2]. Because the content of carbon in this steel 
is low (up to 0.6 % wt. %), structure of martensite can be described as massive, cubic, lath-like, lenticular, 
subgrain-containing bundles. Because during undercooling is not possible partitioning, this situation is termed 
para-equilibrium. In the course of this annealed supersaturated BCC structure becomes unstable and 
precipitation of secondary phases starts [3].  

The precipitation of phases is strongly influenced by the faster diffusing interstitial elements as e.g carbon. The 
diffusion coefficient of carbon is several orders of magnitude higher than the diffusion coefficients of the 
substitutional elements. It is clear that the first precipitated phases are carbides. The beginning of the 
precipitation was studied in work [3]. There no partitioning of Cr, Mo and Mn between cementite and martensite 
after tempering at 350 °C for 40 h was observed. The content of carbon in carbides was about 10 times higher 
than content of carbon in the matrix. It was demonstrated, that cementite in Cr and Mo containing alloy steels, 
precipitates from supersaturated ferrite via para-equilibrium transformation mechanism. The interface 
concentrations slowly rise from para-equlibirum to equilibrium concentrations.  

This precipitation is one of the main factors important for resistance strength under creep condition. The 
precipitates and also coarsening of secondary phases during heat treatment is crucial point for obtain sufficient 
structure and mechanical properties. Because this process is strongly connected with diffusion of carbon in 
supersaturated matrix, it is very useful to clarify this relationship. The carbon diffusion in supersaturated matrix 
of P91 steel was study in ours work [4]. The most expressive changes of diffusion coefficient of carbon were 
found in temperature range of 673-873 K. In this paper the changes of structure and carbon diffusion in the 
steel P91 were studied after short time annealing at temperatures 673 and 873 K.   

2. EXPERIMENTAL 

In order to dissolving maximum portion of Cr-rich precipitates, the commercial P91 ferrite-martensite chromium 
steel (0.10 C, 0.40 Mn, 8.5 Cr, 0.10 Ni, 0.88 Mo, 0.23 V, 0.10 Nb, 0.045 N, bal. Fe, all in wt. %) was austenitized 
at 1423 K for 20 h in pure Ar and then water cooled. The experimental samples (10 mm in diameter × 4 mm in 
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height) were machined from the annealed ingots. After the pre-annealing, the samples were annealed in a 
special vacuum furnace ULVAC RIKO MILA-5000 with extremely intensive infrared heating in a vacuum of 
about 5 × 10−6 mbar at temperatures 673 and 873 K for 2 h. Both the heating and cooling of samples was very 
rapid (hundreds of Kelvins in the first few seconds at the beginning and the end of the annealing). These 
samples were labeled as B and C respectively, the austenitized sample as A. 

The structure of the samples was analyzed with scanning electron microscope (SEM) Tescan LYRA 3 XMU 
FEG/SEMxFIB with focused ion beam and energy dispersive spectrometry (EDS) for X-ray microanalysis and 
using electron backscatter diffraction (EBSD) analysers by Oxford Instruments. The surface of these samples 
was metallographically grinded and electro-polished (CH3COOH : HClO4  = 9 : 1, 15 °C, 40 V, 1 min.). The 
polished samples were used for mapping of structure by EBSD. The etched (3s, Villela-Bain reagent) electro-
polished samples were used for observation of structure by SEM.  

The characterization of microstructure and chemistry of fine precipitates was done at high resolution 
transmission electron microscope (HTEM) JEOL JEM-2100F with X-Max80 Oxford Instruments EDS detector 
including also selected area electron diffraction (SEAD). HTEM studies were carried out on thin foils and 
carbon replicas. Thin foils were prepared from 3 x 0.1 mm thick disc by dimpling (spherical grinding), followed 
by ion milling. The evaluation of phases from SEAD patterns was realized in software JEMS.  

3. RESULTS 

The structure of all three experimental samples is shown in Figs.1-3 . The size of grains and misorientation of 
structure was analysed by EBSD and evaluated by software Channel 5. It was found that martensitic structure 
of the samples changes very slightly. The average grain size is varied from 1.7 µm to 2.04 µm and 2.15 µm 
and the misorientation angles of internal interfaces of samples A, B, C is very similar (Fig. 4 ). The analysis of 
the misorientation angles indicates two main groups of boundaries in martensitic matrix: low angle (below 20°) 
and high angle (50-60°) boundaries. The misorientation micrograph shows practically very similar typical 
martensitic microstructure in all samples. There are only very small differences in both misorientation and size 
of grain, which could denoted decomposition of martensitic structure after annealing. But generally, the main 
process occurred in structure during short annealing of samples B and C is precipitation.  

 

 

 

 

 

 

 

  

 
The austenitized structure of sample A contained only round particles (Fig. 1 ). However, the different types of 
secondary phases was observed in the structure after short annealing of 2 hours at 623 and 823 K. Very fine 
needle-like particles precipitated mainly in grain interiors in structure of sample B (Fig. 2 ). In contrast with 
sample C annealed at 823 K, where the structure contained mainly particles precipitated at grain and subgrain 
boundaries (Fig. 3 ). The needle-like precipitates were not primarily observed in structure of sample C. 

Fig. 1  Nb-rich particles in 
austenitized steel P91, sample A 

Fig. 2  Precipitation of particles 
after annealing,  sample B 

Fig. 3  Precipitation of particles 

after annealing, sample C 
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Fig. 4  The histogram of misorientation angles of internal interfaces 

 

Fig. 5 Example of EDS spectrum and SEAD pattern of Nb-rich M2X particle 

  

Fig. 6 EDS spectrum of extracted M3C particle 
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Fig. 9 Original austenite grains of sample C, examples of main types of precipitates 

Fig. 7  EDS spectrum of extracted M7C3 particle 

Fig. 8 EDS spectrum of extracted M23C6 particle 
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Fig. 10 Martesite laths in sample C, examples of main types of preticipates 

The main types of particles were analysed in carbon replicas by EDS and SAED pattern in HTEM. The main 
elements identifying type of particles are chromium or niobium, whereas the content of Si, Cu and C in carbon 
layer is irrelevant. It was found, that the EDS chemical analysis identified particles very well and its result 
agreed with results by SAED patterns (Fig. 5 ).  

The sample A contained only few rounded particles usually identified as Nb-rich MX type particles [6, 12]. 
These particles had higher content of Nb  (~86 wt. %) and V (~9 wt. %) and some of them was identified also 
as M2X type particles by SEAD pattern (Fig. 5 ). These particles were found in structure of all samples.  

The Fe (~80 wt. %) and Cr-rich (~11 wt.%) needle-like precipitates were identified by EDS as M3C type particles 
(Fig. 6 ). These similar residual M3C particles were also found in steel X12CrMoWVNbN10-1-1 [5]. The 
particles formed in sample C were mainly identified as Cr,Mo,V-rich M7C3 and M23C6 precipitates (Fig. 7, 8). 
The carbides M7C3 contained about 68 wt. % Cr, 11 wt. % Mo and 3 wt. % V and the carbides M23C6  about 76 
wt. % Cr, 5% wt. % Mo and 1.5 wt. % V. Therefore, the carbide M23C6 contained roughly half content of Mo 
and V in comparison with carbide M7C3. 

The typical locations of precipitates are shown in structure of sample C. The precipitates M23C6 were located 
particularly in grain boundaries (GB) of original austenite grains and sparsely also inside subgrains (Fig. 3, 9, 
10). Their typical shape is ellipsoidal with aspect ratio from interval of 2.7 - 3.8. The smaller lath-like particles 
M7C3, precipitated approximately with much higher aspect ratio of about 2 - 12 located primarily in subgrain 
GBs (Fig. 10 ). There are obvious also small M3C (~20 x 2 nm) type particle. Nevertheless, these needle-like 
precipitates were found especially in sample B and their typical aspect ratio was about 220 nm x 15 nm (Fig. 2 ). 
The Nb-rich MX and M2X particles precipitated in structure mainly inside of original austenitic grains.  

4. DISCUSSION 

The size of grains and GB misorientation of original austenitic grains and subgrains was without significant 
changes after annealing for 2 h at 673 and 873 K (Fig. 4 ). Although, the structure is called martensitic, it is 
practically supersaturated BCC structure and not HCP or BCT martensitic structure and the ratio of cell 
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parameters c/a is 1. For example, it has been shown that martensite has a supersaturated BCC structure in 
the low carbon range up to 0.6 wt. %C in Fe-C alloy [6]. It has been reported that below the 0.6 wt. %C only 
primary martensite is created as BCC iron plus a carbon-rich phase. The constant value of c/a = 1 for C 
concentrations from 0 to 0.6 wt. % was interpreted as evidence for the formation of martensite with the BCC 
structure, containing a meta-stable C-rich phase (P). The transformation was designated as primary martensite 
and follows the sequence FCC → HCP and HCP → BCC+P [3]. Generally, this supersaturated system reached 
the equilibrium primarily by the precipitation of carbides. 

The Fe,Cr-rich M3C precipitated firstly under temperature Ms (sample B). Above this temperature mainly Cr-
Mo-V rich carbides M7C3, M23C6 started to form (sample C). But also very thin and small M3C particles were 
observed. They are significantly smaller than in structure of sample B. This indicated the sequence of carbide 
precipitation can be similar as in steel X12CrMoWVNbN10-1-1. This process can be summarized as follows: 
Fe-rich M3C → Cr - rich M7C3 → Cr - rich M23C6 [5]. It was mentioned above, that the M3 C in Cr-Mo containing 
alloy steels, precipitates from supersaturated ferrite via a paraequilibrium transformation mechanism. This 
mechanism of precipitation of M3C in Cr-Mo steel was studied in paper [3]. There was found, that the 
concentration of the substitutional alloying elements in the cementite near the cementite/matrix interface was 
not observed as it could be expected by equilibrium thermodynamics. These concentrations were found 
experimentally to be the same in cementite in both a low carbon and a high carbon alloy which have 
significantly different equilibrium levels with respect to the solute elements. This fact leads to the conclusion 
that diffusion of the solutes through the matrix and within the cementite is the rate-controlling step during the 
early stages of the enrichment process. The interface conc entration gradually rose from those dictated by 
para-equilibrium towards the equilibrium concentrations. This transformation could be controlled rather by the 
interstitial diffusion of carbon than diffusion of substitutional elements. 

In ours previous paper [4], the carbon diffusion was studied in temperature interval 573-1073 K in carbon-
supersaturated surface layer of ferrite 9Cr-1Mo steel P91. Extremely low carbon diffusion coefficient DC (by 3 
orders of magnitude lower than equilibrium value DCeq.) was observed in carburized region. Above the 
temperature Ms, the values of DC were close to the values published in the literature for the carbon diffusion 
coefficient in the carbide phase, whereas up to temperature Ms, the value of DC increased and approached the 
value of DCeq. These results correlated very well with precipitation of carbides described at the present paper. 
Above temperature Ms precipitates mainly Cr-Mo-V-rich M7C3, M23C6 carbides. It can be expected, that the 
carbon is “trapped” by these substitutional elements Cr,Mo,V that they slowdown the carbon diffusion. Under 
temperature Ms, precipitate Fe,Cr-rich M3C carbides, where the content of chromium is slightly higher than 
average content in stell P91, Fe,Cr rich M3C carbides precipitated. In contrast to temperatures above 
temperature Ms, here the carbon is influenced only slightly by precipitation of M3C, therefore, it can able to 
diffuse through BCC quite freely. It is the reason, why the value of DC increased and approaches the value 
DCeq reported for carbon in chemically equilibrated matrix. 

5.  CONCLUSION 

In the present work, the structure and precipitation of carbides after annealing for 2 h at temperatures 673 K 
and 873 K was studied. It was found that: 
1) Up to temperature Ms, mainly Fe,Cr-rich M3C carbides precipitates, while above Ms the mainly 

precipitation of Cr-Mo-V-rich M7C3, M23C6 carbides starts. 
2) The carbon diffusion is strongly influenced by precipitation of Cr-Mo-V-rich M7C3, M23C6 carbides. This 

process results in very slow carbon diffusion above temperature Ms in supersaturated matrix.  
3) The sequence of carbides precipitation seems to be same as in steel X12CrMoWVNbN10-1-1: Fe-rich 

M3C → Cr - rich M7C3 → Cr - rich M23C6. 
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Abstract 

This work concerns numerical simulations of thermomechanical phenomena in laser butt-welding of sheets 
made of X5CrNi18-10 steel. Abaqus FEA software is used in calculations taking into account phase 
transformations during material’s state changes and temperature dependent thermomechanical properties of 
analysed steel. Additional numerical subroutines are implemented into Abaqus solver in order to describe the 
movable heat source power intensity distribution.  
The shape and size of melted zone is predicted as well as residual stress and deformations. Real butt-welded 
joints are executed in order to verify the results of numerical simulations. Numerically predicted deflection of 
the joint is compared to real displacement, measured using profile-graphometer New Form Talysurf 2D/3D 
120. Melted zone of the cross section of the joint is compared to numerically predicted geometry of the fusion 
zone. 

Keywords: Laser welding, Welding deformations, Residual stress, Numerical modelling, Abaqus FEA 

1. INTRODUCTION 

Highly concentrated heat source used in laser beam welding process causes rapid material melting which 
allow achieving the high welding speed and narrow melted zone. A local increase in temperature leads not 
only to melting but also to the partial evaporation of steel and to formation of the melting pool as well as keyhole 
[1]. The keyhole also stands for the heat source penetrating material. In this welding technique a good quality 
welds are obtained with a narrow thermal influence zone, which is helpful in reducing deformations and residual 
stress in the work piece and helpful in increasing quality and efficiency of production process [2]. This is 
particularly important in welding of long constructions.  

Deformations occurring during welding are one of the major problems in the design of welded constructions. 
The character and size of deformations depends on the physical properties of the material, rigidity of a 
construction and the welding method. The proper selection of the welding technology can reduce deformations 
in a large extent. Unquestionable advantages of laser welding contribute to the very intense development of 
this technology and wide application in the industry. However, the proper use of this joining method requires a 
quantitative analysis and control of occurring deformations and residual stress in welded joints for assumed 
various process parameters. At the time the computer simulations by mathematical and numerical modelling 
of physical phenomena occurring in the process becomes a helpful tool [3-7].  

This work concerns numerical modelling of thermomechanical phenomena in laser welding process, performed 
to predict distortion and residual stress in butt-welded sheets made of X5CrNi18-10 steel. Computer 
simulations of temperature field as well as stress and strain states are performed in Abaqus FEA supplemented 
by additional subroutines where movable heat source power distribution is implemented. Presented results 
include temperature distribution, residual stress and the comparison of predicted fusion zone with the 
macroscopic picture of the real butt-welded joint cross-section as well as the comparison of estimated 
deflections and real displacement, measured using profile-graphometer New Form Talysurf 2D/3D 120.  
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2. NUMERICAL MODELING  

Thermal and mechanical phenomena in welded joints are determined using Abaqus FEA, engineering 
software. Analysed system with marked boundary conditions used in mechanical analysis is presented  
in Fig. 1 . 

 

Fig. 1  Scheme of analyzed domain. Discrete model with boundary conditions 

The analysis of thermal phenomena is made on the basis of the solution of energy conservation equation 
together with Fourier law [8]. Temperature field expressed in the criterion of weighted residuals method is 
described by the following equation:  
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where λ=λ(T) is a thermal conductivity [W/(m K)], U = U(T) is a internal energy, qv is laser beam heat source 
[W/m3], qS is a heat flux toward elements surface [W/m2], δT is a variational function, ρ is a density [kg/m3]. 

Equation (1) is completed by initial condition t = 0 : T = To and boundary conditions of Dirichlet, Neumann and 
Newton type taking into account heat loss due to convection and radiation as well as welding heat flux towards 
heated surface. Effective convection-radiation coefficient is assumed in calculations [4] and constant ambient 
temperature T0 = 20 oC. On the surface of laser beam impact, heat dissipation is forced due to the liquid 
material flow in the fusion zone and blow of shielding gas. Therefore, model proposed by Mundra and DebRoy 
[5] is used in the analysis. On remaining boundaries of the T-joint Vinokurov model [6] is assumed for constant 

radiation coefficient (ε = 0.5).  

Fuzzy solidification front is assumed in the model [4, 5, 7]. Internal energy U in equation (1) takes into account 
the latent heat of fusion HL=260×103 J/kg in the mushy zone (between solidus temperature TS=1400oC and 
liquidus temperature TL=1450 °C).  

The analysis of temperature field is performed in Lagrange coordinates, hence heat transfer equation (1) is 
considered without convection unit. Coordinates of the centre of welding heat source is determined for each 
time step in additional subroutine DFLUX, implemented in Fortran programming language. Implemented model 
takes into account assumed welding speed. Welding heat source is described by Gaussian distribution along 
radial direction with linear decrease of energy density along material penetration depth [5], expressed as 
follows: 
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where Q is laser beam power [W], r0 is beam radius [m], 22 yxr += is actual radius [m], s is penetration 

depth [m], z is an actual penetration [m]. 

Mechanical analysis in elastic-plastic range is based on classic equilibrium equations, supplemented by 
constitutive relations as well as initial and boundary conditions (Fig. 1 ), which are assumed to ensure the 
external static determination of considered system [9]: 

( ) Ttx σσσ &&&o ==∇ ,0,α  (3) 

ee
εDεDσ o&&o& +=  (4) 

( ) ( ) ( ) ( ) 0,,,0,, 00 ==== S
ee

S TxtxTxtx αααα εεσσ  (5) 

where σ=σ(σij) is stress tensor, xα describes location of considered point (material particle), ( ) is inner 
exhaustive product, D=D(T) is a tensor of temperature dependent material properties, presented in Table 1 .  

Elastic strain is modelled for isotropic material using Hooke's law with temperature depended Young's modulus 
and Poisson's ratio. Plastic flow model is used to determine plastic strain based on Huber-Mises yield criterion 
and isotropic strengthening. 

Table 1  Assumed thermomechanical properties of X5CrNi18-10 steel [7] 

Thermal properties Mechanical properties 

T [oC] λ [W/m oC] ρ [kg/m3] c [J/kg oC] T [oC] E [GPa] Re [MPa] ν [ - ] αT [1/oC] 

0 14.6 7900 462 0 198,5 265 0.294 1.7 e-5 

100 15.1 7880 496 100 193 218 0.295 1.74 e-5 

200 16.1 7830 512 200 185 186 0.301 1.8 e-5 

300 17.9 7790 525 300 176 170 0.31 1.86 e-5 

400 18 7750 540 400 167 155 0.318 1.91 e-5 

600 20.8 7660 577 600 159 149 0.326 1.96 e-5 

800 23.9 7560 604 800 151 91 0.333 2.02 e-5 

1200 32.2 7370 676 1200 60 25 0.339 2.07 e-5 

1300 33.7 7320 692 1300 20 21 0,342 2.11 e-5 

1600 120 7320 700 1600 10 10 0.388 2.16 e-5 

T - temperature; λ- conductivity; ρ- density; c - specific heat;  
E - Young modulus; Re - yield stress; ν - Poisson ratio; αT - thermal expansion coefficient  

3. RESULTS AND DISCUSSION 

Laser butt-welding process is performed at Welding Institute in Gliwice on robotic welding station equipped 
with Trumpf TruDisk 12002 laser having maximum power 12 kW. The joint consisting of two plates made of 
steel type 304 (X5CrNi18-10) is made without additional material and without a gap. 

The displacement of laser butt-welded joints is measured using laboratory New Form Talysurf 
profilographometer 2D/3D Taylor Hobson 120. Measurement scheme of the displacement along z-axis in 
perpendicular direction to the weld line (the deflection) is shown in Fig. 2 . 

o
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Fig. 2  Measurements of deformations scheme (L = 150 mm, Lp = 60 mm, b = 90 mm, g = 2 mm 

The same process parameters are used in all numerical simulations as in experimental research. Laser beam 
power Q = 3 kW, beam radius r0 = 0.3 mm, and welding speed v = 5.2 m/min. Heat source penetration depth 
is assumed as s = 0.6 mm on the basis of experimental verification. In order to reduce computational time, 
symmetry of the joint is assumed in calculations taking into account appropriate boundary conditions in the 
plane of symmetry (Fig. 1 ). 

Obtained temperature distribution in the longitudinal section and cross section of welded joint is presented in 
Fig. 3  where solid line points out the boundary of melted zone (isoline TL ≈ 1450oC). Additionally, in this figure 
the comparison between numerically estimated characteristic zones in the cross section of the joint and the 
real weld is presented. 

 
Fig. 3  Temperature distribution in welded joint with the comparison of predicted melted zone and the real 

weld cross-section 

Numerically estimated displacement uz along x-axis in laser welded joint is illustrated in Fig. 4  for three chosen 
lines that correspond to experimentally measured deflection along lines presented in Fig. 2 . Distributions of 
longitudinal reduced residual stresses at the edge and central fibers (lines 1 and 2) and at upper layers (from 
the face of the weld) and lower layers (from the ridge of the weld) are shown in Fig. 5 . 
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Fig. 4  Deflection along x-axis: a) line 1, b) line 2, c) line 3 (corresponding to Fig. 2 ) 

 

Fig. 5  Residual reduced stress σ 
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CONCLUSIONS 

The comparison of weld geometry and predicted melted zone shape (Fig. 3 ) and the comparison of estimated 
deflection with the real displacement in welded joint (Fig. 4 ) shows a good agreement of results of numerical 
analysis with the experiment which indicates the correctness of developed mathematical and numerical models 
of thermal and mechanical phenomena in the laser beam welding process. 

Numerical analysis and experimental research confirmed that laser welded joint is deformed in the transverse 
and longitudinal directions to the weld line. This is also confirmed by stress distributions. Obtained residual 
stress reaches maximum values ~250 MPa in the weld (Fig. 5 ). Deflection is small and reaches highest value 
in welded sheets below 250 μm (Fig. 4 ). 

Presented models of the analysis of thermomechanical phenomena in Abaqus FEA software, allows for the 
comprehensive analysis of welding process, including welding deformations in terms of different process 
parameters. Therefore developed model may be useful for selecting appropriate parameters that allow 
obtaining the proper geometry, quality and mechanical properties the designed joint. 
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Material and Metallurgical Research, Ostrava, Czech Republic, EU 

Abstract 

A creep damaged area was found during the routine control of the steam pipeline bend of 200 MW fossil-
fuelled power plant boiler close to the outer fibre and near the top of the bend. The damaged area with identified 
creep cracks was about 250 x 600 mm in size and the maximum depth of the cracks was 7 mm. Metallographic 
analysis carried out in this area confirmed the non-homogeneous cavitation damage. Density of cavities 
continuously decreased throughout the affected area from the outer to the inner surface of the pipe, around 
the pipe circumference and also in the axial direction along the length of the bend. 

The actual extent of degradation of material properties was then evaluated by testing the mechanical 
properties, notch and fracture toughness and the results were used to calculate the residual life of the bend. 
The results of these analyses showed that although the creep damage extent was probably one of the worst, 
which had been ever detected in the boiler of this type, cracks would propagate through the bend by stable 
growth until the mid-wall thickness and only then would the final rapid failure occur. This result confirms the 
possibility of extending the life of the steam pipeline bends far beyond the limits of the currently used criteria. 

Keywords: 0.5Cr-0.5Mo-0.3V steel, long-term creep exposure, cavitation, creep damage, residual life 

1. INTRODUCTION 

Many of the electricity producing fossil-fueled 110 MW and 200 MW boilers in the Czech Republic are at 
present time close to or even after their design life. The same is true in case of steam pipelines (some of them 
have been operating for more than 270 000 hours) and thus the question of prolonged lifetime is of great 
urgency. While the welded joints of the pipeline have been tested routinely, the attention is now turned to the 
pipe bends. Effort to reduce the operational costs tends to prolong the overall life of the steam piping or to 
operate the block at the elevated operating parameters without increasing the safety risks. The result is then 
the planned terms of repairs and replacements based on the detailed knowledge of the actual material 
properties with bearing in mind the financial savings resulting from the prolonged lifetime of the steam pipes 
or increasing their operating parameters as well as the evaluation of the potential risk of premature failure. 

Till now, the evaluation of condition of the steam pipeline and planning subsequent inspections and repairs of 
bends and other critical points have been made according to the standard of CEZ using the evaluation of the 
degree of creep damage stated in VGB TW 507 [1]. Steam pipeline are to be replaced when the degree of 
creep damage equals to 3A, which corresponds to the oriented cavities detected by replicas. But such a extent 
of material degradation can be still far from the real end of life of the pipeline. Therefore, much effort was 
concentrated in shifting the limiting state of the pipeline from the oriented cavities towards appearance of 
microcracks. This attempt is also supported by the development of more efficient methods of monitoring of 
critical parts, including the using of modern NDT methods (TOFD UT, UT LPA, acoustic emission) and also 
the extension of evaluation methods of material properties (SPT samples, potential method, evaluation of 
replicas according to NT TR 170 [2], NT TR 302 [3]). 

2. TESTED MATERIAL AND ITS PROPERTIES 

Damaged areas with cracks on the outer surface of two pipe bends were found during the planned inspection 
of the steam pipeline of a 200 MW boiler in a coal-fired power plant (see circles in Fig. 1 ). The steam pipeline 
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was made of pipes Ø 324 x 48 mm of steel grade 15 128.9 and was operated at 540 °C with a steam pressure 
of 17.3 MPa for more than 240,000 hours. In the case of bend No. 17 there was a large area affected by a 
mesh of cracks, while in the case of bend No. 21 the defective area was only local. In both cases the damaged 
areas were adjacent to the outer fibre of the bend, but did not directly lie on it. 

 

Fig. 1 Scheme of left and right branch of the steam pipeline with damaged bends 

The complex of material properties including creep strength was tested in order to obtain as much material 
data as possible and to use the results as the reference for the intended prolongation of the safe life of the 
pipelines and to set new life limiting criteria of the steam pipeline bends made of this steel grade, which is still 
the most frequently used material in Czech coal-fired power stations. The results of the bend No. 17 with the 
massive creep damage are presented here. 

2.1. Chemical composition, mechanical strength and creep properties 

In Table 1  and 2 there are stated the results of analysis of chemical composition and mechanical properties 
of the most damaged bend. 

Table 1  Chemical composition of the analysed pipe bend [mass. %] 

Table 2  Mechanical properties of the evaluated pipe bend 

Rp0.2 Rm A Z KV+20 °C KV+550 °C Kδ,0.2 FATT 

MPa % J MPa.m1/2 °C 

294 486 26.0 66.7 26 60 132 +34 

The results stated in Table 1  confirmed that the chemical composition corresponds well with the requirement 
of the material standard of steel grade 15 128 [4]; the material also shows relatively good metallurgical 

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

0.13 0.66 0.34 0.011 0.013 0.61 0.46 0.28 0.059 0.049 0.020 0.014 0.0130 0.006 0.002 0.007 
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cleanness, i.e. low concentration of trace elements (Cu, Sn, As and Sb), which probably reflects the method 
of steel manufacturing process with minimum purchased metal scrap. The results of the analysis of mechanical 
properties show a decrease in strength combined with relatively favourable value of brittle-to-ductile transition 
temperature FATT. According to the material declaration, the bend should be supplied in the hardened and 
tempered state as the grade 15 128.9 with a minimum yield stress of 430 MPa. The measured value of the 
yield stress thus represents only 69 % of the minimum required value in the as-received state. It is, however, 
possible that still air cooling instead of accelerated cooling during heat treatment after bending has been used, 
which was common practice in 1970´s. If the previous statement is true, then the bend never had the properties 
of the grade 15 128.9 and the difference between the actual and as-received state (defined as Rp0.2 ≥ 330 
MPa) would not be so great and would reflect better the change of material strength due to the long-term 
operation at elevated temperature. 

Hardness profile was also measured in the area of maximum damage of the bend either around the pipe 
circumference either through the wall thickness. Circumferential hardness measurement (HV 30) was carried 
out in three lines: close to the outer surface, in the middle of the wall thickness and close to the inner surface, 
in all cases with a distance 10 mm between the individual indentations. The results of the hardness 
measurement made in the outer and in the inner surface are shown in Fig. 2 and the local decrease in 
hardness in the area of defects on the outer surface is evident, while the hardness on the inner surface seems 
to be uniform around the whole pipe. 

     

Fig. 2  Hardness profile HV 30 on the outer and inner surface of the pipe bend 

In order to determine the actual creep characteristics of the pipe bend, creep rupture specimens were 
machined from the material close to the outer surface of the pipe in the area adjacent to the cracks. Creep 
testing program was performed at temperatures 550, 575 and 600 °C. Although so far completed creep tests 
do not reach long times to fracture, the results being at disposal already allow an evaluation of creep rupture 
strength for at least 10,000 hours. For comparison of the obtained creep testing results with the standardized 
data of the mean creep rupture strength Ru, the results of individual creep tests were converted into Larson-
Miller parameter PLM [5]. The results showed that the actual value of creep rupture strength (CRS) at 550 °C 
for 10,000 hours is 87 MPa, while the median standard value of Ru/550 °C/10 4h for the 15 128 steel grade 
equals 146 MPa and the median Ru/550 °C/104 h value of heats having yield point below 340 MPa drops down 
to 115 MPa. Thus, the actual CRS of the steam pipeline material is lower of about 40 % and 24 %, respectively, 
compared to the above stated values - see Fig. 3 . Open symbols in this figure represent still running creep. 
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Fig. 3  Comparison of the results of creep tests with the values of CRS of the steel 15 128 for Re<340 MPa 

2.2. Analysis of the microstructure and cavitation damage 

Fig. 4  illustrates the appearance of the outer surface of the pipe and the fracture surface of the principal crack 
in the defective area. These cracks were numerous and were oriented principally in the axial direction of the 
pipe bend. The appearance of the cracks confirmed their creep origin. The cracks originated on the outer 
surface and propagated in the intergranular manner from the outer surface of the tube in the direction 
approximately perpendicular to the surface of the pipe. 

Crack surface was covered with the iron oxides on the outer surface of the pipe bend and during propagation 
towards the inner surface the branching of the cracks was observed, also covered with films of iron oxides. 
The total depth, in which the cracks propagated, was up to 7 mm below the outer surface, Fig. 5 . 

  

Fig. 4  Network of cracks on the outer pipe surface and fracture surface morphology 

      

Fig. 5  Cracks partly fulfilled with oxidizes on the outer surface of the pipe 
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Microstructure in the area of creep cracks was fine-grained with tempered, ferritic-carbidic structure in the inner 
surface of the pipe the microstructure had features of tempered bainite. Beneath the outer surface was 
observed significant cavitation damage and its frequency decreased towards the inner surface - Fig. 6 . 5 mm 
below the outer surface were found both coarse and isolated cavities and also cavity chain with the length up 
to 139 microns. 10 mm or more from the surface there were observed only isolated cavities. With further 
increasing distance from the outer surface, the proportion of cavities and also their size decreased - Fig. 6 . 

  

Fig. 6  Range of cavitation damage from the outer to the inner surface of the pipe bend 

The microstructural analysis was then focused on evaluating the extent of cavitation damage through the 
thickness of the pipe wall as well as on its circumference. Evaluation of cavitation damage was made after 
method described in NORDTEST NT TR 302 [3] that combines the Neubauer classification [6], described and 
illustrated in detail in VGB TW 507 [1], with the access specified in NORDTEST NT TR 170 [2]. 

The extent of cavitation damage and its change depending on the distance from the outer surface of the pipe 
is documented in Table 3  for the maximum damage. In Table 4  is shown the evaluation of cavitation damage 
for four locations around the pipe circumference in 90° rotation and corresponded to the drawn (0°) and 
compressed (180°) area and also the two neutral axes. From the results shown in these tables it is clear that 
extent of creep cavitation damage decreases as distance increases from the outer surface of the pipe to the 
inner surface as well as round the pipe circumference. Especially, with increasing distance from the outer 
towards the inner surface of the pipe the extent of cavitation damage changes very pronouncedly and drops 
down from the maximum value 4b to the value 1, which defines the microstructure without creep damage! This 
means that even in the occurrence of extensive microcracks on the outer surface, the inner surface is 
practically unaffected by creep damage!! 

Table 3 Cavitation damage in area of defects through the wall thickness (according to NT TR 302) 

Evaluated Area Damage Type Description of damage 

At outer surface 5 / 4b Macrocracks, extensive microcracks 

Ca 5 mm from outer surface 2b / 3aK Chains of cavities, little damage outside 

Ca 10 mm from outer surface 2b Isolated, more than 400 / mm2 

Ca 15 mm from outer surface  2b Isolated, more than 400 / mm2 

Ca 20 mm from outer surface  2b Isolated, more than 400 / mm2 

Ca 25 mm from outer surface  2a - 2b Isolated, 100 - 400 / mm2 

Ca 30 mm from outer surface  2a Isolated, 100 - 400 / mm2 

Ca 35 mm from outer surface  2a Isolated, 100 - 400 / mm2 

5 mm 10 mm 20 mm 30 mm 

35 mm 
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Table 4 Cavitation damage in area of defects round the circumference (according to NT TR 302) 

Evaluated Area 0° 90° 180° 270° 

At outer surface 2b 1 2b 2b 

Ca 10 mm from outer surface 2a 1 2b 2a 

Ca 20 mm from outer surface  2a 1 2a 2a 

Ca 30 mm from outer surface  1 1 1 1 

Ca 40 mm from outer surface  - - 1 1 

At inner surface 1 1 1 1 

2.3. Calculation of the critical crack size 

Calculation of the redistribution of initial elastic stress during operation of the evaluated bend was carried out 
by finite element method for the actual geometry of the pipe bend and the material with lower strength and 
deformation properties (DMUV material with the default yield strength under 340 MPa) [7]. The calculations 
showed very rapid stress redistribution in the initial state and localization of maximum tangential stress at the 
outer surface of the pipe bend. It means that the initiation of creep cracks can be expected on the outer surface 
and there is, therefore, a good chance to find them during the regular inspections - see Fig. 7 . 

The critical crack depth for the initiation of the final fracture was determined for the actual values of the yield 
strength, ultimate strength and fracture toughness of the bend at 550 °C. The calculation was made for a 
considerable length of longitudinal cracks extending from the inner and outer surface of the bend depending 
on the risk of failure. Even for a low probability of fracture (Pf = 0.001) is the ratio of critical crack depth to the 
actual minimum wall thickness greater than 0.5, which means that the only cracks with a depth exceeding one 
half of the wall thickness can be regarded as dangerous - see Fig. 8. This result supports optimism about the 
safe operation of the steam pipes, as we can expect that the crack would be detected before it grows to this 
length. 

 
 

3. CONCLUSION 

Considerable inhomogeneity detected in the pipe bending of 200 MW boiler demonstrates and confirms what 
was well-known about the creep damage of the steel grade 15 128 and all the group of low-alloy Cr-Mo-V 
steels. Although creep damage reaches the value 5 on the outside surface of the pipe bend and 4b in the 
regions between macrocracks, below this surface region the density of cavities decreases from about 

Fig.  7 Redistribution elastic stress during 
bending operation 

Fig.  8 Relation between depth and length of 
the critical crack for sudden fracture 
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2,000 / mm2 to approximately 150 / mm2. Similar creep damage heterogeneity was also observed around the 
pipe circumference. In the compression area of the bend the degree of creep damage reached only 1, i.e. 
again virtually free of cavities (<150 / mm2). Heterogeneity of the creep damage and the fact that the creep 
crack formation occurs on the outer surface of the bend and near the outer fibres is very favourable in terms 
of searching the maximum creep damage, because it is a region which is usually well accessible for diagnostic 
investigation. 

The exhausted creep life of the steam pipe bend was reflected also by the mechanical properties and to some 
extent even by notch toughness. Hardness measured in the area of cracks on the outer surface only slightly 
overcame 100 HV, outside cracks and towards the inner surface then reached of about 135 HV. Also, the yield 
strength at room temperature did not exceed 300 MPa, although the same decrease was not detected in the 
tensile strength, which value was close to the standardized minimum of 15128.5 steel. In the time of bends 
manufacturing it was not usual to apply rapid (water) cooling from the austenizing temperature, which is 
necessary in order to obtain steel grade 15128.9 with higher strength as well as creep resistance. 

The fracture toughness at temperatures close to the working temperature (550 °C) is not low enough to cause 
risk of sudden brittle fracture. It is reasonable to assume that the creep cracks will grow slowly and by stable 
growth, which increases the chance of finding them early during the routine diagnostic tests, particularly if the 
critical depth of the creep crack is greater than half of the thickness of the pipe wall. This gives a real chance 
to move the limit criteria considering the life of steam pipes from the occurrence of chains of cavities to the 
presence of micro-cracks. 
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Abstract 

This article presents a method for software assessing the level of axial segregation in wire rod. This so-called 
axial segregation is routinely determined visually as dark spots on the etched cross-section of wire, which 
classifies comparison to a etalon. The result is a class of characterizing the degree of segregation in the axial 
wire. The disadvantage of the visual evaluation is considerable subjectivity in evaluating particularly borderline 
levels of segregation and mere only categorial variable characterizing the degree of segregation.  

Software evaluation eliminates these drawbacks. The evaluation algorithm still works in the same way and the 
output is a quantitative variable, which can be further processed statistically. Measurement is faster, more 
accurate and more objective. The paper gives an example of a software evaluation of the level of segregation 
in the rolled wire before and after modernization of wire rod mill in Trinec Ironworks, Inc. 

Keywords : Segregation, wire rod, automated inspection, image processing 

1. INTRODUCTION 

An important requirement for reliable production of high-carbon steel wire is mastering axial segregation of 
injurious elements in the continuously cast billets. The practise confirms the negative effect of increased 
segregation on the limit deformation and thus the formability during wire drawing [1]. There are many articles 
dealing with segregation formation in technical bibliography [2, 3, 4, 5]. The degree of axial segregation is 
currently determined visually (the assessment of the size and shape of segregation dark areas) on the polished 
and etched samples of wire. Final evaluation is thus influenced by the human factor.  

The task of the automatic classification system is to reduce errors to a minimum and getting same results for 
a long time. As compared to visual evaluation using a microscope, software evaluation is faster, more accurate, 
independent on the human factor with the outputs well process-able using statistical methods. 

2. SOFTWARE FOR THE EVALUATION OF SEGREGATION 

Software for the evaluation of segregation is intended for an automatic determination of axial segregation in 
steel wires. This software was tested in the metallographic laboratory of wire cord producer, where the trial 
was conducted as conventional visual method and using newly developed software for the evaluation of 
segregation. The results confirmed that the software is capable to conduct assessments of segregation as well 
or better than visual assessment influenced by the human factor. 

Software for the evaluation of segregation can be installed on a desktop PC without specific performance 
requirements and is designed primarily for 32-bit Windows NT. The PC is connected to a standard office 
scanner with a resolution of at least 1200 dpi (Fig. 1 ). Samples of wires are pressed into bakelite discs of 
diameter 40 mm and height 17 mm (Fig. 2 ), the disc may contain 4, 6 or 12 wires. The wires are polished and 
etched in the etching agent before assessing. 

The samples prepared in this way are placed on the scanner (maximum four discs simultaneously) and 
evaluation is performed. Evaluation of segregation is fully automated with possibility of manual correction of 
result. 
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Fig. 1  Personal computer + scanner 

 

Fig. 2  Wire samples prepared for evaluation 

Outputs of the software are: 

1)  class of segregation  (GN, UL A, UL B, ZL A, ZL B, …) - categorial parameter describing degree of 
axial segregation (agreeable with output of former visual evaluation). Subtypes A and B distinguish 
segregation spot with and without ring of negative segregation. 

2)  numerical index , characterizing degree of axial segregation (numerical variable with an accuracy of 
two decimal places, without distinguishing subtypes A and B). Numerical index corresponds with 
segregation classes according to Fig. 3 .  

 
Segregation [-] 

 

Segregation = 0.66 

 

Segregation = 1.32 

 

Segregation = 2.07 

Fig. 3 Examples of three evaluated wires 

The main advantages of software evaluation are: 

1) elimination of human factor, influencing segregation evaluement (the main disadvantage of former visual 
evaluation is considerable subjectivity in evaluating particularly borderline levels of segregation) 

2) software measurement is faster, more accurate and more objective, output of software is a quantitative 
variable, which can be further processed statistically 
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3. MEASURING PRINCIPLE 

The level of segregation is determined for all input images like on the following Fig. 4 . During the analyses it 
was found out that the scanned image has low dispersion of values of brightness. This dispersion has only 
units of the brightness. This fact makes the classification of segregation more difficult because the information 
is devalued by noise and surface reflectivity of material. For this reason it was chosen the following process. 
The first step is to analyze parts of wire area. It was statistically found out that the area of every wire contains 
a several parts. 

a) Area of potential appearance segregation 

b) Active area of the wire 

c) Area without any useful information 

The area of potential appearance of segregation is part of the 
wire where is found precipitated carbon. The radius of this area 
has been found by experiments for 30 percent of the wire radius 
(0,3R). Active area of the wire is a part of wire with important 
statistic information about a distribution of pixels values in wires. 
For this reason this part is the referential one. Its size is 60 
percent of the radius (0.6R). 

The area without any useful information is the border part of the 
wire. In this area there is a distortion that comes with scanning 
the clamp. After the separation of area to three parts, the 
classification of segregation can be started. 

The process is shown on the diagram in Fig. 5 . 

 

Fig. 5 Flowchart of segregation measurement 

The principle of segregation evaluation with the aid of image analysis, calculation of parameter WSA etc. 
authors of the software describe in detail in their published articles [6, 7]. 

4. PRACTICAL APPLICATION 

The output of the software is the quantitative variable - the level of segregation, determined with an accuracy 
of two decimal places. It is much easier to work with such kind of variable during statistical assessment of the 
effect of various process parameters on the level of segregation. 

An example of some practical utilization of software numerical output is below. The aim of the analyse was to 
compare the degree of segregation in high carbon wire and steel cord, produced before and after 
modernization of wire rod mill in Trinec Ironworks, Inc. Analysis was performed in the statistical software 
Statgraphics Centurion XVI. Usual significance level α = 0.05 in testing was considered. 

To test the effect of categorical variable "modernization_KDT" (containing two categories of "before" and "after" 
that distinguish wires manufactured before and after the modernization of the wire rod mill) on the numeric 
level of segregation, an analysis of variance (ANOVA) was performed. Analysis of variance tests the null 

1 Fig. 4  Three parts of the wire 
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hypothesis (mean values of segregation before and after modernization KDT are identical) against the 
alternative hypothesis (mean values of segregation are different). Two basic assumptions of the ANOVA were 
verified before performing the analysis - normality and equality of variances of both choices [8]. The result is 
shown in Table 1 , in graphical form in Figs. 6, 7 . 

Table 1 ANOVA Table for segregation by modernization_KDT 

Source Sum of Squares  Df Mean Square F-Ratio P-Value 

Between groups 15.1687 1 15.1687 61.84 0.0000 

Within groups 850.663 3468 0.245289   

Total (Corr.) 865.832 3469    

The final p-value of analysis of variance <0.05 confirms, that the average values of segregation for wires 
produced before and after the modernization of wire rod mill varies. 

 

Fig. 6 Box plots - segregation 

 

Fig. 7 Averages with conf. interval - segregation 

5. CONCLUSION 

In this article a visual measurement system intended for an automatic evaluation of segregation in steel wires 
as a feedback quality control is presented. This system is based on an image processing which represents a 
non-destructive field in measurement area.  

Current visual measurement of segregation level is accomplished by a human inspector who represents 
inexact and subjective evaluation. On the other hand, the automatic software classification system is getting 
same results for a long time. The main advantages of software evaluation are elimination of human factor, 
accuracy, objectivity, and proper output - quantitative variable, which can be further processed statistically. 

An example of some practical utilization of software numerical output was presented. The aim of the analyse 
was to compare the degree of segregation in high carbon wire and steel cord, produced before and after 
modernization of wire rod mill in Trinec Ironworks, Inc. It was confirmed, that the software gives reliable results. 
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Abstract 

Steel is the most popular structural material. The properties and practical applications of all constructional 
materials, including steel, are determined mostly by their structure. Non-metallic inclusions are one of the 
factors that influence the fatigue strength of steel. The physical and chemical reactions that occur in the 
process of steel melting and solidification produce non-metallic compounds and phases, referred to as 
inclusions. The quantity of non-metallic inclusions is correlated with the content of dopants in the alloy, while 
their phase composition and structure, in particular shape, dimensions and dispersion, are determined by the 
course of metallurgical processes.  

The experimental material consisted of semi-finished products of high-grade, medium-carbon structural steel. 
The production process involved two melting technologies: steel melting in a 140-ton basic arc furnace with 
desulfurization and argon refining variants and in a 100-ton oxygen converter and next subjected to vacuum 
circulation degassing. Billet samples were collected to analyse the content of non-metallic inclusions with the 
use of an optical microscope and a video inspection microscope. The application of various heat treatment 
parameters led to the formation of different microstructures responsible for steel hardness values. Examination 
was realized on calling out to rotatory curving machine about frequency 6000 periods on minute. The objective 
of this study was to determine the influence of size proportions and distances between the fine non-metallic 
inclusions (up to 2 µm in size) on bending fatigue strength of high plasticity constructional steel. The results 
revealed that fatigue strength is determined by the analysed parameters and tempering temperature. 

Keywords: Steel, high-grade steel, impurities, non-metallic inclusions, fatigue strength, bending fatigue  
                    strength 

1. INTRODUCTION 

Fatigue degradation is a type of damage that occurs over time and causes significant losses. Fatigue occurs 
and develops gradually due to cyclic service load that causes stress. When critical values are exceeded, the 
material cracks and becomes fit for scrap [1-4]. Processes that cause the material to crack under periodically 
varying loads are stochastic events. The above mentioned results mainly including material heterogeneity were 
caused by imperfections of the production process and its effect on alloy properties. As demonstrated by 
phenomenological research, the expansion of cracks resulting from fatigue is determined by the number of 
cycles, stress intensity and material properties. The combined effect of internal micro-stresses resulting from 
the presence of non-metallic inclusions in steel and stress may be caused by external load plays an important 
role in the formation and development of fatigue cracks. Internal stress is a function of the morphological 
composition of microstructures of steel, impurities and its morphology [5-9], micro-segregation [10-13] and the 
existing defects [4, 5, 14-17]. Distribution of non-metallic inclusions in steel and their quality is determined by 
various factors, including charge quality, process regime, furnace type and out-of-furnace processing [4-6]. 
The effect of sub-microscopic impurities on fatigue strength is much more difficult to analyse and is, therefore, 
less frequently investigated.  
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In a correctly performed metallurgical process, non-metallic inclusions in steel are randomly distributed, and 
their quantity can be described by the size proportions and distances between the impurities of structural steel 
α, which was investigated in the present study. 

2. AIM OF THE STUDY AND METHODS 

The objective of this study was to determine changes in bending fatigue strength of steel hardened and 
tempered at different temperatures subject to the size proportions and distances between the impurities of 
structural steel. 

The tested material comprised steel manufactured in three different metallurgical processes. The resulting 
heats differed in purity and size of impurities as 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 spheroidized microstructure. In the first process, steel was melted in a 140-ton basic arc 
furnace. The study was performed on 21 heats produced in an industrial plant. The metal was tapped into a 
ladle, it was desulfurized and 7-ton ingots were uphill teemed. Billets with a square section of 100x100 mm 
were rolled with the use of conventional methods as a part of the second procedure. After tapping into a ladle, 
steel was additionally refined with argon. Gas was introduced through a porous brick, and the procedure was 
completed in 8-10 minutes. Steel was poured into moulds, and billets were rolled similarly as in the first method. 
In the third process, steel was melted in a 100-ton oxygen converter and deoxidized by vacuum. Steel was 
cast continuously and square 100x100 mm billets were rolled. Billet samples were collected to determine: 
chemical composition - the content of alloy constituents was estimated with the use of Leco analysers an AFL 
FICA 31000 quanto-meter and conventional analytical methods, relative volume of non-metallic inclusions with 
the use of the extraction method, dimensions of impurities by inspecting metallographic specimens with the 
use of a Quantimet 720 video inspection microscope under 400x magnification. It was determined for a larger 
boundary value of 2 µm. The number of particles in range of 2 μm and smaller was the difference between the 
number of all inclusions determined by chemical extraction and the number of inclusions measured by video 
method. Analytical calculations were performed on the assumption that the quotient of the number of particles 
on the surface divided by the area of that surface was equal to the quotient of the number of particles in volume 
divided by that volume [17].  

It in aim of qualification of fatigue proprieties from every melting was taken 51 sections. The sections shapes 
of cylinder were about 10 mm in diameter. Their main axes be directed to direction of plastic processing 
simultaneously. It thermal processing was subjected was in aim of differentiation of building of structural 
sample. It depended on hardening from austenitizing by 30 minutes in temperature 880 °C after which it had 
followed quenching in water, for what was applied drawing. Tempering depended on warming by 120 minutes 
material in temperature 200, 300, 400, 500 or 600 °C and cooling down on air. Fatigue strength was determined 
for all heats. Heat treatment was applied to evaluate the effect of hardening on the fatigue properties of the 
analysed material, subject to the volume of fine non-metallic inclusions. The application of various heat 
treatment parameters led to the formation of different microstructures responsible for steel hardness values in 
the following range from 271 to 457 HV [4, 6]. Examination was realized on calling out to rotatory curving 
machine about frequency of pendulum cycles: 6000 periods on minute. For basis was accepted was on fatigue 
defining endurance level 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, 600 °C - 540 MPa [4-6]. During the test, the applied load was gradually reduced in steps of 40 
MPa (to support the determinations within the endurance limit). Load values were selected to produce 104-106 
cycles characterizing endurance limits. 

The arithmetic average size proportions and distances between the impurities of structural steel α were 
calculated with the use of the below formula (1): 
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Ë = ô1á (1) 

where:  M̅ - the average diameter of impurity, µm; λ - arithmetic average impurities space. 

The each of the heats λ was calculated with the use of the below formula (2): 

ï = '
+ M̅ l Q3Ö − 1o (2) 

where: �� - the relative volume of sub-microscopic impurities, %. 

The general form of the mathematical model is presented by equation (3) 
zgo = aα + b (3) 

where: zgo - bending fatigue strength; a, b - coefficients of the equation. 

The significance of correlation coefficients r was determined on the basis of the critical value of the Student’s 
t-distribution for a significance level α=0.05 and the number of degrees of freedom f = n-2 by formula (4). 

Á = Ù
þ/�40

×�0
 (4) 

The values of the diffusion coefficient zgo near the regression line were calculated with the use of the below 
formula (5): 5 = 2Þ√1 − �' (5) 

where:  s - standard deviation; r - correlation coefficient. 

The values of the standard deviation s were calculated with the use of the below formula (6): 

Þ = þ∑(U�U̅)0
(Z�Q)  (6) 

where:  B- result of measurement; B̅ - arithmetic average of measurement results. 

3. RESULTS AND DISCUSSION 

The chemical composition of analysed steel are presented in Table 1 .  

Table 1  Chemical composition of researched steel 

Process Contents, wt % 

C Mn Si P S Cr Ni Cu Mo B 

Arc furnace 0.25 1.03 0.18 0.022 0.019 0.54 0.45 0.19 0.25 0.002 

Oxygen converter 0.24 1.13 0.27 0.018 0.018 0.56 0.5 0.02 0.26 0.003 

 
Fig. 1  Bending fatigue strength of steel hardened and tempered at 200 °C subject to size proportions and 

distances between the impurities 
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Bending fatigue strength of steel hardened and tempered at 200 °C in depends of size proportions and 
distances between the impurities are presented in Fig. 1, regression equation and correlation coefficients  
r in (7). 
zgo(200) = 990.95 α + 301.69 and r = 0.5666 (7) 

Bending fatigue strength of steel hardened and tempered at 300 °C in depends of size proportions and 
distances between the impurities are presented in Fig. 2 , regression equation and correlation coefficients r in 
(8). 

zgo(300) = 527.6 α + 292.99 and r = 0.5385 (8) 

 
Fig. 2  Bending fatigue strength of steel hardened and tempered at 300 °C subject to size proportions and 

distances between the impurities 

Bending fatigue strength of steel hardened and tempered at 400 °C in depends of size proportions and 
distances between the impurities are presented in Fig. 3, regression equation and correlation coefficients 
r in (9). 

zgo(400) = 647.72 α + 265.97 and r = 0.7326 (9) 

 
Fig. 3  Bending fatigue strength of steel hardened and tempered at 400°C subject to size proportions and 

distances between the impurities 

Bending fatigue strength of steel hardened and tempered at 500°C in depends of size proportions and 
distances between the impurities are presented in Fig. 4, regression equation and correlation coefficients  
r in (10). 
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zgo(500) = 437.27 α + 249.01 and r = 0.5908 (10) 

Bending fatigue strength of steel hardened and tempered at 600°C in depends of size proportions and 
distances between the impurities are presented in Fig. 5, regression equation and correlation coefficients  
r in (11). 

zgo(600) = 388.85 α + 217.24 and r = 0.5300 (11) 

Parameters representing mathematical models and correlation coefficients are presented in Table 2 .  

 

Fig. 4  Bending fatigue strength of steel hardened and tempered at 500 °C subject to size proportions and 
distances between the impurities 

 

Fig. 5  Bending fatigue strength of steel hardened and tempered at 600 °C subject to size proportions and 
distances between the impurities 

Table 2  Parameters representing mathematical models and correlation coefficients 
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tα=0.05 
calculated 

by (4) 

tα=0.05 from 
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distribution 
for p=(n-2) 

200 990.95 301.69 0.5666 88.9912 2.997 
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300 527.6 292.99 0.5385 50.5575 2.786 
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4. CONCLUSIONS 

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 up to 2 µm. The 
presence of statistically significant correlations was verified by Student's t-test (5), Table 2 . 

With exception of 600 °C the higher the tempering temperature, the lower is the hardness of steel, and the 
smaller the dispersion of values around the regression line.  

The results of the study indicate that the presence of non-metallic inclusions measuring up to 2 µm, 
represented by the quotient of average diameter of impurity and arithmetic average impurities space for sub-
microscopic non-metallic inclusions α increases the magnitude of stress that induces fatigue cracking.  

A positive correlation coefficient describing the relationships between bending fatigue strength and size 
proportions and distances between the impurities in Figs. 2-10  (Table 3) indicates that the fatigue strength zgo 
increases with an increase in α (1). 

The quotient of average diameter of impurity and arithmetic average impurities space for sub-microscopic non-
metallic inclusions α was inversely proportional to the value of coefficient zgo. The above suggests that an 
increase in the diameter of impurity and/or decrease of impurities space λ of sub-microscopic inclusions in 
structural steel increases the value of zgo.  

The use of the size proportions and distances between the impurities of structural steel α enhances the 
methodology for evaluating the influence degree of steel purity on fatigue strength of structural steel. 
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Abstract 

Managing instrumentation and control obsolescence, improving the safety, and extending the lifetime of older 
nuclear reactors (such as VVER-440) are the primary objectives of nuclear power plants in Central and Eastern 
Europe. Extending reactor life to 60 years and beyond will likely increase susceptibility and severity of known 
forms of degradation. Additionally, new mechanisms of materials degradation are also possible. Therefore, it 
is necessary to examine on a regular basis the structures, systems and components of the reactor facility using 
specific techniques such as those based on non-destructive testing to conduct special inspections with varied 
objectives. The main purpose of this paper is to present the advanced procedures for monitoring degradation 
processes under static and dynamic loading (simulation of operational loading of pressure equipment) using 
acoustic emission technique. It is one of the most powerful non-destructive methods for assessing active 
processes occurring in the loaded material. Experiments have been performed on specimens made of Cr-Ni-
Mo-V nuclear ferritic steel (known as 15Ch2NMFA) at room temperature. The acoustic emission results 
showed a clear response to loaded specimens with and without a crack. 

Keywords: Acoustic emission, pressure equipment, pressure test, fatigue, crack 

1. INTRODUCTION 

The VVER-440 was the basis for subsequent development of more powerful reactors [1, 2, 3]. VVER-440 units 
have been safely operating in many European Union countries: Slovakia (Bohunice, Mohovce), Hungary 
(Paks), Bulgaria (Kozloduy), Czech Republic (Dukovany, Temelin) and Finland (Loviisa). The VVERs were 
developed in the 1960s [1, 5]. In all operating VVER countries, the lifetime management had the explicit goal 
of ensuring prolongation of operational lifetime [2, 3]. Considerable progress has been achieved at VVER 
plants with respect to the improvement of the performance and plant reliability [4, 5]. From the perspective of 
long-term operation, the recently  designed and constructed VVER plants obviously, have been designed and 
manufactured taking into account the liftime from the operational experience [2, 3].The design operational 
lifetime of the VVER plants is generally 30 years, and 50 or 60 years are for the newly designed and operating 
VVER-1000 units [2, 5]. 

Therefore, the regular periodic examination is necessary for the structures, systems and components of the 
reactor facility, using specific techniques based on non-destructive tests to enhance special inspections. A lot 
of periodic pressure tests were done at the institute to detect fatigue crack initiation and crack growth [9]. The 
increasing request for more effective inspections led to find the necessary inspection methods for the estimate 
of the condition of structures with low cost [4]. Extensive and successful testing of pressure vessels have been 
applied, to evaluate criteria and international standards, acoustic emission (AE) has been successfully used 
for the safety estimate of metallic pressure vessels [6]. 

AE is NDE technique, which relies on the detection of elastic stress waves generated by the sudden release 
of energy in the material when a defect is formed. The rapid release of energy is localized sources inside the 
material [7, 8]. Piezoelectric sensors which are mounted on the structure’s surface, detect these waves and 
transform them to electrical signals. These signals arrive to special multi-channel electronic AE equipment that 
extracts data, which is stored in a computer. The operator can analyze it into several graphs that provide 
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important information about the AE activity in real-time. Previous studies [4, 6] have identified the number of 
AE counts (number of times the output signal from a resonant acoustic sensor exceeds a preset threshold 
value) as a useful scalar measure of damage under cyclic loading [7].  

AE monitoring has been developed as an effective non-destructive technique for the micro structural changes, 
detection of plastic deformation, propagation fracture and temperature, crack initiation, location and monitoring 
of fatigue cracks in a variety of metal structures, including airframes, steel bridges, pipelines and pressure 
vessels [3]. AE applied in many nuclear power plants (NPP) worldwide, for detecting defects during pre-service 
or for continuous monitoring fatigue crack propagation and leak. 

Fatigue cracks propagation in structures result in sudden and catastrophic failure, and such propagation need 
many loading cycles to grow from an initial size to the maximum permissible size. The maximum permissible 
crack size can be determined, using linear elastic or elastic-plastic fracture mechanics analysis. By applying 
linear elastic fracture mechanics parameters and acoustic emission data, it may be possible to predict crack 
propagation rates and the number of cycles required [7]. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials and mechanical testing 

The test specimens of 15Ch2NMFA nuclear ferritic steel (chemical composition and mechanical properties are 
shown in Tables 1 and 2) were manufactured from the large compact tension specimens (CT50) which were 
obtained from the forged ring of the reactor pressure vessel. Microstructure of the studied material, due to the 
applied heat treatment, is a mixture of heterogeneous bainite and martensite. The minimum diameter and 
radius of curvature at the center part of the specimen were 10 mm and 35 mm, respectively (see Fig. 1 ). 

Table 1 Chemical composition of 15Ch2NMFA steel    Table 2 Mechanical properties of 15Ch2NMFA steel 

elements (wt. %) 

C Mn Si P S Cr Ni Mo 

0.15 0.50 0.23 max 
0.02 

max 
0.02 

2.1 1.1 0.6 

 

   
Fig. 1  Specimen geometry and its microstructure 

Simulation of operational loading was conducted on the universal electro-resonance RUMUL Cracktronic 
testing machine under room temperature. At the beginning of loading, the test specimens were subjected to a 
cyclic stress amplitude of 280 MPa (R = 0, σmax = 560 MPa) corresponding to a number of cycles to fracture 
of 5 x 106 cycles. The fatigue test was discontinued after crack initiation, or at least when the short crack began 
to propagate. After that, the first pressurization cycle (simulation of the pressure test) with maximum test stress 
of 700 MPa (i.e. 125 % of reference operating stress) was started. Afterwards the specimen was again cycled 

E 
(GPa) 

Rp0,2 
(MPa) 

Rm 
(MPa) 

A 
(%) 

Z 
(%) 

208 540 639 22 76,5 
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until long fatigue crack initiation, and then the second pressurization cycle with maximum stress of 840 MPa 
(i.e. 150 % of reference operating stress) was again started. The final period of the measurement consists of 
a cyclic loading until fatigue fracture. The course of loading is given schematically in Fig. 2. 

 

Fig. 2  Simulation of operational loading procedures 

2.2. AE testing procedure 

AE was monitored using XEDO data acquisition system with a total system gain of 80 dB, supplied by DAKEL 
Company (see Fig. 3b ). Two piezoelectric sensors (DAKEL, type: MIDI, sensing face material: stainless steel) 
were located on each end of the specimen by Loctite glue (see Fig. 3a ) to constitute a two-channel linear 

location system. The average AE wave velocity (4.5 mm/µs) was determined before tests by means of Pen-
test (Hsu-Nielsen source), and used for the determination of AE sources location generated at reduced-part 
of the specimen in each test. 

  

a)      b) 

Fig. 3  Schematic illustration of AE sensors location (a), AE measurement system: DAKEL-XEDO (b) 

The necessary condition for performing an AE test is that the specimen must be stressed to a representative 
load depending on the type and the requirements of the test. AE can thus be applied during laboratory testing 
or, in the case of practical application without the need to take the vessel or tank out of service. For the case 
of our testing, loading is achieved by pressurizing (see Fig. 2  for typical pressurization scheme). 

It is expected that AE events from crack growth will come at the maximum stress (the first and second 
pressurization cycle). The main mechanism of fatigue crack growth in a pressure vessel steel is repetitive 
blunting and re-sharpening of the crack tip. In the case of a real cylindrical pressure vessel, if AE events at the 
maximum pressure are detected, it is assumed that they come from brittle fracture events. Repetitive AE events 
which typically occur every cycle and at nearly the same pressure are frequently detected during cyclic loading. 
Sometimes series of signals with almost the same parameters occur, in other cases the pattern of the signals 
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is more irregular. Such signals can arise in the phase of increasing or decreasing stress (pressure) and at 
intermediate stresses. 

3. AE RESULTS 

The first testing with a short crack at beginning was started, and the second with a long crack, respectively. 
The testing procedure started with a cyclic sinusoidal loading between 0 and 560 MPa until crack initiation. 
After that, the first pressurization cycle with maximum test stress of 700 MPa was started. The rate of 
pressurization was 0,8 MPa/s. Afterwards the specimen was again cycled until long fatigue crack initiation, 
and then the second pressurization cycle with maximum stress of 840 MPa was again started. Overview of the 
procedures for a short (long) crack is in Fig. 4. 

The phase of increasing pressure during first pressurization cycle was simulated by an extension of the short 
crack before the second phase of fatigue loading and the long crack after this phase of cycling. It was confirmed 
that in case of long cracks the AE hits increase during the pressure holds (see Fig. 4b  red circle) and in case 
of short cracks the occurrence of AE hits is low. 

 
a)        b) 
Fig. 4  Time history of AE count rate and events during testing 

a) short crack, b) long crack 
maximum (reference) operating stress 

Different pressurization rates in case of a short and long crack were conducted during testing. The AE response 
to this rates is presented in Fig. 5 . It is very clear that higher rates of pressurization emit more AE events. This 
is just one of the facts that higher rates of loading increase AE activity. 

In case of cyclic loading comparison of the specimen with short (long) crack, there was found no relationship. 
However, it was found AE signal differences in crack evolution (see Fig. 6 ). A short crack was characterized 
by low AE activity and low duration and amplitude (blue ring). On the other hand, for long crack the amplitude 
and duration was increased (green ring). 

 
a)       b) 

Fig. 5  Time history of AE count rate and events during different pressurization rates 
a) high, b) low 
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a)       b) 

Fig. 6  Amplitude vs. duration during cyclic loading 
a) short crack, b) long crack 

Fig. 7  shows a short (long) crack comparison, where no differences were found. However, the number of AE 
events was clearly higher in the specimen with a long crack. The total number of AE events detected during 
static and cyclic loading is given in Table 3 . 

Table 3 Number of AE events at different loading stages 

crack size 
cyclic loading 

static loading 
(pressure test) 

1st stage 2nd stage 3rd stage 1st stage 2nd stage 

short crack 191 10944 3487 13 16 

long crack 44 539 3115 52 102 
 

 
a)       b) 

Fig. 7  Amplitude vs. duration during static loading (pressure test) 
a) short crack, b) long crack 

 
RA value and average frequency of the AE signals generated during fatigue loading have been determined 
based on code [10]. Relationship between RA values and average frequencies of the tested specimen is given 
in Fig. 8 . Higher RA value is an indication that shear cracks dominate the fatigue process. It is observed the 
same crack types occur in different stages of the fatigue process. However, the tensile cracks are found more 
dominant for the third stage (main crack) and the shear cracks for the second and first stage (beginning of the 
crack propagation). 
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a)       b) 

Fig. 8  RA vs. average frequency during different phases of cyclic loading 
a) short crack, b) long crack 

 
Overview of the fracture surface as shown in Fig. 9 demonstrates all phases of the fatigue life with the static 
overload bands, i.e., the places of a local plastic deformation (stretch zones). The pressure test simulations 
helped us better understand the mechanical behavior of the damage and crack propagation with combined 
usage of the fractography and the AE. 
 

  
a)        b) 

Fig. 9  Overview of the fracture surface (a) and detail of the static overload at the first pressure test (b) 

CONCLUSION 

The aim of the experiments was to suggest and verify the methodology of evaluation of operational loading 
pressure equipment in laboratory conditions. This assessment was utilized frequency analysis stiffness of the 
specimen, which was particularly useful as an indicator of initiation of the main crack propagation. The main 
contribution of this work lies on the possibility of evaluating micro-structural changes in cyclic and static loaded 
material and the prediction of serious (active) defects, although those other non-destructive methods are hardly 
detectable. 

It was found that most AE events in the specimen with a long crack was detected at the maximum pressure in 
comparison with the specimen with a short crack and without a crack, respectively. Further, differences of 
crack behaviour at different cycling stages were checked, where it was find out that there was no effect of 
crack size. It was also verified, that AE activity increases with higher pressurization rate. Those results and 
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fractographic analysis proof that AE method is suitable method for other (more specific) evaluation of various 
types of operating damages and for prediction of defect formation and propagation. 
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Abstract 

From the economic reasons many products originally made from austenite stainless steel are nowadays made 
from ferritic stainless steel. Ferritic steels have relatively low yield strength and the work hardening is limited. 
They cannot be hardened by heat treatment and only moderately hardened by cold working. Commercially 
made stainless steel tubes from ferritic steel, used for industrial plumbing was examined on presence of cracks. 
The cracking was present on the inner side of the convoluted tube shape. The tube manufacturing process 
consisted of continual bending of the sheet to tube shape, weld the tube, then of cold shaping by pulling 
through rib-forming frames, which is done in several steps. Then thermal treatment applies to the nearly 
finished product to remove stress remaining in the structure. Prime suspect was deformation beyond the 
ductility of used material. However the stress-strain tensile testing does not approved this hypothesis. Several 
samples of failed material were taken together with reference, and were examined by optical microscopy, and 
X-Ray Diffraction structure analysis. The structure of the cracked tubes does not show the signs of deformation 
over the limit, except the location near to the crack itself. Interestingly enough the failed material showed more 
homogenous structure than the original one. Needle like structures were found when the material is “over-
etched”, on these structures concentration of stress under bending occur. This structure was identified as δ-
ferrite however its presence in α-ferrite matrix is unclear. 

Keywords: Delta ferrite, metallography, mechanical failure, crystallographic defects 

1. INTRODUCTION TO THE PROBLEM 

The objective of the research was to find cause of defect in stainless steel tubes. These commercially made 
stainless steel tubes were manufactured from ferritic steel. These tubes are used for industrial plumbing and 
in civil houses and flats.  

The cracks were present on the inner side of the convoluted tube shape. The tube manufacturing process 
consists of continual bending of the sheet to tube shape and weld the tube using micro plasma. In the next 
step cold shaping by pulling through rib-forming frames is applied, this procedure is done in several steps. 
Heat treatment is applied in the end to remove stress remaining in the structure. Examined tubes were without 
the final heat treatment, directly taken from the production process from the point where the defect occurs.  

2. HYPOTHESIS AND PREPARATION 

The prime hypothesis was the material was deformed beyond its mechanical capabilities, namely, deformed 
beyond its ductility. However the results of tensile testing we have obtained from manufacturer disapproved 
this hypothesis. 

For the experiments several samples of failed material were taken together with reference. The samples were 
prepared for optical microscopy using [1] and observed using HIROX 7700 optical microscope. In addition the 
samples were examined using XRD to determine the structure. To simulate the cracking conditions the manual 
bending using hand tools was applied to the samples of steel sheets. But this simulation resulted to be 
insufficient to induce cracking in the material. 
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3. OPTICAL MICROSCOPY 

Primarily used Nital etching solution has proven itself to be insufficient to render the grains so the hydrochloric 
and nitric acid mixture was used (of 1:3 ratio) which proven to be able to render the grains. In addition needle-
like structures were also shown on the etched cross sections, not originally present on the cross sections itself 
(as shown on Fig. 1 ). In addition it was also found, the deformation of the structure has only short range effect 
on longer distance (600μm and more) the grains were not deformed at all. This is clearly visible in the Fig. 2 

 

Fig. 1  Cross section of the material showing needle-like structures and 1b 

Fig. 2  Cross section of the failed tube showing elongation of the grains (2a) in near vicinity of the defect but 
600 μm away there is no sign of deformation (2b) 

According to the literature studied [2-7] the needle-like structures seems to be delta ferritic structures. With 
one exception, the delta ferrite is present in austenite steels but should not be present in ferritic matrix, where 
the delta and alpha ferrite should be distinguished from one another, as these are generally same phase. To 
assure the material examined is ferritic and not austenite as might result from this semi-conclusion. The X-Ray 
diffraction of these samples was made. 

4. XRD ANALYSIS 

Using the XRD material was identified as AISI 434L which is similar in composition to AISI 444 as it was 
declared by manufacturer (XRD scan shown on the Fig. 3 , whereas the compositions are shown in Tables 1  
and 2). At this point should be noted, the producer of tubes is not a producer of steel sheet. As shown in tables 
bellow, the composition of those two ferritic steels varies slightly and the misinterpretation of the given material 
is more likely caused by inhomogeneity in the material in combination with the capabilities of the used method.  
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In addition to ferritic steel (red lines), presence of silicon carbide (green lines) was found in the samples. This 
is no doubt caused by the presence of SiC, however this should be handled with caution, as the XRD scan 
contains some noise and also the SiC was used during the sample preparation (grinding and polishing) among 
other agents. 

 

Fig. 3  XRD scan of the material 

We suppose there is some small amount of SiC present in the structure, but its exact amount, and thus the 
amount of carbide in the structure, should be determined by other method, to overcome the possible false 
positive identification caused by the noise (and also using different grinding materials if applicable). 

Table 1  Composition of AISI 444 stainless steel (wt.%) 

C Si Mn P S Cr Ni Mo Ti Cu 
other 

<=0.025  <=1.00  <=1.00  <=0.040  <=0.015  17.50-18.50  -  1.80-2.00  0.12-0.40  -  
Nb=0.25-0.50  

Table 2  Composition of AISI 434L stainless steel (wt.%) 

C Si Mn P S Cr Ni Mo Ti Cu other 

0.02  0.90  0.20  0.01  0.02  17.00  -  1.00  - -   

5. DISCUSION 

Also additional interesting fact was found during the optical microscopy (as shown on Fig. 4 ). The needle-like 
structures are oriented parallel to the axis of rolling. On the cross section parallel to the axis the structures 
seems like scratches, on perpendicular like holes drilled into the material. Also on the parallel cross section 
the needles seem to copy the shape of the sheet, when the sheet was bent, the needles bend in appropriate 
direction. 
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Fig. 4  Cross section parallel (4a) and perpendicular (4b) to the rolling axis 

The simulated bending was not sufficient to induce cracking of those needle-like structures, and thus the crack 
propagation was not observed on cross sections. But the overall behaviour of the failed material exhibited 
similar drop in mechanical properties as austenite steels containing delta-ferritic needles, compared to same 
material without the delta ferrite. However this does not solve the problem how delta ferrite can exist inside 
alpha ferritic matrix. 

It is still possible the failed batch of material is nothing more than production error, however, this statement 
have to be further tested. If the results are accurate and there is no other phase then ferrite in given steel 
matrix, the result is rather interesting. Delta ferrite, previously formed inside austenite grains is hidden inside 
the newly formed grain structure of alpha ferrite. However not limited to stay inside grains but continues through 
several grains. However this statement should be verified by additional research. 

CONCLUSION 

• The drop in mechanical properties, namely when bending and sheer deformation is applied, is in 
accordance with the concentration of stress alongside the needle-like structures present in the material. 

• Needles were not produced during the tube shaping process. Material was thermally treated after the 
tube was weld to remove remaining stress in the structure and grains do not show any deformation  

• The needle-like structures were identified as delta ferrite. The XRD does not show additional iron phase 
in the given samples and in addition there is no major difference in the internal structure of the grains 
shown on “over etched” cross sections taken by optical microscope. 

• However the origin of the delta ferrite presence remains unclear. There is hypothesis failed material (as 
it was from one spool of steel sheet and does not present on any other batch) was in fact a production 
error, but this need further examination. 
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Abstract 

Ferritic-martensitic P91 grade steel is widely used for manufacture pipes and boilers of thermal and nuclear 
power plants due to its high strength and creep behaviour at high temperatures and the advantage of small 
thermal stress in cyclic operations. During long-term operation of power plant components under elevated 
temperatures and steam pressure the changes of steels structure occur, on which those mechanical features 
and remnant service life depend. Due to diffusion processes at elevated temperatures, alloying elements 
replace iron within carbides, leading to precipitate and coarsening of more thermodynamically favoured alloy 
carbides as well as lattices parameters of those changing. Thermal ageing effect on the crystal structure 
parameters changes of M23C6 carbide during long term thermal exposure at 600, 650 and 700 °C temperatures 
have been performed. The identification of alloy carbides and calculation of their lattice parameters have been 
accomplished by XRD analysis using the Powder Cell program based on the Le Bail pattern-decomposition 
method. X-ray diffraction revealed that carbide M23C6 crystal lattice parameter changes as a function of time 
at high temperature exposure in laboratory conditions. Johnson-Mehl-Avrami (JMA) law was applied for the 
calculation changes of carbides activation energy E, lattice transformation rate constant k, lattice parameter a 
and transformation constant n. 

Keywords: Steel P91, thermal ageing, XRD analysis, carbides, lattice parameters 

1. INTRODUCTION 

In the 1970s the P91 steel was developed for manufacturing of pipes and vessels in new Japanese and 
European power plants [1]. Better creep strength at high temperatures and pressure due to the addition of 
carbonitride forming elements such as niobium and vanadium to the base plain 9Cr-1Mo (P9) composition was 
derived [2]. Also this steel has high strength and low thermal expansion coefficient, so that the thickness of 
pipe can be reduced by comparison with the behaviour of other steels and these characteristic causes P91 to 
have significant advantages compared to other high temperature resistant steels [3]. Structural stability of heat 
resistant steel after long term service is one of the most important factors to the safety and reliability of 
engineering components. In order to achieve comprehensive information on the steel structural stability, 
experimental and theoretical methods are often combined. Latest computer software was used for creep-life, 
fatigue-life, and creep/fatigue-life calculations. Microstructure characterization methods together with 
thermodynamic and kinetic modelling provided comprehensive information about long-term microstructure 
stability of the ferritic-martensitic steels [4]. Thermo-kinetic simulation of precipitate evolution during operation 
of heat-resistant power plant steels (P91 and P92) was carried out using MatCalc software, Gibbs energy 
database and a mobility database for steels. MX and M23C6 were predicted to remain as major precipitates 
during long-term thermal exposure in these steels [5]. 

Due to diffusion processes at high working temperature microstructural changes takes place leading to 
deterioration in strength which mainly depend on the coarsening of M23C6 precipitates. It was determined that 
the diameter of M23C6 carbides increased from 100 nm in the as received steel to about 250 nm after exposure 
at 600 °C for 60000 h [6,7]. Chemical composition of the M23C6 phase during steel operation has changed and 
alloying element prevails in the lattice of carbide [8] so more thermodynamically stable carbides precipitate. 
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Previously authors of this manuscript has shown that the lattice parameter a of carbide M23C6 in low alloy steel 
12X1MФ continuously increases during steel service time. It was suggested that this structural parameter could 
be useful indicator of real service exposure of 12X1MФ steel [9]. 

In this study with the purpose to obtain more detailed information about microstructural evolution of high alloy 
steel, the effect of thermal aging on the structural changes of carbide precipitates of steel P91 was investigated 
after long-term thermal exposure at 600, 650 and 700 °C temperatures. In order to obtain necessary data for 
evaluation of steel operation state the identification of carbides and calculation of their lattice parameter 
changes have been performed using XRD analysis and structural parameters refining programs. The evolution 
of the transformed carbides M23C6 was described by using the Johnson-Mehl-Avrami (JMA) law, which is the 
most commonly used model for characterization of transformations kinetics. This research may find application 
for evaluation of steel condition and remnant life assessment. 

2. EXPERIMENTAL 

Heat and creep resistant ferritic-martensitic P91 steel [10] samples (20x10x10 mm) were used for thermal 
ageing at 600, 650 and 700 °C temperatures. Samples of P91 steel were aged in the electric furnace SNOL 
7.2/1300, in which temperature is automatically was maintained with an accuracy ± 1 °C. Chemical 
composition of the investigated steel is presented in Table 1 . 

Table 1  Chemical composition of the investigated P91 steel (wt.%) 

Cr V Mo Ni Mn Al N C Si Nb P S 

8.78 0.18 0.96 0.16 0.35 0.01 0.035 0.09 0.38 0.08 0.006 <0.0005 

              
Fig. 1  The optical microscopy (left) and scanning electron microscopy SEM (right) images of P91 steel 

Microstructures of samples surface were analyzed by an optical also a scanning electron microscope. In order to 
highlight the steel microstructure, the polished surface was etched by Vilella’s reagent. Plates of martensite, 
together with a large number of carbides, are observed in the SEM image of P91 steel (Fig. 1 ). The carbides 
are located along austenite grain boundaries. 

Electrochemical extraction method was used to extract carbides from the steel. Samples were etched in 5 % 
hydrochloric acid solution at 130 -150 mA/cm2 current densities for 8 - 10 hours. Carbides powder extracted 
from the steel were collected on the bottom of the flask, several times washed with warm water and dried 
during 24 h at 80 °C temperature. The XRD analysis of carbides from the as received and from the thermally 
treated steel samples was performed on the Bruker D8 Advance diffractometer, operating at the tube voltage 
of 40 kV and tube current of 40 mA. The X-ray beam was filtered with Ni 0.02 mm filter to select the CuKα 

20 µm 
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wavelength. Diffraction patterns were recorded in a Bragg-Brentano geometry using a fast counting detector 
Bruker LynxEye based on silicon strip technology. The specimens of carbides were scanned over the range 
2θ = 25-100° at a scanning speed of 1.7° min-1 using a coupled two theta/theta scan type. Silicon powder 
standard prepared from single crystal was added for zero shift of X-ray line determination. The data were fitted 
with the Powder Cell [11] programs based on the Le Bail pattern-decomposition [12] method. The XRD data 
on transformation kinetics of P91 steel M23C6 carbide lattice parameter a was analyzed using classical 
Johnson-Mehl-Avrami (JMA) equation for isothermal conditions [13]: 

x(t) = 1 - exp[-(kt)n],                                                                                                                       (1) 

where x(t) is the change of lattice parameter a at time t , k is the lattice transformation rate constant, t is the 
time, and n is transformation constant.  

In this paper the JMA equation describes how solids transform from one phase to another at constant 
temperature. It can specifically describe the kinetics of crystallization, but can also be applied generally to 
other phase changes of materials, like chemical reactions. Equation (1) can be transformed as follows [14]:  

ln[-ln(1-x(t))] = nlnk + nlnt                                                                                                                              (2) 

k and n can be found from intercept and slope of the line plotted in the form of ln[-ln(1-x(t))] vs lnt 
respectively (the intercept is equal to lnk). The plot of lnk versus 1 / T gives an activation energy E. 

3. RESULTS AND DISCUSSION 

The example of phase identification of XRD powder pattern of electrochemically extracted carbides from P91 
steel is presented in Fig. 2 . The XRD analysis revealed the presence of Cr-rich carbide M23C6 as a main phase 
and also V-rich and Nb-rich M(C, N) carbo-nitrides- as minor phases in the initial as well as in the aged at 
elevated temperatures P91 steel. The Le Bail whole X-ray diffraction pattern profile fitting have been performed 
for purpose to measure precise lattice parameter a of carbide M23C6.   

 

 

Fig. 2  Phase identification of XRD powder pattern and carbide M23C6 lattice parameter calculation using 
Powder Cell program and Le Bail structureless whole X-ray diffraction pattern profile fitting. Silicon powder 

standard prepared from single crystal was added for zero shift of X-ray line determination (Miller indices are 
shown only for M23C6 phase) 
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The example of carbide M23C6 Bragg peak (511) shift to lower diffraction angles after ageing P91 steel at 

elevated temperatures is shown in Fig. 3 . The inset of the expanded view between 43.8 and 44.8o of 2θ, 
illustrates that the lattice parameter a value of cubic (space group Fm-3m) carbide M23C6 depends on 
magnitude of ageing temperature. 

 

Fig. 3 X-ray diffraction patterns of P91 steel carbides. Curves: 1 - reference, 2 - thermal treated for 42 days 
at 600 °C, 3 - 650 °C and 4 - 700 °C 

The results of carbide M23C6 lattice parameters measurements are summarised in Fig. 4 , which indicates that 
the value of parameter a increases with increasing of temperature as well as with increasing of ageing time 
duration (Fig. 4 , curves 1-3). The M23C6 parameter a value changes from 10.635 Å in reference steel to 10.653 Å 
in steel thermally aged at 700 °C for 42 days due to diffusion of alloying elements in the lattice of carbide [15]. 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 [16]. 

 

Fig. 4  The changes of lattice parameter a of P91 steel carbide M23C6 depending on ageing time at a 
temperature: 1 - 600 °C, 2 - 650 °C and 3 - 700  °C 
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The function of ln[-ln(a0/at)] was evaluated as a function of lnt (Fig. 5 ). Plots of ln[-ln(a0/at)] vs ln t, as shown in 
Fig. 5 , yield the values of n and k for the changes of lattice parameter a of M23C6 carbide at three temperatures. 
At all the temperatures, the plots exhibited linear dependences (Fig. 5, curves 1-3) hence the transformation 
conforms Johnson-Mehl-Avrami equation. 

 
Fig. 5  A plot between ln [-ln(a0/at)] versus lnt following the JMA equation in the isothermal temperature:1 - 

600 °C, 2 - 650 °C, 3 - 700 °C 

The obtained equations from the linear regression adjustment are: 

y600 = 0.47lnt - 153.08, R2 = 0.99 
y650 = 0.47lnt - 14.07, R2 = 0.99 
y700 = 0.48lnt - 13.39, R2 = 0.99 

were y = ln[-ln(a0/at)]. 

The linear equations (Fig. 5, curves 1 - 3) give values of carbide M23C6 lattice parameters transformation rate 
constant k and the transformation constant n = 0.47÷0.48 (Table 2) for all experimental temperatures have been 
obtained from the slope of those lines.  

Table 2  Kinetic parameters of carbide M23C6 cubic lattice 

T, °C n lnk k E, kJ/mol 

600 0.47 -31.74 1.64·10-14  

263.5 650 0.47 -29.70 1.27·10-13 

700 0.48 -27.92 7.49·10-13 

It appears that n can be considered practically to be independent of temperature because characterize the 
same, i.e. diffusion process in solid media. The increment of transformation rate constant with temperature 
was established (Table 2 ). Activation energy of 263.5 kJ/mol presumably associated with diffusion of alloying 
elements in lattice of M23C6 carbide in the temperature range of 600-700 °C was calculated. 

4. CONCLUSIONS 

Electrochemically extracted carbides from P91 steel in as-received as well as in the exposed at 600, 650 and 
700 o C conditions were characterized by quantitative XRD analysis. M23C6 carbide 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. 
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Using Si standard and Le Bail structureless whole X-ray diffraction pattern profile fitting a regularly increase of 
crystal lattice parameter a of M23C6 carbide depending on the aging time and temperature was determined. It 
was found that linear relationship exists between natural logarithm of aging time of steel in high temperature 
and the natural logarithm of crystal lattice parameter a of M23C6 carbide. This relationship enabled to apply 
Johnson-Mehl-Avrami equation for calculation of carbide M23C6 transformation kinetics parameters. Calculated 
transformation constant n = 0.47~0.48 and activation energy E = 263.5 kJ/mol indicates about diffusion character 
of transformation mechanism. 
Obtained results could be useful for evaluation of steel P91 actual operation time and remnant life prediction. 
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Abstract 

The work deals with hydrogen susceptibility of joint of explosively welded anticorrosion steel of 18Cr/10Ni type 
with titanium of commercial purity. Studied welds were after twice heat treatment (600°C/1.5 h/air) and those 
were tested in corrosive solution in accord with NACE Standard TM0177-2003 (sulphide stress cracking under 
stress), representing dynamic test. Threshold level lay close to 40 MPa, approximately. The sources of failure 
were intermetallic phases of the Fe2Ti type detected using EBDS. Results were confronted with former results 
and accessible literature.      

Keywords:  18/10-titanium weld, explosive welding, hydrogen susceptibility, intermetallic phase, EBDS  

1. INTRODUCTION  

Degradation of steel properties activated by hydrogen sulphide is known for a long time and in this context 
numerous concepts including influence of different structural-metallurgical parameters were worked out [1-3]. 
The most of works are interested in hydrogen response of sheets, profiles, seamless pipes and pipe-lines 
made from welded sheets. A special attention has been paid to welds, potentially sensitive areas to hydrogen.  

Beside the conventional joint of two dissimilar materials, explosive welding process has been also applied. 

This bonding technique is very attractive because of more favourable properties of final component [4-6].  
Core-materials of lower quality can be joined with material of a higher grade being un-connectible under 
conventional conditions. Among such material types belong stainless steel and titanium of commercial purity. 
Given explosively welded material is among others applied in heavy chemistry and energetic including 
geothermal one. Weld represents potentially weaker position of connected materials, where typical defects in 
the vortices due to solidification are shrinkage, cracks and gas porosity. Further, adiabatic bands in the vicinity 
of joint through extreme temperatures and pressures are formed during explosive bonding. These bands, own 
bonding wave line in nature and extreme fine grains, being result of the welding type, internal pressures, higher 
dislocation density and especially intermetallic formation in nearby of bonding line, respectively in mixed zones 

of heat effective zone, can be the main factors responsible for hydrogen embrittlement level [7-9]. Mudali [10] 
presented acceptable corrosive resistance of dissimilar Ti and 304 stainless steel bimetal in nitric acid. 

Lubliňska et al [11] reported that hydrogen after cathodic charging causes shear strength decrease of 410S 

and C-Mn steel bimetal. Mazancová [12] published promising hydrogen induced cracking (HIC) results of the 
304 SS clad with titanium and shoved favourable results of hydrogen charging of fatigue samples in 0.1 M 
solution of  sulphuric acid after 8 hours and current density of 15 mA.cm-2 which were in heat treated state. No 
study was realized in frame of sulphide stress crack (SSC) corrosion, representing the most real conditions. 
Bimetal of 304 SS clad with titanium is supposed to be used in geothermal conditions and therefore the SSC 
tests, necessarily carried out in case of the highest grades of oil country tubular goods (OCTG) guaranteeing 
their lifetime, could be suitable for bimetal welds evaluation. The thing is that, none standards for bimetals are 
in existence.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

780 

The aim of work is to find threshold level of lifetime for above mentioned bimetal after double heat treatment 

which showed favourable impact on already presented properties [12], especially on intermetallic phase Fe2Ti 

portion decrease detected by use of synchrotron [12] and being preferentially responsible for hydrogen 
embrittlement [12, 13]. In this paper the EBSD technique for presented phase analyses was applied.  

Table 1  Chemical compositions of explosively welded materials [wt. %] 

Element C Si Mn Cr Ni P S 

Stainless steel 0.04 0.45 1.96 18.42 9.74 0.006 0.011 

Element C Fe O N H - - 

Titanium 0.01 0.05 0.05 0.005 0.006 - - 

 

Fig. 1  Shape of used SSC bars after more than 720 hours exposition which was not fractured; a) the dark 
part represents anticorrosion steel, the light one Ti and central part is screwed and stabilized by silicon 

adhesive material, b) two unscrewed parts  

2. EXPERIMENTAL APROACH   

For study explosively welded bimetal of stainless steel 18Cr/10Ni (110 mm sheet in thickness) with titanium (6 
mm sheet in thickness) of commercial purity was used. Chemical compositions of both explosively welded 
materials are summarized in Table 1 . Explosive welding was carried out in Explomet-Opole, Poland. After 
ultrasonic testing bimetal was twice heat treated so that the internal stresses were maximally reduced and also 
the portion of intermetallic phase Fe2Ti was decreased as it results from works [12, 13]. With respect to 
thicknesses of both welded materials and to the SSC testing bar dimensions according the NACE Standard 
TM0177-2005, samples for the SSC tests were manufactured with thread, which was glued up with quick-
setting silicon adhesive as it Fig. 1 demonstrates. The SSC samples were exposition in accord with the above 
mentioned standard in corrosive solution A at 25 ± 3 °C. Starting pH corresponded to 3.5 and the final one to 
3.8. Bars were tested at applied stresses 150, 110, 80, 60 and repeatedly at 35 MPa, under the yield stress 

similar as it was already presented in previous works [6, 12]. Subsequently, after removing of exposed samples 
from corrosive solution those were looked over. Chemical analysis through weld of both joined materials after 
double chemical composition using SEM Jeol JSM-6490 was also part of solution. By use of electron 
microscope Jeol JSM 7000F equipped with EBSD for phase diffraction analysis the samples welds both after 
one heat treatment (600 °C/1.5h/air) and after next one (again 600 °C/1.5/air) were tested. The aim of this step 
was to find, respectively to confirm presence of intermetallic phase Fe2Ti and its dissolution after the second 

heat treatment, how it was detected in the same material using synchrotron and presented recently [12, 13]. 
The SSC bar dimensions represent the greatest problem for testing. Weld should be centrally located 
(according the NACE Standard TM0177-2005), however the clad titanium corresponds to 6 mm and the 
measured SSC bar should be 25.4 mm in length. Solution for this test was sample screwed from two parts as 
it Fig. 1  demonstrates. One half includes stainless steel explosively clad with titanium, hence the weld area 
(see the Fig. 1a ), the other Fig. 1b  shows one half of stainless steel clad with titanium and with internal thread 

Ti  Cr/Ni  Ti  

b) a) 
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in titanium part (see right part of Fig. 1b ) and the second half made from 8 mm titanium plate in thickness with 
external thread of the same chemical composition like the clad one (see light part of Fig. 1b ). It must be note 
partial handicap represents minimal set of samples according above mentioned standard (other tests are 
running now) and given results represent preliminary tests.   

 

Fig. 2  Threshold level of explosive weld of anticorrosion steel clad with Ti after double heat treatment (twice 
600 °C/1.5 h/air)   

3. REACHED RESULTS AND ANALYSIS 

Results of the SSC test are summarised in Fig. 2 . Samples loaded at the highest applied stress were raptured 
immediately, after loading in region of screw join. Hence the failure was not realized in weld. Without reference 
to position of failure, the samples loaded at 150 MPa and 100 MPa corresponded to loading of 58 % and 39 

% of the bimetal yield stress in weld which was found out before fatigue tests formerly [12]. The strength 
corresponded to 328 MPa in average. At lower applied stresses (80 MPa, 60 MPa and 35 MPa) testing bars 
showed more favourable hydrogen response corresponding to 13.4 % of the yield stress in the latest case, 
when the samples were not destroyed and this level can be also taken for the threshold level of hydrogen 
response. Similar results were reached in case of fatigue evaluation after welds charging in 0.1 M solution of 
sulphuric acid for 8 hours (current density was of 15 mA·cm-2) and cycling at 20 Hz, when the threshold value 

was lying at the level of 38 MPa [12]. Both compared tests are a bit different, however bimetal welds were 
under dynamic loaded in both cases. Minimal number of samples of the SSC tests is the main handicap and 
other tests have been carried out at present time, so that by now reached data could be confirmed and/or 
completed.    

After exposition, in corrosive solution chemical composition through weld was found out including melted 
zones. The studied interphase region was approximately 150 µm thick. These results after double heat 

treatment are summarized in Fig. 3  and are in accord with findings of the works [6, 8, 12]. In previous papers 
chemical composition by use of SEM and EDX was not quite exact and was not able to reveal intermatillic 
phases reliably [12]. Using synchrotron radiation at beam-line P07 at Petra III ((positron storage ring) [13] 
presence of only intermetallic phase of Fe2Ti type was detected, beside Ti-hcp, Fe-fcc and Fe-bcc, even when 

numerous authors detected more other intermetallic phases like FeTi, Fe2Ti4O, Cr2Ti, TiO [8], while 
Manikandan et al. [14] also FeTi using EDS analysis and Yadegari et al. [15] revealed after heat treatment at 
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700 °C only FeTi, Cr2Ti and NiTi with NiTi2. By use of EBSD technique original conclusions from synchrotron 

radiation [13] were also confirmed, how it Figs. 4  and 5 demonstrate.    

 

Fig. 3  Example of wavy interface of stainless steel and titanium weld with melted zone and chemical analysis 
through the weld after double heat treatment. 

.  

   

Fig. 4  The EBSD analysis of the join of anticorrosion steel clad with titanium in as-received state. Blue colour 
represents Ti, green one Fe-fcc, violet colour Fe-bcc and red represents intermetallic phase Fe2Ti 

Using the EBSD technique an occurrence of the Fe2Ti intermetallic phase was revealed at interface of the 
weld. At higher magnifications it was also found out, that after the second heat treatment the undesirable 
intermetallic phase of Fe2Ti type (in EBSD maps marked by red colour - see Figs. 4, 5 ) was dissolved under 

the detection boundary. This confirms the results from synchrotron presented by Ostroushko et al in work [12]. 
After one heat treatment he detected 17.5 vol. % of Fe2Ti, while after the second one just 5.25 vol. %. These 
results confirm conclusions from [12, 13] and also a fact, that none other intermetallic phases were not 
presented at stainless-titanium bimetal weld and its vicinity. Intermetallic phases represent hard and brittle 
particles being potential hydrogen traps. On one hand it is a paradox, that lower portion of Fe2Ti is responsible 
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for more favourable hydrogen response, because generally, the more hydrogen traps are in matrix the more 
homogeneous hydrogen atoms distributions can be realized and consequently in trap regions lower stress can 
be concentrated and on the contrary. Elucidation of our situation and higher hydrogen resistance of bimetal 
after double heat treatment can be maximal decreasing of other residual internal stresses being heritage of 
explosive bonding leading to total lower stresses being not able, in superposition with hydrogen, to reach a 
critical stress level leading to faster failure.                

 

 

Fig. 5  The EBSD analysis of the join of anticorrosion steel clad with titanium after double heat treatment. 
Blue colour represents Ti, green one Fe-fcc, violet colour Fe-bcc and red represents intermetallic phase 

Fe2Ti 

3. CONCLUSIONS 

Under dynamic conditions hydrogen susceptibility of welds of explosively joined 18Cr/10Ni anticorrosion steel 
type with titanium of commercial purity after bimetal welding and double annealing was studied.  

Firstly shape of testing bar was designed so that it corresponded to NACE Standard TM0177-2005 demands 
for the sulphide stress cracking (SSC) and simultaneously it took the 6 mm titanium clad into consideration.  

The firs results showed that applied stress of about 35-40 MPa could be hold for the threshold level of lifetime 
of studied bimetal welds in sour corrosive environment with hydrogen sulphide. These results corresponded 

to ones of fatigue tests in 8 % solution of H2SO4 presented recently [12]. Verification of findings in this work 
will be realised in other period of testing. Presence of intermetallic phase Fe2Ti in mixed zones of bimetal welds 
as a sole one detected by use of EBSD could be referred to as main responsible reason observed hydrogen 
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susceptibility. Low detected portion of Fe-bcc should not be so dangers from point of hydrogen response. 

These presented results confirm the conclusions from synchrotron which were presented recently [13].  
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Abstract  

In this paper is analyzed, through comparison, the cavitation erosion resistance of Duplex stainless steel, with 

a microstructure of approx. 50% austenite and 50% ferrite, solution annealed from 1060°C with water cooling 
and finally nitrided at 520°C for 40 hours in an ammonia environment. The cavitation test results were 
expressed by variation of mean depth erosion with the attack time and through the correlation between the 
attacked surface roughness and the erosion resistance.The microstructure investigations, with an optical 
microscope and electronic scanning microscope, explains the erosion mechanism of the surface layer, by 
starting and propagation of microcracks.    

Keywords: Cavitation erosion, stainless steel, gas nitriding 

1. INTRODUCTION  

Duplex type austenitic-ferritic stainless steel has potential applications in hydroenergetics, the food industry as 
well as chemical and pharmaceutical industries. They present an excellent pitting corrosion (PREN > 30), a 
high yield point, good moldability and cutting machinability. In addition, the high price of Ni in the last years 
motivated the use of these alloys due to having a reduced content of this element. These alloys became 
competitive and as a result have increased their number of applications .As some researchers [1,2,3] have 
reported that these alloys have a  lower cavitation erosion resistance than other stainless steels, determined 
by the presence of ferrite and ferrite/austenite interfaces, the present paper analyzes the role of gas nitriding 
on the structural transformations occurring in the surface layer that justifies the improvement of cavitation 
erosion resistance. 

2. THE INVESTIGATED MATERIAL. APPLIED TREATMENTS 

The material used in the research is represented by the Duplex 2205 stainless steel having the symbol 
X2CrNiMoN22-5-3 according to the European norm EN 10088, which was purchased from a private firm in 
Germany. Its chemical composition is presented in Table 1  and the mechanical characteristics determined at 
the room temperature are presented in Table 2 . 

Table 1 Results of chemical analysis 

Designation 
steel 

C  
[%] 

Mn 
[%] 

P 
 [%] 

S 
 [%] 

Si 
 [%] 

Ni 
 [%] 

Cr 
[%] 

Mo 
 [%] 

N 
 [%] 

Fe 
 [%] 

X2CrNiMoN22-5-3 0.017 1.837 0.024 0.02 0.413 5.019 22.083 2.585 0.1502 rest 
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Table 2 Mechanical characteristics capable of  hardening 

Designation steel Hardness 
 HB 

 (HV1) 

Yield 
Rp0,2 

 (N/mm2) 

Tensile Strength, Rm  
 (N/mm2) 

Elongation at breakA5  
 (%), Longitudinal 

X2CrNiMoN22-5-3 270 
(285) 

561 728 31 

Since the purpose of targeting involved highlighting the effect of gas nitriding on the behaviour of parts 
operating in cavitation regime, for comparison there were used the results obtained on the same steel heat 
treated by annealing to be put into solution at 1060 oC, and water cooling. Fig. 1 a, b  presents heat treatment 
and thermo chemical ciclogrames applied to the investigated and analysed samples. Measurements of 
hardness, made in about 10 points, on the surface of the samples (Table 3 ) heat treated by annealing to be 
put into solution and the gas nitriding measurements led to significant differences. So, for the annealed probes 
the recorded average value was 285 HV1 and for the gas nitrided surfaces the recorded average value was 
about 651 HV1. The depth of the nitrided layer was about 0.18 mm and in its microstructure it occurs only in 
the diffusion area; the chemical combinations area is absent. 

 

a) Ciclograma for solution  treatment                b) Ciclograma gas nitriding 
Fig. 1  The ciclograms samples investigated treatments applied to cavitation erosion 

3. APPARATUS AND METHOD FOR INVESTIGATING CAVITATIO N 

The surface degradation of the Duplex steel probes, gas nitrided, was made by cavitation erosion generated 
in the piezoelectric crystals vibrating apparatus standard T2 [1,5,6], within the Cavitation Laboratory of the 
“Politehnica” University from Timisoara. For the whole duration of the research, the functional parameters of 
the apparatus were kept at the design values prescribed by the ASTM G32 norms [5]. The research procedure 
is that described by the international norms ASTM G32-2010 [4,7]. The preparation of probes and the research 
program development are those specified to the laboratory [1,5,6]. According to the laboratory, the whole 
duration of the cavitational attack was 165 minutes, divided in a period of 5 minutes and a period of 10 minutes 
and 10 periods of 15 minutes each. For each testing period, with the analytical balance ZATCȽCADY, which 
allows the reading up to 10-2 mg, eroded masses were determined, necessary to build the specific curves of 
cavitation by erosion. They are the basis for establishing the characteristic parameters used in evaluating the 
resistance of the gas nitrided layer. 
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3.1. Experimental results and discussions  

Evolutionary mode of behaviour and the resistance of the gas nitriding surface, by cavitation erosion are given 
by the specific curve (1) from Fig. 2  which shows the variation of the average depth cumulated by the 
penetration of erosion (MDE) with the duration of the cavitation attack. 

The average depth determination corresponding to each intermediary attack period (5, 10 or 15 minutes) was 
made using the relation [1, 6]:  

∆MDEi = 
2

4

p

i

d

m

⋅⋅
∆⋅

πρ
  [mm]           (1) 

were: 
i =1...12- represent the testing period (5 min, 10 min or 15 min),  
∆MDEi - mean depth erosion generated by cavitation in the ∆ti period. 

∆ti - the cavitation exposure in the period “i”  

∆mi - is the cumulative mass lost during the period i <grams>,  
ρ - stainless steel density <grams/mm3>, 

dp - specimen diameter (dp≅ 15.8 mm),  

Cumulative average depth of erosion penetration, MDE, given in the diagram from Fig. 2 , was established by 
the relation: 

MDEi = ∑
=

= ⋅⋅
∆⋅12

1
2

4i

i p

i

d

m

πρ
  [mm]           (2) 

Fig. 2  also gives the specific curve of the same steel, subjected to the volumetric heat treatment by annealing 
to be put into solution and water cooling, according to the ciclogram in Fig. 1a. From the comparative analysis 
of the two curves it can be seen that starting with the 30 minute and up to the test finish, the gas nitriding give 
to the surface attacked by cavitation o much superior resistance to that obtained by applying the annealing 
heat treatment to be put into solution. 

 

Fig. 2  Variation with depth of penetration during the attack cavitation erosion 

According to the ratio of the tangents to the two curves in the interval (30-165 minutes), there comes out that 
the increase of resistance brought by nitriding is about 2.67 times higher than that made by annealing heat 
treatment to be put into solution at 1060 oC and water cooling. 
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The higher resistance to cavitation attack, on the research duration is also confirmed by the images of the 
eroded surface, presented in Table 3 , after 90 and 165 minutes of a cavitation attack. It is to note the florist 
degradation mode of the gas nitrided surface, different of the annealed probe surface that is approximately 
circular. The explanation is given by the nonhomogeneous hardness dispersion in the nitrided layer, the harder 
area being harder to destroy by erosion. Random caverns in the nitrided surface are to be also noted in contrast 
to the degradation of the annealed probe surface, which is more homogenous with uniform distributed pittings 
on the whole eroded surface. This degradation mode is explained by the morphology of transformations that 
are produced in the surface structure under the impact of micro jets and shock waves. 

Table 3  Images of the eroded surface after different cavitation attack duration 

Treatments Minut attack 

0 90 165 

Nitrided in 
gas 

   

Solution 
annelead 

   

Resistance to vibratory cavitation, better for the gas nitrided surface, compared with that subjected to the 
annealing heat treatment to be put into solution, is also confirmed by the average roughness Ra, measured by 
the Mitutoyo device along three directions (at about 600 one against the other), Fig. 3 , which is about 2.55 
times lower. These roughness measurements associated to the unevenness created by micro jets in the 
cavitated surface, illustrate the different resistance of diverse area of the surface, as an expression of the 
structural composition from the beginning of cavitation and modified along the attack. 

Fig. 4 compares the characteristic parameters showing the difference between the vibratory cavitation 
resistance, created by the two treatment technologies (by gas nitriding and anneaing to be put into solution at 
1060 oC and water cooling). 

The signification of symbols in Fig. 4  are: 

• Parameter maximum roughness Rz was considered equal to the maximum depth of the maximum 
cavern MDE, on the measurement direction using the Mitutoyo device. 

• Rcav represents cavitation resistance given by the inverse value to which it tends to stabilize to the 
penetration rate of MDER erosion [1]. 
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a)                                                           b) 

Fig. 3  Roughness values on the cavitation eroded surface for 165 minutes: 
a) annealed probes to be put into solution; b) nitrided probes 

 

Fig. 4  Comparison after cavitation erosion parameters 

According to the Rcav values there results that by gas nitriding the resistance to cavitation erosion increases 
by about 62 %, and the average penetration depth of erosion is reduced by about 60.3%. 

In Fig. 4  it can be seen that the maximum roughness Rz (respectively the maximum depth MDE max) of probes 
annealed to be put into solution is inferior to the average MDE, as in the case of the gas nitrided probe the 
situation is reversed. It is a natural situation, as in the case of the annealed to be put into solution probe the 
deepest cavern in the cavitated surface was not found on the measurement direction. In the case of the gas 
nitrided probe a cavern was found having a greater depth than the average calculated with the relation (2). 
The two situations show the complexity of the mechanism producing erosions in different areas of the surface, 
under the impact of micro jets and shock waves generated by the implosion of cavitation bubbles. The 
micrographic images in Figs. 5 and 6  show that the degradation of the nitrided surface are primed and 
developed preponderantly on the interfaces between ferrite and austenite, but with a more reduced intensity, 
smaller cavities in sizes, respectively as compared with the structural state obtained by annealing to be put 
into solution. 
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Fig. 5  Microstructure of a longitudinal section through the cavity for 165 min 

          
  - a -                                                         - b - 

Fig. 6  Nitrided surface topography and cavity for 165min: a) x 500; b) x 5000 

4.  CONCLUSIONS 

The nitriding thermo chemical treatment applied to the Duplex stainless steel parts determines an increase of 
the cavitation erosion resistance ( 2.7 times) and a decrease in the average penetration depth of the erosion, 
MDE (about 2.5 times),  respectively. The absence of the chemical combinations area in the nitrided layer and 
in the diffusion area, that assures the surface hardness, leads to the decrease in the degradation rate of the 
interface between ferrite and austenite. 
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Abstract  

The article presents preliminary results of microwelding thin sheet occurred of superalloy H 230®. There were 
shown the possibilities of combining thin metal sheet using resistive pulse microwelding. The joints were made 
using a device to microwelding SST WS 7000s. For characterizing of the obtained weld tests properties there 
were examined mechanical properties like: measuring the microhardness, stretching test and microstructure 
observation. Microhardness measurements of the joints and base material where taken using Matsuzawa 
Vickers MX 100 type with applied load 100G (0,98 N). Stretching test where made on Zwick/Roell Z100 
machine with applied load 10kN. To observe mentioned joints, metallographic microscope Nikon Eclipse 
MA2000 was used. The studies determined the basic parameters of microwelding thin sheet of joint made and 
the quality of the weld. The results showed that there is a possibility of obtaining the satisfying quality joint 
using micro welding between the thin sheet from superalloy H 230®. 

Keywords: Microwelding, superalloys, microstructure, microhardness 

1. INTRODUCTION 

Throughout the world there are conducted intensive research, concentrated on developing techniques based 
on creation and processing of materials by an electric discharge. Primary factor determining technology 
development is availability of power devices for the purpose of generating electrical impulses with the assumed 
course and sufficient current-voltage parameters [1,2,3,4]. The exploitation of electrical impulses takes 
important place also in the joining elements technique - like microwelding.  

Janos Dobranszky defines microwelding as: “all these welded joints, which are proper for joint thin sheet metals 
and wires build-in with thickness or diameter less than 0.5 mm, or cross-section is no greater than 0,5 x 0.5 
mm” [3]. Microwelding is used for reparation and regeneration of foundry molds as a joining technique in jewelry 
and electronics industry, and even aerospace. Microwelding is also applicable wherever you need a very 
precise welds made of small dimensions. Therefore, microwelding is used where due to the small size of the 
deposition areas conventional welding techniques are excluded of use. This allows for the formation of the 
deposited layers thickness greater by an order of magnitude, comparing to the ESD technique [5,6,7,8,9]. 
Microwelding resistive-pulse technique allows for a significant increase in scope of repairs arising comparing 
to traditional methods of regeneration [10,11,12]. Nowadays, achieved by modern equipment for microwelding 
current voltage parameters indicate the possibility of producing connections of elements made of Ni-based 
called superalloys. One of mentioned superalloys applied in technique is Haynes H 230®. In the available 
literature, the authors frequently shall take the study of Superalloys thin sheet connections made by various 
microwelding methods [11,12,13]. To obtain precise and clean welds on very small and thin components, these 
techniques may not be sufficient. At this time the resistive pulse microwelding is not very popular method of 
joining and repairing of such elements. This method allows for welding most known metals and their alloys so 
seems to be unique and versatile. Reports on literature confirm, that the method has been investigated at all 
kinds of stainless steel, titanium, platinum, gold, silver and many others [9,12]. High power pulse focused at 
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one point in a split second melt metal while allowing for cooling distal portion. Pulse microwelder is a great 
alternative to expensive laser equipment in industries such as prosthetics, jewellery and many more. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

In the paper microstructure and mechanical properties of resistive-pulse microwelded lap joints are 
investigated. Microstructure is characterized by metallurgical analysis and micro-hardness measurements. 
Mechanical behavior is studied by tension tests, which provide the tensile strength, longitudinal deformation, 
as well as typical failure mechanisms.  

2.1. Base materials and lap microwelded joints 

Haynes H230 is a nickel-chromium alloy with tungsten and molybdenum additions. This alloy has excellent 
oxidation resistance (1150°C) and superior strength at high temperature, outstanding resistance to oxidizing 
environments up to 1150°C for prolonged exposures, resistance to nitriding environments, and excellent long-
term thermal stability. Haynes H230 also provide excellent service in clean and moderately-dirty environment. 
It is readily fabricated and formed. Haynes H230 is also mark by lower thermal expansion characteristics than 
most alloys, and a pronounced resistance to grain coarsening with prolonged exposure to high-temperatures. 
[14] 

The laser-welded lap joints were obtained by welding two overlapping thin sheets with a Microwelder. The 
microwelding SST WS 7000s [15] machine where used to join thin sheet from superalloy H 230®. The following 
parameters were used: 

• the applied welding amperage in the range of 40-60% of the power device (max. 7000 A); 
• used for the welding time in the range of 6 ms to 20 ms; 
• selected form of impulse: powder and wire-ribbon; 
• duty cycle: multi impulse welding cycle.  

2.2. Weld microstructure 

To illustrate structures of joints there was used the optical microscopy. The microscope Nikon MA 200 Eclipse 
with the image analysis system NIS 4.20 for metallographic specimens testing was used. During the 
preparation process for the joint  were cut across the weld and mounted in resin. After proper polishing and 
etching the weld structure was subjected to observation. 

A)       B) 

Fig. 1 Microphotography of weld structure; magnification A) x500, B) x1000 

2.3. Microhardness of microwelded joints 

Microhardness tests were carried out by using a Vickers indenter, with an applied load of 100G(0.98 N) for 15 
s. The indentations were positioned at regular intervals in the transverse direction across the weld zone, from 
the fusion zone up to the base metal. Microhardness values were measured at the center of both the upper 
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and lower sheets of microwelded lap joints. For investigation there was used Matsuzawa Vickers 
microhardness MX 100 type. There was applied load 100G(0.98 N). 

2.4. Tensile tests 

Tensile tests of base metal sheets were performed according to the standard EN ISO 6892-1 [16] for tension 
testing of metallic materials. Steel sheets were shaped by mechanical cutting into dog-bone shaped 
specimens, with a width of 14 mm and a gauge length of 50 mm, see Fig. 2 . The specimens of base metal 
sheets were intentionally designed to have identical dimensions of lap joints with linear weld, see Fig. 3 , to 
allow a comparison of load-displacement curves. Tensile tests of base metal were carried out using a 
electromechanical Zwick/Roell Z100 testing machine, with a 10 kN load cell. The cross-head speed was 0.1 
mm/min, in the elastic range, and the plastic range of the tensile curve. Tensile tests of microwelded lap joints 
were carried out on a Zwick/Roell Z100 testing, under displacement control mode, with a speed of 1 mm/min. 
Tensile tests were replicated for each microwelded sample in configuration listed below Table 1 . 

115

2050
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1,5
0
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9

 

Fig. 2 Tensile specimen according to specification; all dimensions in millimeters 

  

Fig. 3 Macrophotography of the fracturing joint on sample No 5 

3. RESULTS AND DISCUSSION  

3.1. Metallurgical observations 

The Fig. 4a  shows examples of optical micrographs of the etched cross-section for welded joints with both 
linear weld geometry.  
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A)      B)  

Fig. 4 A) Optical micrographs of the etched cross-section for welded joints, B) The micro-hardness 
distribution 

The HAZ has an average width ranging from a few µm, which is characteristic for used techniques of welding 
[10,11,12]. In our specimens, a larger width FZ is generally observed in the sheet closer to the impulse source 
(see top part in the figures). Instead, the HAZ has almost the same width in both upper and lower sheet. In all 
welded joints examined, the FZ is characterized by small columnar-shaped grains. The upper sheet there was 
re-melted through. In the middle fusion zone there are tiny equiaxed grains. Meanwhile in place where the 
microhardness should appear the lowest because of longest way of heat transfer, the microhardness value 
has reached maximum. The ‘‘softer’’ microstructure of welds could be explained by a slower cooling rate in 
weld material, caused by the particular geometry of the microweld. On the surface of upper sheet at contact 
point - the joint between upper and lower sheet, separates highest heat development due to the flow of 
electrical impulses. In fact, during welding the heat remains entrapped inside the joint and then gives higher 
temperatures during long time, with reduced cooling rate on the microwelded material. 

3.2.  Microhardness tests 

The microhardness distribution in the cross section of microweld is relatively balanced and does not exceed 
70 µHV 100. It was expected that at the center of the microweld zone will be the lowest hardness.  The micro-
hardness profiles are plotted in Fig. 4b  with values for both upper and lower sheet in welded specimen. 
Hardness values are shown generally depending on the position in the weld area as a result of different 
microstructures. The hardness of FZ ranged in values 330-402 HV, and BZ ranged in values 288-295 HV, 
respectively to the place of measurement. In all joint types, an increase of micro-hardness is observed in FZ, 
due to harder microstructures that are caused by melting and subsequent rapid cooling during welding, and 
which have already been observed in previous metallurgical studies.  Where it was attributed to a self-
annealing effect occurred by many microwelds impulses at the edge of re-melted zone, due to a reduced fast 
cooling compared to metal, while higher cooling rates characterized the center of weld zone [17].This remark 
could explain why this hardness decay has mostly been observed in the top sheet that is closer to impulse 
source, where higher temperatures are observed [17]. The width of hardness profile in FZ is generally higher 
in the sheet connect zone, compared to bottom one and upper one, due to a larger FZ caused by the higher 
impedance on this zone as mentioned above. This particular trend can be correlated to the different width of 
weld zone, which is influenced by the position and thickness of welded sheets. In particular, a larger FZ 
characterizes the top sheet directly exposed to impulse source influence. Furthermore, a larger thickness of 
"cold" for bottom sheets also promotes a faster cooling during welding. and thus harder microstructures. A 
rapid decrease of hardness occurs within the HAZ around the FZ. This decrease, although not very 
pronounced, can easily be detected, especially for the lower sheet in that is no-directly exposed to the impulse 
source. This lower hardness values, observed in the HAZ, characterize the ‘‘softer’’ microstructures that are 
induced by the lower cooling rate promoted by further heating by next impulses during pulse-microwelding 
process as discussed in the previous section 
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3.3. Tensile tests 

Tensile tests: strength, deformation and failure mode Typical stress-strain curves for base metal steels are 
shown in Fig. 5 . HAYNES 230 exhibit high-ductility behavior, with investigated joining no 5 having the largest 
elongation at failure.  

 

Fig. 5  Load-displacement curves of microwelded lap joints 

Conversely, the 4 joining shows, as expected, the highest strength compared to 1 material. The load-
displacement curves of microwelded lap joints are shown in Fig. 4b . All plots also show for comparison the 
tensile test curve for Haynes 230, together with a tensile curve (colorized line). A summary of experimental 
results is also given in Table 1 .  

Table 1 A summary of experimental results. 

Number Rm [MPa] Fmax  [kN] Agt [%] a0 [mm] b0 [mm] S0 [mm 2] 

1 753 0.95 5.7 0.09 14 1.26 

2 801 1.01 9.0 0.09 14 1.26 

3 587 0.74 4.0 0.09 14 1.26 

4 507 0.64 3.4 0.09 14 1.26 

5 880 1.11 13.9 0.09 14 1.26 

For each tested specimen, the table gives the maximum load, the deformation at a fracture. The maximum 
load per unit sheet width is also calculated. In all welded joints, the fracture was occurred at BM, in some 
distance away from the weld. This confirms that a full penetrated bead, characterized by an increased 
microhardness and thus by increased yield strength compared to base metal, is the strongest part of the 
welded specimen. As expected, welded specimens no 3 failed at the weakest joint (3), while specimens No 4 
failed in the highest parameters of welding. Some samples of fractured specimens are given in Fig. 4a . 
Experimental results confirm that the strength of tested microwelded specimens is controlled by base metal. 
However, a direct comparison with the tensile curve for base metals is possible. As shown in Fig. 4b , all tested 
welded joints showed a failure of high ductility values, still lower than base metal.  Similarly to strength, also 
the elongation of welded specimens cannot be directly compared to base metal. This can be explained by the 
overlap length of 1 mm in welded joints, which reduces the active gauge length to approximately one half of 
total sheet length. The sheet in the welded joint then behaves with a reduced gauge length, compared to the 
sheet used in base metal tensile test. It can be concluded that the overlap configuration of lap joints reduces 
the deformation capability of the specimen under shear loading, compared to a homogeneous metal sheet 
with identical width and length. But to obtain a combination of such thin elements it is necessary. During the 
tests, the weld bead rotates as the applied displacement increases, due to the offset of the applied load. The 
rotation angle is influenced by the weld geometry and by the thickness of welded sheets as well. Although for 
so thin sheet it has less meaning [17]. 
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4. CONCLUSIONS 

This paper presented a microstructural and mechanical characterization of microwelded lap joints in thin 
Haynes 230 sheets. Welded specimens with linear weld bead were studied. Characterisation was based on 
metallurgical observations, micro-hardness measurements and tensile tests, which gave information on the 
ultimate tensile strength and fracture mode of welded specimens. The main findings of this study can be 
summarised as follows: micro-hardness profiles in all tested joints confirmed an increment of hardness in the 
weld zone and heat-affected zone and all tested specimens fractured in the base metal, far away from the 
weld zone.  This means that the overall joint strength is controlled by base metal strength, which is consistent 
with a full penetrated weld zone characterised by higher micro-hardness (and hence higher static strength) 
compared to base metal. 
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Abstract 

The paper presents the results of microstructure examinations of ductile iron with the additions of Ni, Cu and 
Mo. TTT diagrams - illustrating the range of phase stability as a function of the time of isothermal annealing at 
a given temperature, and CCT diagrams - illustrating the range of phase stability during continuous cooling at 
a predetermined rate were developed. 

Keywords: Ductile iron, ADI, phase transformations, CCT diagram, TTT diagram 

1. INTRODUCTION 

The essence and purpose of the heat treatment of ductile iron is to rebuild its starting structure, usually based 
on a pearlitic matrix, and obtain cast iron with an ausferritic matrix. The type of the obtained microstructure 
depends to a great extent on the chemical composition of base cast iron (ductile iron in this case) and on the 
appropriately chosen values of heat treatment parameters. Yet, proper heat treatment of iron alloys requires 
good knowledge of the undercooled austenite transformations, which occurs during both continuous 
(anisothermal) cooling and holding at constant temperature (isothermal cooling). These data are provided by 
the graphs describing the phase transformations, commonly known as TTT (Time-Temperature-
Transformation) or CCT (Continuous Cooling Transformations) diagrams, plotted in the temperature-time 
coordinate system. It needs to be emphasized, however, that, while in the case of steel an extensive collection 
of such diagrams is readily available [1], for cast iron such diagrams are rather scarce, mainly because only 
some of the cast iron grades are subjected to heat treatment. Examples of TTT diagrams for ductile iron can 
be found in [2-4]. This paper presents the results of microstructure examinations of ductile iron with the 
additions of Ni, Cu and Mo, including also the description of two important diagrams, i.e. TTT - illustrating the 
range of phase stability as a function of the time of isothermal annealing at a given temperature, and CCT - 
illustrating the range of phase stability during continuous cooling at a predetermined rate. 

The CCT and TTT diagrams developed for the tested cast iron greatly enrich our knowledge about the phase 
transformations that occur during heat treatment of ductile iron. They also prove useful in computer modeling 
of these processes. Computer simulations allow a new mathematical model to recreate the course of industrial 
processes and analysis of the characteristics of the materials tested in a manner analogous to a real process. 
Computer techniques that are currently cheap and effective way to optimize, are used for modeling and 
analysis of phenomena occurring in many areas of research [5-10].  

2. TEST MATERIAL 

Tests were carried out on ductile iron of the chemical composition given in Table 1 .  

Table 1 Chemical composition of the examined cast iron 

Chemical composition, % 

C Si Mn P S Mg Ni Cu Mo 

3.57 2.13 0.26 0.06 0.015 0.038 1.2 0.7 0.2 
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Melting was carried out in a medium frequency induction furnace supplied by RADYNE with a 100 kg capacity 
crucible and an inert lining. The spheroidizing treatment of cast iron was performed by Sandwich process. The 
treatment was carried out in a slender ladle at 1400°C. From thus obtained ductile iron, ingots were cast 
according to EN 1564. 

3. RESEARCH METHODOLOGY 

3.1. Dilatometric tests 

Tests were carried out using a RITA L78 LINSEIS high speed quenching dilatometer. The device is intended 
for dilatometric studies of metals and their alloys conducted in a wide range of the heating / cooling rates (0.01 
- 150 K / s) in the temperature range from 20 to 1600°C. Due to induction heating (cooling) of the samples,  
temperature changes affect only the sample tested and not its environment. Accurate temperature 
measurement is obtained using a K-type thermocouple welded to the sample. It is possible to implement testing 
in vacuum (maximum vacuum of 10-5 mbar) or standard testing in a protective atmosphere of helium, the 
injection of which allows obtaining maximum cooling rate.For dilatometric tests 22 samples of ductile iron with 

φ3x10 dimensions were cut out. 

CCT diagrams were plotted from the dilatometric curves obtained for different constant cooling rates of 
samples from the austenitizing temperature to ambient temperature. Cooling rates in the range from 2 to 6000 
K/min were applied. The analysis was based on the determination of the starting and ending temperature 
points of phase transformations occurring as a result of non-isothermal decomposition of austenite. After each 
measurement, on the faces of the sample, two measurements of  the hardness HV30 were taken. Selected 
samples after the dilatometric tests were subjected to metallographic examinations for a qualitative 
assessment of the matrix microstructure. 

The TTT diagram was based on the isothermal dilatometric curves obtained for various constant temperature 
values of the isothermal transformation using high-speed (150 K/s) cooling of the samples from the 
austenitizing temperature to the temperature of isothermal transformation. The analysis was based on the 
determination of time-related points of the start and end of the transformation under isothermal conditions, 
plotting them next onto the TTT diagram. The study was conducted within the temperature range of isothermal 
holding from 700 to 280°C. 

3.2. Microstructure examinations 

Microscopic examinations and photographs of microstructure were taken on metallographic sections using an 
AXIO OBSERVER Z1m metallographic microscope. The following conditions of the examinations were 
observed: 

• Specimens used for plotting of the CCT diagram were selectively etched in a 10 % aqueous solution of 
sodium metabisulphite Na2S2O5. Randomly, to verify the evaluation of microstructural components 
etched in the above mentioned reagent, selected samples were cooled at a rate of 600 and 1800 K/min 
and etched in a 4 % picral according to PN-61/H-04503; picral etches bainite leaving martensite 
untouched. 

• Specimens used for plotting of the TTT diagram were etched in nital (4% HNO3 solution in C2H5OH). 

4. TEST RESULTS 

4.1. Determination of the critical temperatures Ac1 p and Ac,k 

Preliminary dilatometric measurements to determine the critical temperatures Ac1p and Ac1k were taken on a 
sample preheated at a rate of v = 5 K/min in the temperature range of 20-1000oC. The calculated temperatures 
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of Ac1p and Ac1k were equal to 755 and 851°C, respectively. In further studies, to develop the TTT and CCT 
diagrams, samples were austenitized at a temperature of 900°C for a period of 30 minutes. 

4.2. CCT diagrams and analysis of microstructure 

 

Fig. 1 CCT diagram of the examined alloy (a) and examples of microstructures (b) 

The effect of cooling rate on the hardness of the 
tested samples is plotted in Fig. 2. Hardness of the 
samples cooled at different rates was comprised in 
the range of 179-680 HV. Fig. 1  shows a CCT 
diagram plotted for the tested alloy. In the graph 
are marked temperature ranges of individual 
phase transformations of the undercooled 

Cooling rate, K/min 

Fig.  2 Hardness HV30 and qualitative assessment 
of the matrix structure in selected samples cooled 
at different rates. B - bainite, M - martensite, A - 

austenite, F - pearlite, F -ferrite 
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austenite, i.e. austenite - ferrite, austenite - pearlite, austenite - bainite, austenite - martensite. The cooling 
curves of samples are also included. Each curve is provided with information about the obtained hardness 
value. 

For the, highlighted on a CCT diagram, cooling rates of 1800, 450, 255, 45, 2 K/min, examples of the obtained 
microstructures are shown at magnifications of 100 and 1000X. At the lowest cooling rate of 2 K / min, the 
microstructure of the matrix consists of a mixture of ferrite and pearlite inside which particles of the spheroidal 
graphite are distributed. Ferrite content in the matrix is much larger than that of pearlite. With an increase in 
the rate of cooling, the microstructure of the matrix changes - the content of bainite and martensite is growing. 
At a cooling rate of 1800 K / min, the microstructure of the matrix comprises a mixture of bainite and martensite. 

4.3. TTT diagram and microstructure analysis 

A TTT diagram developed for the tested cast iron is shown in Fig. 3 . The temperature of the austenite-bainite 
transformation is comprised in the range of 550 °C - Ms. The TTT diagram shows two ranges of the austenite-
bainite transformation, the first one of 550 - 360 ºC (upper bainite) and the second one of 360 ºC- Ms (lower 
bainite). The temperature of the start of martensite transformation is 200°C, and slightly decreases with time. 
At a temperature above 550 °C, the austenite-pearlite transformation begins. Analysis of the resulting graph 
shows that with the increase in austempering temperature, the rate of bainite transformation increases, while 
the incubation period of transformation decreases. From the TTT diagram it also follows that the temperature 
of the maximum rate of austenite-to-pearlite transformation is approx. 615 ºC. The incubation period for the 
transformation of pearlite is approx. 120 seconds, while the incubation period for the transformation of 
austenite to upper bainite - at 550 °C - is approx. 100 seconds. In contrast, the incubation period for the 
transformation of austenite to lower bainite - at 280 °C - is approx. 450 seconds. The end of pearlite 
transformation at a temperature of 550°C takes place after 600 seconds, the end of bainite transformation at 
a temperature of 350°C after 75 minutes, and of bainite transformation at 280 °C after approx. 2 hours. The 
microstructure of the matrix of the tested cast iron after heat treatment in the range of 550 ºC - Ms is a mixture 
of bainite and austenite. It can be observed that as the temperature of the isothermal transformation increases, 
the length of the needles of bainitic ferrite is increasing, too. 

 

Fig. 3 TTT diagram of the examined alloy  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

802 

Selected samples after isothermal dilatometric tests were subjected to metallographic examinations to 
evaluate the matrix microstructure. Examples of microstructures obtained at different temperatures of the 
isothermal transformation are shown in Fig. 4 . 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 4  Microstructure of samples subjected to isothermal holding at the following temperatures: a) 450,  
b) 400, c) 360, d) 280; metallographic sections etched with Mi1Fe; 1000x 

The cast iron microstructure consists of a matrix, which is a mixture of acicular ferrite and austenite, with 
particles of the spheroidal graphite randomly distributed in this matrix. 

5. SUMMARY 

Predicting the iron alloys microstructure after heat treatment is done with the help of graphs, which show the 
kinetics of phase transformations of the undercooled austenite under the conditions of continuous cooling 
(CCT diagram) or isothermal cooling (TTT diagram). Both these diagrams are an important tool aiding the  
design of the heat treatment processes, to ensure the achievement of the desired microstructure and 
mechanical properties. The paper presents the CCT and TTT diagrams plotted for ductile iron containing the 
additions of Ni, Cu and Mo. 

The CCT diagram depicts the full range of the undercooled austenite transformation. The diffusion-induced 
transformations (austenite-ferrite and austenite-pearlite) occur in the temperature range of 800-400°C,  bainite 
transformation - in the range of 400°C - Ms. The hardness of alloy subjected to continuous cooling strongly 
depends on the cooling rate and is comprised in the range of 179-700 HV30. The plotted TTT diagram covers 
the temperature range of 700-200°C. The chart clearly shows the division between the diffusion-induced 
transformations and bainite transformation. This chart can also be useful in the production of machine parts 
from ductile iron subjected to austempering heat treatment, commonly known in the literature as ADI. This cast 
iron is characterized by a very good combination of mechanical and plastic properties and is increasingly used 
in the production of selected structural components. 
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Abstract   

The methods of intensive plastic deformation SPD (Severe Plastic Deformation) belong to a group of very 
attractive means of increasing utility properties of metallic materials (strength and structural characteristics). 
The paper is focused on experimental verification of weldability of high-carbon steel C55E processed by the 
SPD DRECE (Dual Rolling Equal Channel Extrusion) process. Within experimental works, test welded joints 
were made from the C55E steel with the use of 15-PAW single or double weld thermal cycle. A test of basic 
mechanical properties, metallographic examination and an analysis of residual stresses were performed on 
these joints. Acquired results show that the choice of an appropriate technology and the optimization of welding 
parameters and thermal cycles allow to achieve solid welds even in the case of materials rather difficult to 
weld. The optimized welding process does not significantly degrade the properties acquired by SPD. 

Keywords: Plasma welding, weldability, high-carbon steel, residual stress, severe plastic deformation  

1. INTRODUCTION     

The use of SPD processes is one of the current trends in development of new materials or enhancing their 
utility properties. In order to use the processes in industry applications it is necessary to solve a variety of 
material and technological issues. These include notably the decrease in plastic properties of the material or 
the issue of developing suitable welding technology for cases in which it is not possible to produce the final 
component during the SPD process itself. The use of considerate joining technologies such as bonding or 
brazing is significantly limited by the maximal working temperature and shape of the joint. When using welding 
it is necessary to choose technologies with a minimal thermal influence on materials and a maximal 
concentration of heat in the impact track.  In case of fusion technologies of welding these include in particular 
the use of laser beam welding, electron beam welding, and plasma arc welding. The paper presents the results 
of the use of plasma arc welding in welding the C55 high carbon steel. 

2. EXPERIMENTAL MATERIAL AND PROCEDURES 

As an experimental material, we used steel strips made from high-carbon steel measuring 48x2x1000mm, 
which were labelled C55E (12060 according Czech standard). Further on, we selected the PAW-15 welding 
technology (according ČSN EN ISO 4063). In previous experiments we were also successfully used GTAW-
141 welding process [1]. 

2.1. Experimental material 

The chemical composition and default mechanical properties are shown in Tables 1  and  2. Each strip had 
different utility properties, which were put through multiple processing by the DRECE technology. More detailed 
data about technological parameters of the applied DRECE technology, attained mechanical properties and 
structure are given in [1-3]. To create test joints, we used a 48x2x200mm strip in a default state and after being 
processed six times by the DRECE technology.  
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Table 1  Chemical composition of the high carbon steel C55E 

Steel C 

[wt.%]  

Si 

[wt.%]  

Mn 

[wt.%]  

Al 

[wt.%]  

P 

[wt.%]  

S 

[wt.%]  

C55E 0.53 0.03  0.43  0.02  0.030 0.035 

Table 2  Mechanical properties of the high carbon steel C55E initial state (IS) and 6xDRECE 

Steel   

C55E 

Rm  

[MPa] 

Rp0,2  

[MPa] 

A80mm  

[%] 

HV10 

 

IS 549 373  21.1  176 

6xDRECE 629 553 9 215 

2.2. Weldability high carbon steel 

The used C55 steel is not commonly designed for welding. With respect to its chemical composition, most 
notably the carbon content, it belongs (according to [4]) to high carbon steels with difficult weldability. The 
material is prone to most types of crackings, especially to both cold and hot crackings. Using regular arc 
welding technologies would require preheating, reheating and subsequently heat treatment. To avoid these 
measures it is essential to use a low carbon technology with high heat concentration in the impact track such 
as laser beam, electron beam and plasma arc technologies. 

2.3 Welding technology and procedure 

In order to minimize the degradation of material processed by the SPD technology, we chose the plasma arc 
welding technology (15-PAW). Plasma technology was selected because of its advantages in particular: higher 
welding speed, excellent quality seam welding as no filler material, a small HAZ and distortion. Welding filler 
material was not used. As a protective gas and the plasma gas was used with argon flow of 7 l/min. The plasma 
welding type and used welding parameters are shown in Tables 3 and 4 . Fig. 1 shows the weld joints default 
state and after a six fold DRECE treatment. 

 

Fig. 1 Welded samples (1, 2-after 6xDRECE,3, 4-IS) 

Table 3 Plasma welding type 

 Current [A] Thickness 
[mm] 

Micro plasma welding 0.05 - 20 0.01 - 3 

Medium-plasma welding 20 - 100 3 - 10 

Keyhole welding above 100 10 - 30 
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Table 4 Samples welding parameter 

Samples SPD 
process 

Number 
of cycles 

Welding current [A] 
1st cycle/2 nd cycle 

Welding speed [cm/min]  
1st cycle/2 nd cycle  

1  6xDRECE 2 65/61.5 6.4/14.4 

2  6xDRECE 1 65/- 6.4 

3  raw 2 60/61.5 6.4/14.4 

4  raw 2 60/61.5 6.4/14.4 

5  raw 1 65/- 14.4 

6  raw 1 65/- 14.4 

7  raw 1 65/- 14.4 

8  raw 1 65/- 14.4 

9  6xDRECE 2 65/61.5 14.4/14.4 

10  6xDRECE 1 65/- 14.4 

11  6xDRECE 2 65/61.5 14.4/14.4 

3. WELDED JOITS PROPERTIES SAMPLES 

We performed non-destructive and destructive tests on the control weld joints. The NDT testing consisted of a 
VT visual control and a PT penetration test according to the ČSN EN ISO 9712. We did not detect any 
inadmissible indications. Destructive tests included metallographic tests of both macro and micro structure, 
micro-hardness, tensile test and measurement of residual stresses by the magnetoelastic method.  

3.1 Metallographic tests 

Fig. 2  shows the macrostructures of weld joints 
no. 4 (default state) and no. 9 (after a six fold 
treatment by the DRECE technology). No 
defects such as cracking, lack of fusion were 
detected.  

Fig. 3, 4 show the microstructure of the weld 
metal samples no. 4 and 9. A coarse-grained 
martensitic structure was identified in the weld 
metal. Fig. 5, 6 show the structure in the zone of 
overheating in given samples. The structure in 
sample no. 4 (default state) was martensitic, 
while a coarse-grained ferrite-pearlite structure 
was identified in sample no. 9 (six fold DRECE 
treatment). In the zone of normalization, a ferrite-
pearlite structure with fine grain and globular 
inclusions was detected in sample no. 4, while 
sample no. 9 revealed a fine grain structure of 
ferrite and lamellar pearlite. In general it is 
possible to conclude that in weld joints of steel 
treated by SPD process, a finer grain structure in 
HAZ was attained and the HAZ proportions were 
significantly smaller. 

  a) 

  b) 

Fig. 2 Macrostructure PAW sample-IS 
           no.4 (a) and 6xDRECE sample 
           no.9 (b) 
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Fig. 3  Weld metal microstructure sample no.9, Nital 

etched 

 
Fig. 4 Weld metal microstructure sample no.4, Nital 

etched 

 
Fig. 5  HAZ-grain growth zone sample no.9, Nital 

etched 

 
Fig. 6  HAZ-grain growth zone sample no.4, Nital 

etched 

 
Fig. 7  HAZ-recrystallization zonesample no.9, Nital 

etched 

 
Fig. 8  HAZ-recrystallization zone sample no.4, Nital 

etched 

3.2. Residual stress analysis  

We conducted an analysis of residual stresses on selected materials using the magnetoelastic method. A 
similar characteristic of methods of residual stress measurement and the characteristic of the magnetoelastic 
method are included in lit. [6 - 9]. Method utilized changes the Barkhausen magnetic noise in stress field. On 
acting magnetic field on material an orientation change of Weiss do-mains comes about. In a coil surrounding 
magnetized metal these changes manifest themselves like current impact. These current impacts can be 
observed acoustically like so called Barkhausen noise. Samples no. 2, 4, 7 and 9 were selected for an analysis 
of residual stresses. Residual stress was analyzed perpendicular to the joint axis in the sample axis. In order 
to preserve maximal resolution, the values of magnetic parameter (MBN) were not converted to stress values 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

808 

in MPa. With given settings of the measuring equipment, it is possible to set the tensile stress over 300 MBN. 
Below 300 MBN the stress is compressive. Fig. 9  shows a typical residual stress course in a weld joint with 
tensile maximums in HAZ. The treatment by SPD process brings into the material beneficial residual stress, 
which does not change even during welding by one or two welding cycles - see Fig. 10 . 

 

Fig. 9 Graph of the MBN distribution, initial state, centre strip, sample no.7 and 4 

 

Fig. 10 Graph of the MBN distribution, six time DRECE, centre strip, sample no.2 and 9 

 

3.3. Tensile test of welded joints 

Samples no. 1, 3, 5, 6, 8 and 10 were selected for the analysis. Before the test, the samples were adjusted to 
proportions 30 x 220 mm (see Fig. 11 ). An I joint without weld area modifications was selected. Recorded 
values are shown in Table 5 . In case of all samples except sample no. 1, fractures in the weld metal occurred. 
In case of sample no. 1, the fracture was in the default material (see Fig. 12). The transfer of heat from welding 
to the processed material by SPD technology did not substantially affect the plastic properties of materials, 
which are relatively low. 
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Table 5  Tensile test of welded joints-results 

Samples Rm    
[MPa] 

Rp0,2 

[MPa] 
A 

[%] 
Fracture location Rp0,2/Rm 

1 547 454 1.3 base material 0.83 

3 461 301 5.8 weld 0.65 

6 405 354 1.7 weld 0.87 

8 398 375 0.9 weld 0.94 

                        

                     Fig. 11 Tensile test samples                         Fig. 12 Tensile test samples after fracture                      

4. CONCLUSION  

The paper describes the results of plasma arc welding of the C55 high carbon steel in a default state and after 
a six fold treatment by the SPD DRECE technology. Based on the conducted measurements, it is possible to 
infer the following conclusions. Even though the steel is a difficultly weldable material, solid and undivided weld 
joints were achieved. The DRECE technology brings into the material tensile residual stress, which very 
positively affects the overall weldability of a given material. Most notably, the grain becomes finer and a smaller 
HAZ is created. The welding thermal cycle did not substantially affect the relatively low plastic properties 
characteristic of SPD processes. In case of welding application it shall be suitable to use (instead of an I joint) 
a lap joint, which should guarantee higher strength of the joint and potential disruption outside the weld area. 
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Abstract   

The heat treatment process of ductile iron involves two stages: austenitising at temperatures in the range of 
850-950oC with the following austempering of alloy in the temperature range of 250-380oC. The resulting 
microstructure contains ferrite saturated with carbon in a matrix of reacted high-carbon austenite with 
spheroidal graphite typical of ductile iron. This microstructure confers high mechanical properties to the alloy. 
The microstructure and mechanical properties of ADI depend on the kinetics of phase transformations during 
austempering. 

The kinetic model of phase transformations occurring during austempering of undercooled austenite in ADI 
was developed. The model is based on Fick’s diffusion laws. The differential equations were solved by the 
Finite Difference Method (explicit scheme) under the boundary conditions adequate for the austempering 
temperature. In calculations, the effect of carbon content in austenite on its diffusion coefficient was 
considered. The developed model and computer program enabled tracing the process of ausferrite growth. 
Using the developed computer program, the effect of isothermal annealing temperature on the growth rate 
of ferritic phase was investigated.  

Keywords: Austempering, ADI, modelling of phase transformations 

1. INTRODUCTION 

ADI (Austempered Ductile Iron) is a variation of ductile iron with a ferritic-austenitic matrix structure, 
characterized by a favourable combination of high strength, satisfactory ductility and fracture toughness. A 
wide range of the ADI mechanical properties is achieved by properly selected cycle of heat treatment leading 
to the formation of final microstructure, which is a mixture of stable austenite and lamellar ferrite in the form of 
"needles" (ausferrite). The type of the microstructure obtained is to a great extent controlled by the chemical 
composition of the base ductile iron and parameters of the heat treatment process. This process consists of 
austenitizing in the temperature range of 800 - 950 °C (pearlite - austenite transformation) and austempering 

in the temperature range of 230-400 °C (austenite - ferrite transformation) [1-5]. 

Computer modelling methods are an important tool aiding the optimization process of the Fe-C alloys 
microstructure and properties [6-8]. Computer simulations allow reproducing with the use of mathematical 
models the course of industrial processes and analysis of properties of the tested materials conducted in a 
manner identical with the actual process. Computer technologies, being currently available as a cheap and 
effective way of optimization, are used for modelling and analysis of phenomena occurring in many areas of 
research [6 - 16]. The numerical models developed by the authors in the first stage of the heat treatment of 
ductile iron to obtain ADI were described, among others, in [7, 8]. 

This paper presents a model of the austenite - ferrite transformation considered as a means to support the 
analysis of an impact of the austempering process parameters (time and temperature) on the growth rate of 
ferritic bainite produced as a result of the transformation. 
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2. MODEL OF AUSTENITE - FERRITE TRANSFORMATION 

2.1. Mathematical model  

The numerical model describing the kinetics of the transformation of austenite into ferrite during austempering 
uses the diffusion equation (Fick's second law). The model analyzes the diffusion of carbon atoms between 
the plates of austenite and ferrite. The analysis is based on a quantitative approach to the problem of carbon 
atoms diffusion in an austenite - ferrite system resulting from changes under thermodynamic conditions - from 
the temperature of austenitizing to the temperature of isothermal annealing. The resulting concentration 
gradients are responsible for the movement of phase boundaries and growth of ferrite at the expense of 
austenite and also for an increase in the saturation ratio of austenite with carbon [17]. 

Model investigations were carried out on a half ausferrite plate (Fig. 1 ). 

 

Fig. 1  Diagram of the ausferritization process 

The model ignores the rate of ferrite nucleation and diffusion of carbon atoms in between the graphite and the 
matrix. The process of transformation is controlled by the diffusion of carbon in austenite and ferrite. Fig. 2 
shows a scheme of the distribution of carbon concentration during the growth of ferrite in austenite [17]. 

 

Fig. 2 Scheme of the distribution of carbon concentration in ferrite and austenite 

In this model, the growth of ferrite has been described with a system of equations (1) - (3).  6�6é = ýbY6'�Y6B'  
 

(1) 

6�6é = ýb7 6'�76B'  
 

(2) 

(�7/Ye7 − �Y/7eY) �7Y = ýbYeY lfb
fUoU¿��-ýb7e7 lfb

fUoU¿��   (3) 

where: �Y, �7- is the content of carbon in austenite and ferrite, respectively, ýbY, ýb7 - is the coefficient of carbon 

diffusion in austenite and ferrite, respectively, �7Y - is the rate of movement of the ferrite - austenite (α/γ) 
interface, eY - is the density of austenite (8,22 g/cm3), e7 - is the density of ferrite (7,86 g/cm3). 
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The change of the carbon content in austenite and ferrite as a function of time and distance is illustrated by  
equations (1) and (2), respectively, while equation (3) describes the mass balance at the austenite / ferrite 
(F/Ë) interface and allows determination of the rate of interface migration. 

The initial conditions include the initial thickness of the plates of austenite �Y and ferrite �7, and carbon content 

distribution in individual phases. Boundary conditions are described by equations (4) - (6). 

� = �7/Y,      B = �1;             � = �Y/7,      B = ��   (4) 6�76B = 0,      B = 0 (5) 

6�Y6B = 0,      B = �Y 
(6) 

2.2. Numerical solutions 

Onto the area of ferrite and austenite were imposed the respective uniform meshes with M and �1 nodes by 
dividing the area of both phases into � − 1 and �1 − 1 sections of the original length of ∆B7 = �7/(� − 1) and ∆BY = �Y/(�1 − 1), respectively, (Fig. 3) 

 

Fig. 3  Diagram of the mesh of nodes in the austenite and ferrite 

Equations (1) and (2) describing changes of the carbon content in austenite and ferrite were solved by the 
finite difference method. In the course of calculations, the number of nodes remained constant, while the 
distance between them was changing. To account for the movement of nodes as a function of time, a variable 
Murray - Landis grid was applied [19]. For this purpose, to the equations expressing the change of carbon 
content, the rate of movement of the m-th node was introduced (��). The differential form (explicit scheme) of 
changes of the carbon content in austenite and ferrite is represented by equations (7) and (8), respectively: 

6�Yä̀1Q − �Yä̀Δé = ýbY
�Y`1Qä − 2�Yä̀ + �Y`�QäΔx:' + �Y� ;�Y`1Qä − �Y`�Qä

2ΔBY < (7) 

6�7êä1Q − �7êäΔé = ýbY
�7ê1Qä − 2�7êä + �7ê�QäΔx®' + �7� ;�7ê1Qä − �7ê�Qä

2ΔB7 < (8) 

The rate of movement of the grid nodes in austenite (�Y�) is represented by equation (9), and in ferrite (�7�) 

by equation (10): 
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�Y� = Bç − BY`Bç − � �7Y (9) 

�7� = B7ê� �7Y (10) 

where: Bç - is the actual thickness of the austenite plate, BY`, B7ê - is the position of actual points in austenite 

and ferrite, respectively. 

The carbon mass balance equation at the austenite / ferrite interface (equation (3)) is solved with the symmetric 
difference quotient of carbon concentration derivative at the interface (equation (11)): 

�7�-�7Ye7 − �Y7eY6 = ýbYeY ;−3�Y7Q9 + 4�Y7'9 − �Y7+92ΔBY <− ýb7e7 ³3�77^9 − 4�77^�Q9 + �77^�'92ΔB7  ́ (11) 

2.3. Physical data 

Preliminary calculations were carried out for the initial thickness of an austenite plate equal to 10 µm and for 
the ferrite plate equal to 10-4 µm. Technical literature [17] for the calculation of diffusion coefficient  typically 
uses its temperature-related dependence (equations (12) and (13)). The developed program also uses the 
temperature dependence of DC

α and DC
γ. In austenite, the carbon diffusion coefficient was also calculated 

taking into account not only the effect of temperature but also the effect of carbon content, D(C,T) [8, 19].  

ýbY = 1.67 ∙ 10�'<Bt;−1.20 ∙ 10>=I < (12) 

ýb7 = 7.90 ∙ 10�+<Bt;−7.58 ∙ 10�=I < (13) 

where: = - is the gas constant, �/(ÔÍ� ∙ A), I - is the temperature, A, ýbY, ýb7 - are the diffusion coefficients in 

austenite and ferrite, respectively, ðÔ'/Þ. 

Carbon content in the austenite/ferrite and ferrite/austenite interface is determined from the Fe-C phase 
equilibrium diagrams by digitizing the GS (Ac3) and GP lines and - assuming linearity of lines the carbon 
content- temperature relationship is presented by equations (15) and (16): 

�7/Y = 0.1135 − 1.22 ∙ 10��I (15) 

�Y/7 = 3.4463 − 3.779 ∙ 10�+I (16) 

where: I - is the temperature, ℃ 

3. RESULTS OF SIMULATION OF FERRITE GRAIN GROWTH DU RING AUSTEMPERING 

The discussed mathematical model of pearlite transformation into austenite has been implemented in Pascal 
language in the Delphi 4 environment. Results of simulations of ferrite plate growth from supersaturated 
austenite isothermally treated In the temperature range of 250-400 °C are presented in Fig. 4. 

Results of simulations show significant effect of austempering temperture on the bainitic ferrite growth. With 
increasing austempering temperature increases the rate, v, of plate thickness of ferrite. The relationship 
between v and time. It is necessary to emphasize, that during calculations of transformation progress the 
boundary condition (5) had to be modified assuming that carbon content in the middle of ferrite plate was equal 
0,95Cα/γ . With (5) boundary condition ferrite plate thickness, lα was one order lower. Comparison of 
calculations using carbon content C and temperature T (on diffusion coefficient of carbon in austenite D(C, T)) 

showed low effect on lα , increasing with austempering temperature (Fig. 4a ).  
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Presented model will be developed with taking into account the rate nucleation of ferrite and full progress of 
austenite ferrite transformation during austempering. The calculated data will be experimentally verified. 

a)  

b)  

Fig. 4  Results of ferrite growth simulation from austenite annealed at 850 °C and transformed in temperature 
range of 250-400 °C a) the relationships between a) ferrite plate thickness, b) rate of growth and 

austempering time. Dotted lines were calculated using D(C, T) relationship [8, 19]. Points - experimental data 
[17] 
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Abstract   

It is generally recognized that the high content of non-metallic inclusions in structural steels alter their physical 
and mechanical properties. Formation of non-metallic inclusions is a complex phenomenon that depends on 
the composition, pressure and temperature of the working media. By use of different surface analysis 
techniques we analysed an austenitic stainless steel pipe that has been contaminated by petroleum products 
as a result of diffusion and concluded that the liquid medium penetrates relatively far into the metal by 
adsorptive migration, resulting in formation of chemically active sites that promote the formation of intermetallic 
compounds. It is important to understand this mechanism as it directly influences corrosion and further failure 
of the steel, leading to problems that translate into human and economic losses. 

Keywords: Stainless steel, non-metallic inclusions, corrosion 

1. INTRODUCTION 

Petroleum equipment, especially under the conditions of processing sulfur-containing oils, is subject to strong 
corrosion, and therefore is put out of commission rapidly. Metal wear is caused by vapors of petroleum products 
and hydrogen sulfide, moisture, and atmospheric oxygen entering the oil [1]. With this in mind we first analysed 
stainless steel specimens that did not present any visible trace of corrosion on visual inspection, as the 
contamination of steel in petroleum products takes place by diffusion mechanisms.  

Uncontrolled contamination of petroleum products causes biodeterioration problems that translate into 
substantial economic loss. Biodeterioration's adverse economic effects constitute one cost of quality category 
[2]. 

Deterioration of fuels and oxidation of hydrocarbons by microorganisms, and corrosion of metals in the 
presence of microorganisms are strictly established facts [3] and they lead to contamination of the steel, 
corrosion and failure [4, 5]. 

Also in [6] the authors have also reviewed the fuel biodeterioration, concluding that all grades of conventional, 
bio and synthetic fuel are subject to biodeterioration. 

It is generally recognized that ferrous metals, particularly structural steels, contain considerable amounts of 
nonmetallic inclusions; increased contamination of steel with such inclusions alters their physico-mechanical 
properties [7, 8]. Since the properties of steel depend both on the amount of inclusions and their composition 
(type), size, and shape, the influence of contamination on the properties of steel (especially in liquid media) is 
very complex. 

It must also be noted that defects exiting to the surface do not play the decisive role in the influence of the 
medium on the physico-mechanical properties of a contaminated metal; their importance probably lies in 
initiating formations of jogs, through which the ambient medium can penetrate relatively far into the metal by 
adsorptive migration [9]. 
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According to [2] in the first stage, hydrogen atoms and ions H+ and H- are formed by anodic-cathodic reactions 
of the medium containing hydrogen sulfide with the metal. Those atoms and ions are adsorbed on iron atoms 
at adsorption sites, with the iron sulfides deposited as a hump, which results in a galvanic cell with cathode on 
the iron sulfides at anode on the surface of the microcrack. 

The chemisorbed hydrogen produces submicrocracks at the surface (initial stage of submicrocrack formation) 
with a layer of H-. The negative hydrogen ions are located at the sides and tip of an ideally sharp microcrack, 
which favors the breakage of maximally stressed interatomic bonds in the metal lattice. 

During the first stage, hydrogen atoms and ions are transported by dislocations in the region of the microcrack, 
particularly at the tip, so a stress concentration appears which weakens the bonds in failure by the 
microcleavage mechanism. 

The objective of this work is to investigate the effects of petroleum products on steel surface in order to assess 
its influence on the microstructure. For this we characterized the samples by use of surface analysis techniques 
and after that we investigated the microstructure and chemical composition. 

2. EXPERIMENTAL ANALYSIS AND RESULTS 

For analysis we used austenitic stainless steel samples cut from petroleum products transmission pipes. 
Because corrosion in this field is initiated from the inner surface the investigation was divided into several steps 
and started with surface analysis using Scanning Electron Microscopy (SEM). Inside the pipe we found a black 
homogeneous deposited layer that was quite adhesive (Fig. 1 ). 

 

Fig. 1 SEM micrograph of the internal wall surface 

Using X-ray photoelectron spectroscopy (XPS) we analysed the deposited layer elemental composition. 
Results are presented in Fig. 2 . 
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Fig. 2 XPS spectrum of the deposition 

After surface analysis we cut the samples in cross section and analysed them by optical microscopy. The 
effects of corrosion can be seen in Fig. 3. 

  

Fig. 3 Optical microscopy of the samples 

Using SEM we analysed the chemical composition from the inner wall to the external wall and obtained the 
graphs with the variation (Fig. 4 ). 
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Fig. 4 Chemical composition variation in points from external wall (point 1) to the internal wall (point 6) 

 

Fig. 5 EDAX of the chemical composition at grain boundaries 
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After fracturing the samples we used Energy Dispersive X-ray analysis (EDAX) to determine the chemical 
composition at grain boundaries. There can also be seen a composition variation due to the presence of non-
metallic elements (Fig. 5 ). 

3. DISCUSSION 

The XPS spectrum shows that the surface is contaminated and the layer is quite adhesive. A strong S 2p pair 
of peaks is observed at binding energies of 164 and 165 eV, consistent with the presence of thiophenic sulfur 
and sulfoxide forms at 168 eV. Two peaks may be fit to the curve at binding energies characteristics of pyridinic 
(398 eV) and pyrrolic (400 eV) type nitrogen. At 285 eV the C 1S indicates the variation in content of aromatic 
and aliphatic carbon containing species. The sub peak at lower binding energy (530 eV) corresponds to the 
ferrous oxide film and sub peak at higher binding energy (531 eV) can be attributed to the carbon single and 
double bond with oxygen atom. The formation of sulfoxide species on stainless steel surface can simply be 
explained by interaction of sulfur with ferrous oxide film as well as the O 1s spectra analysis on stainless steel 
surface revealed the presence of ferrous oxide film. The nitrogen spectrum indicates the presence of pyridinic 
and pyrrolic species [10, 11]. 

All these elements seem to contaminate the steel by diffusive mechanisms. This resulted in lowering the 
carbon content and increasing the manganese, nickel and chromium content as seen in Fig. 4 . This can be 
explained by migration of the atoms and formation of non-metallic inclusions. In [12] the author described the 
mechanism by dividing it into the following stages: 
• diffusion of the oxidizing agent to the steel surface 
• adsorption of the oxidizing agent particles to the steel 

• chemical reaction of the oxidizing agent with the steel 
• desorption of the reaction products from the steel surface 
• diffusion of the reaction products from the steel in the petroleum product volume. 

According to [9], as a result of diffusion, there is a considerable increase in the contact area and there is an 
intensification of the contact between the medium and the metal, so that the adsorptive, corrosive 
(electrochemical), and absorptive (hydrogen-saturation) effects of liquid media are far stronger for 
contaminated steel than for refined metal (purified of non-metallic inclusions). 

CONCLUSION 

• carbon, oxygen, sulfur and nitrogen elements revealed presence of carboxylic, thiophenic, thiol, pyridinic 
and pyrrolic type functional groups on the surface. The XPS spectral analysis indicated presence of 
thiophenic, sulfoxide, ferrous oxide, pyrolic, pyridinic, C-H species in aromatic and aliphatic form and 
carbon-oxygen bond species 

• the deposited layer contaminates the steel and leads to formation of non-metallic inclusions, which 
worsen the steel’s mechanical properties 

• formation of non-metallic inclusions is a complex phenomenon that depends on the composition, 
pressure and temperature of the working media 

• intergranular corrosion could not be detected by non-destructive analysis, although the surface of the 
samples did not present any defect, which makes it extremely dangerous as it leads to problems that 
translate into human and economic losses. 
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Abstract  

The formation of austenite above A1 temperature plays very important role in the heat treatment of hypo-
eutectoid steels, especially automotive DP steels. It is widely accepted that the formation of austenite during 
intercritical annealing takes place in three stages: 1 - very rapid pearlite to austenite transformation, 2 - slower 
growth of austenite into ferrite, 3 - slow final equilibrium of ferrite and austenite. According to the literature 
data, important factors that influence the phase transformation kinetics are the cementite morphology, the 
grain size and the heating rate.  
In this work, experimental results of dilatometric examinations of low alloy normalized hypo-eutectoid steels 
show that during heating at the same rate, temperature range of pearlite to austenite transformation strongly 
depends on the amount of alloying elements and whether they are ferrite or austenite stabilizers.  ThermoCalc 
and DICTRA computational tools were also used to calculate the eutectoid regions of the equilibrium phase 
diagrams for some low alloy steels. 

Keywords:  Hypo-eutectoid steels, phase transformation, pearlite, austenite, critical temperatures 

1. INTRODUCTION  

The austenite formation in hypo-eutectoid steels during continuous heating consists of two phenomena: 
pearlite dissolution and pro-eutectoid ferrite to austenite transformation The pearlite to austenite transformation 
(pearlite dissolution) start temperature during heating is described as Ac1s (Ar1s during cooling) and pearlite to 
austenite transformation finish temperature is described 
as Ac1f (Ar1f during cooling) [1-5]. Such split of the A1 
transformation temperature during heating (and cooling) 
of steels (hypo-eutectoid, eutectoid and hypereutectoid) 
is because in steels, contrary to the iron-carbon binary 
system, eutectoid transformation does not take place at 
constant temperature (according to the Gibbs’ phase 
rule for binary system the number of degrees of freedom 
for eutectoid transformation is equal zero) but at certain 
temperature range. For equilibrium phase diagrams (for 
iron-carbon-alloying element system) A1 transformation 
line splits into two lines labeled A1(L) (L - lower) and A1(U) 
(U - upper) as it is shown in Fig. 1 , where X represents 
a steel alloying element which causes the A3 and Acm 
lines to shift and the A1 line to split into A1(L) and A1(U) 
[6]. 

To simplify things, the split of the A1 is often ignored, and the shift of the lines is characterized by determining 
how the added elements shift the temperature of the A1 and the composition of the pearlite point [6]. However, 
the Ac1f temperature determines the start of the coexistence range of ferrite and austenite during heating (as 

Fig.  1 Ternary Fe-C-X phase diagram [6] 
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well Ar1f the temperature determines the finish of this range during cooling) in hypo-eutectoid steels. The 
accurate determination of this coexistence range of ferrite and austenite (i.e. determination of temperatures 
Ac1f and Ac3, so-called - among others - critical points or critical temperatures) is of great importance in the 
industrial heat treatment of newer types of sheet steels, such as DP (Dual Phase) and TRIP (Transformation 
Induced Plasticity) steels, which were designed to pass through phase field (intercritical annealing region), 
with the austenite transforming to martensite on subsequent cooling to room temperature [7-9]. 

As phase transformations occurring in steels are accompanied by expansion or shrinkage, the most accurate 
means whereby the characteristic temperatures of austenite formation during continuous heating can be 
determined by dilatometry, however in some cases the use of dilatometer firmware may lead to improper 
interpretation of dilatometric data for cooling transformation in steels, as it is described in Ref. [10].  

In this work, experimental results of dilatometric examinations of low alloy normalized hypo-eutectoid steels 
(during continuous heating) show that during heating at the same rate, temperature range of pearlite to 
austenite transformation strongly depends on the amount of alloying elements and whether they are ferrite or 
austenite stabilizers. ThermoCalc and DICTRA computational tools were also used to calculate the eutectoid 
regions of the equilibrium phase diagrams for some low alloy hypo-eutectoid steels. 

2. EXPERIMENTAL 

To estimate the influence of chemical composition of hypo-eutectoid steel on the temperature range of pearlite 
to austenite transformation, results of dilatometric investigations of 88 different hypo-eutectoid steel grades 
(performed by use of Adamel Lhomargy DT1000 and Linseis RITA L78 dilatometers in the Faculty of Metals 
Engineering and Industrial Computer Science, AGH University of Science and Technology, Cracow) were 
collected (chemical composition, Ac1s and Ac1f temperature). In any case the heating rate was 0.05 deg/s and 
before test samples were normalized according to the rules for individual grades. The ranges of the mass 
concentrations of elements for investigated steels are included in Table 1 . The typical heating dilatogram (red) 
for structural C35 steel is presented in Fig. 2  with the calculated differential curve (green). 

 

Fig. 2 Critical temperatures marked on the heating dilatogram of C35 steel, DT 1000 dilatometer 

Table 1 Ranges of mass concentrations of the elements for the 88 analysed hypo-eutectoid steel 

 

Range 

Mass concentration of the element (%) 

C Mn Si Cr Ni Mo V 

Min. 0.06 0.12 0.01 0.01 0.00 0.00 0.00 

Max. 0.62 2.94 1.21 2.04 1.05 0.68 0.77 
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Developed in this way data set was analysed using statistics and analytics software package Statistica 10 
developed by StatSoft [11]. Additionally, ThermoCalc 4.1 and DICTRA computational tools were also used to 
calculate the eutectoid regions of the sample ternary Fe-C-X equilibrium phase diagrams, where X was 

manganese as γ stabilizer and chromium as α stabilizer in next case. In order to better analysis the effect of 
manganese and chromium content, their maximum mass concentration used in calculations was increased to 
4 wt. % while their concentration in dilatometrically investigated steels did not exceed 2.94 % for manganese 
and 2.04 % for chromium, as it is shown in Table 1 .   

3. RESULTS AND DISSCUSION 

Based on the collected experimental data (chemical composition, Ac1s and Ac1f temperature) the effect of the 
austenite stabilizers (carbon, manganese and nickel) on the temperature range of pearlite to austenite 
transformation is shown in Fig. 3a . Similarly, the effect of the ferrite stabilizers (silicon, chromium, molybdenum 
and vanadium) is shown in Fig. 3b .  

a) b) 

Fig. 3 The effect of the austenite (a) and ferrite (b) stabilizers on the temperature range of pearlite to 
austenite transformation (solid lines - regression lines, dotted lines - lower and upper confidence limit 95%) 

 

As it can be seen in Fig. 3 , the austenite stabilizers broaden the temperature range of pearlite to austenite 
transformation more strongly than ferrite stabilizers. This observation is confirmed by sample calculations 
made by use of ThermoCalc 4.1 software, presented in Figs. 4-5 .  

a) b) c) d) 
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e) f) g) h) 

    

Fig. 4 Sample ternary Fe-C-X equilibrium phase diagrams: a-d) Fe-C-Mn, e-h) Fe-C-Cr (ThermoCalc) 

a) b) c) d) 

    

e) f) g) h) 

    

Fig. 5 Eutectoid region of Fe-C-X equilibrium phase diagrams: a-d) Fe-C-Mn, e-h) Fe-C-Cr (ThermoCalc) 

4. CONCLUSIONS 

The results presented in this work proved that temperature range of pearlite to austenite transformation 
strongly depends on the amount of alloying elements in steels. For elements which are austenite stabilizers 
(carbon, manganese, nickel - the contents of these elements were analysed in this work) broadening the 
temperature range between Ac1s and Ac1f (results from dilatometric investigations) is greater than for the ferrite 
stabilizing elements (silicon, chromium, molybdenum, vanadium) during heating at the same rate. Such 
conclusion was confirmed by performed calculations of the eutectoid regions of the sample ternary Fe-C-X 
equilibrium phase diagrams (by use of ThermoCalc 4.1 software), where X was manganese as austenite 
stabilizer and chromium as ferrite stabilizer in next case. The reason of such effect of alloying elements on the 
temperature range of pearlite to austenite transformation is slower (compared to carbon) diffusion of alloying 
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elements in steels. In steels, contrary to the iron-carbon binary system, eutectoid transformation requires also 
a redistribution of alloying elements atoms. 
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Abstract 

Analytical models used for the analysis of phase transformations as well as the prediction of structural 
composition of welded elements are the subject of research for many years. Despite of certain simplifications 
they are invaluable in assessing the weldability and welding conditions. Results obtained by analytical methods 
are often used for the initial analysis of the material properties prior to the experimental studies and used 
before developing of mathematical models.  

The paper presents an analysis of phase transformations in solid state during welding of S460 steel. Empirical 
relations are given with the cooling rates taken into consideration, on which start and finish temperatures of 
bainite, ferrite pearlite, and martensite transformation are determined. Obtained data allowed predicting 
different start and finishing temperatures of phase transformations for various cooling rates v8/5 (t8/5). Analytical 
Continuous-Cooling-Transformation (CCT) diagram for steel is determined as well as volume fractions of 
phases in a function of cooling rates. Analytically obtained results are compared with experimental data 
obtained by dilatometric tests. 

Keywords: Analytical methods, phase transformations, heat affected zone, phase volumetric fractions 

1. INTRODUCTION 

Material changes its thermophysical and mechanical properties during welding, due to alternating temperature 
field in a wide range. Particularly different material properties occur in heat affected zone (HAZ). In HAZ a 
large variety of structures occurs conditioned by thermal cycles as a result of phase transformations in solid 
state. Analytical models concern prediction of HAZ structure on the basis of chemical composition of steel as 
well as elaboration of simplified CCT diagrams and estimation of mechanical properties of HAZ in welded joints 
[2, 6, 8]. Most often averaged values are assumed, which reduces the accuracy of models in the analysis of 
particular materials and specific welding technology. Against these limitations, analytical formulas are 
invaluable in assessing the weldability and welding conditions as an alternative of labor-intensive technology 
research. Particularly, the use of the combined analytical methods [1-8] and results of numerical analysis could 
be useful in a wide range of scientific applications [9-11]. 

2. MATHEMATICAL MODELS OF PHASE TRANSFORMATIONS, AN ALYTICAL AND 
EXPERIMENTAL CCT DIAGRAMS 

Analytical models created on the basis of the chemical composition of steel are used to predict phase 
distributions in HAZ, further to develop simplified CCT diagrams. Equations are obtained by the use of 
statistical analysis of results of experimental research performed for certain material groups. These 
relationships concern characteristic values such as: start and finish temperatures and times of phase 
transformations during heating and cooling, cooling rates as a function of the heat source power and critical 
cooling rates wherein hardening structures are present [2, 3, 4, 6]. S460 steel belongs to a group of weldable 
low carbon and high strength steels. Selected analytical dependencies presented in this paper are refer to this 
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type of steel. Chemical composition of steel S460 is shown in Table 1 . Symbols of chemical elements were 

provided by all empirical formulas and means percentage of a given element, e.g. C→%C.  

Table 1 Chemical composition of  S460 steel In %  

Steel C Mn Si Cr Ni Cu V Al Nb 

S460 0.19 1.62 0.60 0.10 0.09 0.11 0.10 0.032 0.012 
 

In order to create analytical CCT diagram two different analytical models are used in this work. Two used 
models have different approaches in determining the time of initiation of austenite transformation with respect 
to chemical composition of steel. Start and finish temperatures of each phase transformation are determined 
for start and finish times of phase transformations estimated in relation to chemical composition of analysed 
steel. Presented models are developed for austenitizing temperature 1300 °C.  

Time t8/5 and initialization times of diffusive transformations as: bainite tB, ferrite tF and perlite tP are described 
by model I [3] and model II [2], expressed as follows: 

Model I: 

     (1) 

      (2)      

      (3) 

        (4)        

Model II: 

   (5) 

        (6) 

        (7) 

where tB, tF, tP  are start times of bainite, ferrite and pearlite transformations respectively, whereas tk is the 
finish time.  

Time-dependent ( 8/5t t= ) start temperatures of the formation ferrite Fs(t), bainite Bs(t), pearlite Ps(t) and the 

finish temperature of phase transformations Tk(t) are determined by formulas [3, 4], in the following form:
 
 

sBBBtBBBBs MtTTtKKtterfTTtB ==→+−∆+= )(ln])ln[(ln)( 0000

  

skkFtFFFFs MtTTtKKtterfTTtF ==→+−∆+= )(ln])ln[(ln)( 0000      (8) 

)(ln])ln[(ln)( 0000 FsFPtPPPPs tBTtKKtterfTTtP =→+−∆+=  

)(ln])ln[(ln)( 0000 PsPktkkkkk tBTtKKtterfTTtT =→+−∆+=                                                              (9) 

values: , , , , , , ,B Bt F Ft P Pt k ktT T T T T T T T∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆  depend on the chemical composition of investigated steel 

[3,4]. 

NiMoSiMnCtB 75.091.057.037.091.045.04.2ln ++++++−=

VMoCrMnCt F 76.366.252.10.29.63.3ln −++++−=

NMoCrSiMntP 94.017.264.176.064.1825.0ln +++++=

CCrMntk 35.340.184.007.0ln +++−=

)027.3)55/)(4/40/15/6/)(24/(4.7exp( −+++++++++= BVNbMoNiCuCrMnSiCtB

]83.0)425/6/16/67/14/291/(8.5[10 −++++++= VMoCrNiMnSiC
Ft

]06.0)3/4/16/25/19/17/(14.5[10 +++++++= VMoCrNiMnSiC
Pt
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Start temperature of martensite transformation, by model I and model II are described respectively [2, 6], 
Whereas finish temperature of martensite transformation Mf  is defined by a widely used formula [2]: 

         (10) 

  (11) 

BTiNb

VMoNiCrSiMnCM f

5.17467.18214.945

7.215381.57779.2317.114538.5412.11144.25276.381

−++

+−−++−−=
  (12) 

Dilatometric research on S460 steel is performed in order to verify obtained analytical results and to evaluate 
the usefulness of created diagram of austenite transformation. Dilatometric research is performed using 
DIL805 Bahr Thermoanalyse GmbH dilatometer. Austenitization temperature TA=1200 °C and heating rate 
100 K/s are assumed in dilatometric research as well as different cooling rates simulating thermal cycles in 
welding [11].  

Analytical CCT diagrams of S460 steel obtained in formulas (1-12) and CCT diagram obtained by experimental 
research are presented in Fig. 1. Experimental CCT diagram is given as a comparison [11]. 

 

Fig. 1 CCT diagrams of S460 steel 

Analytical models for determining phase composition with the dependence on cooling rates taken into account 
are very useful in phase transformation analysis. Equations that can be used to determine structural 
composition of steel in ambient temperature as a function of cooling time t8/5 are shown in papers [2, 3]. Volume 
fractions of particular phases, such as: ferrite+pearlite, bainite and martensite, as a function of time t8/5 are 
described as follows: 

506 37 24.2 14.4 14.7 214sM C Mn Si Ni Nb= − − − − +

CSiMnSiCMnMoNiCrSiMn

CNbVMoNiCrSiMnCM s

5.5356.2287162.1195.953.457.363.175

1.21152.351.73.97.1344.414546.2192.42186.646
22222

2

++++++−−

++−+−+−+−=
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where: 

226.995.02.355.084.143.785.0ln CNiMoCrMnCtFP −+++++=∆  

MoNiSiMnCSFP 32.022.042.023.06.142.1ln ++++−=  

22.1487.094.048.033.00.16.1349.1ln CNiMoCrSiMnCtM −++++++−=∆  

MoCrMnCSM 18.016.023.052.065.0ln +++−=  

where ∆tFP,, ∆tM  are predicted cooling times in the temperature 800 °C to obtain 50 % fraction of ferrite-pearlite 
or martensite phase,  t=Δt8/5 is a cooling time in the temperature range 800-500 °C. 

3. EXEMPLARY PREDICTION OF STRUCTURAL COMPOSITION  

The electric arc butt-welding of S460 steel sheets with dimensions 150x30x3 mm is considered in this paper. 
Temperature field generated by moveable heat source is determined using ABAQUS/Standard [12]. The 
analysis of thermal phenomena is made on the basis of the solution of energy conservation equation together 
with Fourier law. Heat transfer differential equation is expressed in the weighted residuals criterion method. 
Governing equation is completed by initial and boundary condition of Dirichlet, Neumann and Newton type 
with heat loss due the convection and radiation [11]. 

Movable welding source is implemented in ABAQUS FEA [12] using additional numerical DFLUX subroutine. 
Used in this work mathematical model of surface, double-elliptical heat source (depth of the source z=0) is 
known as Goldak‘s heat source power distribution (Fig. 2a ) [13]. In calculations of temperature field the 
following technological parameters are used: power of the electric arc Q=2200 [W] and welding speed 
v=9 [mm/s]. Exemplary welding heat source power distribution is shown in Fig. 2b . 

  

 

Fig. 2  Goldak’s heat source model, a) the spatial model, b) exemplary power distribution 

Cross section of considered welded joint, analyzed as 3D task, is presented in Fig. 3 , with shown analysed 
material points. In this figure a fusion zone boundary is presented by a solid line (solidus isotherm), whereas 
dashed line illustrates HAZ boundary (austenizing temperature) Temperature distribution in the central layer 
at different distances from the axis of the source are presented in Fig. 4  with characteristic t8/5 times (Fig. 3). 
The analysis of phase transformations is performed on the basis of determined temperature distributions. 

a) b) 
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Results of the analysis are presented in the cross section of the weld for chosen material points at various 
distances from the weld line (points 1, 2, 3 and 4). 

The prediction of structural composition in the weld and HAZ is performed on the basis of calculated volumetric 
fractions of phases in a function of time Δt8/5. Results of the analytical prediction with the results of experimental 
research are shown in Fig. 4 .  

 

 

Fig. 3 Temperature distribution in the cross-section of considered welded joint 

  

Fig. 4  Temperature distributions and phase fractions at different distances from the centre of the heat source 

5. CONCLUSION 

Analytical methods are very useful tool for the creation of simplified CCT diagrams and for predicting HAZ 
structure. They can be used as a cheap tool for assessing microstructure of the weld and in consequence 
mechanical properties of welded joints.  The accuracy of the assessment is a major problem. In this paper 
usefulness of CCT diagrams and formed microstructure has been assessed. Comparison of analytical CCT 
diagrams (model I and model II) with diagram obtained by experimental research (Fig. 1 ) lead to the fact that 
empirical relationships properly reflect the decomposition of austenite phenomena.  

Summarizing analytically obtained results, it can be concluded that analytical models with high accuracy can 
be used for creating CCT diagrams which largely identify with experimental results for steel research. Model I 
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a little more accurately reflects CCT diagrams. Present differences in comparison to the real diagram may be 
due to different austenitizing temperature of the experiment (1200oC) and presented models (1300oC).  

Structure composition in the weld and HAZ of welded joints can be predicted on the basis of analytical 
estimation of volumetric fractions of phases and CCT diagram. During the analysis of the comparison of 
calculated phase fractions with results of experimental research (Fig. 4 ) distributions of diffusive phases of 
ferrite + pearlite and bainite exhibits great conformation with the results of experimental research are observed. 
Great conformation is not present when decomposition of martensite occurs. Mathematical models of the 
formation of these phases should be further analysed and verified on the basis of experimental studies for 
considered group of steel. 
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Abstract   

Oxide-dispersion-strengthened steel (ODS) MA957 has been studied as a candidate material for Tritium 
Breeding Blanket for fusion reactors with helium coolant, where temperatures 250-650 °C are expected. 
Helium is one of type as primary coolant in High Temperature Reactor and Gas Cooled Fast Reactor with 
working temperature 500-1000 °C. 

This work presents results of the study of behaviour of ODS (MA957) under influence of high temperature 
helium environment. Microstructure of the material and the interaction with He was investigated. The average 
exposure temperature was held at 720 °C. Subsequently, the surface changes were determined. Impact testing 
and material surfaces were studied in detail by means of SEM and TEM microscopy.  It is essential to 
understand the He effect on microstructure and mechanical properties of structural materials since the He 
embrittlement in TBB may be significant. 

Keywords: ODS, MA957, Helium 

1. INTRODUCTION     

With the development of GEN IV reactors, also materials have to be developed. The foremost consideration 
in the successful development and deployment of GEN IV reactor systems is the performance and reliability 
issues involving structural materials. The structural materials need to endure much higher temperatures, 
extremely corrosive environment and neutron doses. Materials for use in different reactor components include 
various FM steels, austenitic stainless steels, nickel-base super alloys, ceramics, composites, ODS steel, etc. 
FM, ODS and austenitic stainless steels are considered as structural materials in almost all GEN IV systems 
[1]. However, it is also important to remember that some desirable characteristics for the Gen-IV structural 
materials are noted below: 

• Excellent dimensional stability against thermal and irradiation creep, void swelling, 
• Favorable mechanical properties such as strength, ductility, creep rupture, fatigue, creep-fatigue 

interactions,  

• Acceptable resistance to radiation damage (irradiation hardening and embrittlement) under high neutron 
doses (10-150 dpa or displacements per atom), helium embrittlement,  

• High degree of chemical compatibility among the structural materials and the coolant as well as with the 
fuel [2]. 

Oxide dispersion strengthening (ODS) is excellent material candidates for use in fusion reactor plants. Oxide 
dispersion-strengthened (ODS) steels are being developed and investigated for nuclear fission and nuclear 
fusion applications in Japan, Europe, and the United States. 

ODS steels have excellent creep strength, corrosion and radiation resistance. Application of ODS steels in 
these advanced nuclear systems with huge and complex structures as well as suitable bonding and welding 
techniques need further development. These techniques must provide such a process that the microstructures 
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with very fine grains and homogeneous distribution of nano-scaled oxide particles are not remarkably changed 
by the joining processing [1]. 

The MA957 steel contains small amount (about 0.25%) nano-sized yttrium-rich particles. Yttrium-rich increases 
creep strength of the steel and effectively suppress softening annealing by blocking dislocations motion at 
elevated temperatures and subsequent recrystallization of ferritic matrix of the steel. Two main problems are 
connected to the toughness of these type steels: transitional behaviour of ferritic matrix of the steel and 
strengthening of the steel by oxide dispersion. Increase in the yttria content led to use at the higher 
temperatures. Long-term exposure at elevated temperatures of the MA957 steel led to by migration of 
dislocations and subsequent recrystallization of elongated ferrite grains to the equi-axed ones. The process of 
recrystallization led to the outstanding loss of strength and toughness of the steel. [6, 7, 8]. 

The higher coolant temperature in combination with other system parameters (pressure, flow, neutron flux in 
the reactor core) results in higher demands on resistance of structural materials. Therefore the high 
temperature, corrosion resistant materials need to be developed and validated. 

The aim of the work was to investigate the impact of temperature in helium on specimens of ODS steel MA957 
and describe differences in microstructure in order to assess the changes of material.  

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

The MA957 steel of nominal composition (wt. %) Fe-14Cr-0.9Ti-0.3Mo-0.25Y2O3 was produced by 
mechanical alloying process [3]. This steel contains small amount (about 0.25%) homogeneously dispersed 
nano-sized yttrium-rich particles for increasing creep strength of the steel [4]. The chemical composition of 
both alloys is presented in Table 1 . The MA957 was manufactured by IPM ASCR, v. v. i. from the commercially 
available atomized iron powder, ferrotitanium powder, ferrochrome powder, yttria powder and molybdenum 
powder. Those powders were mixed in exact proportions and processed in high energy ball mills for 24 hours 
in the air atmosphere. Afterwards the degassed powder was cold pressed to compact pellet and rod of diameter 
30 mm was hot-extruded at 1150 °C from the pellet [5].  

Table 1 Chemical composition of MA957 [wt. %] 

Elements Cr Ti Mo Y 2O3 Fe Al C 

MA957 13.6 0.85 0.29 0.25 Bal. 0.06 0.007 

2.2. Experimental - Exposure in Helium 

The high temperature corrosion tests were carried out under atmospheric pressure using the gas mixtures 
described in Table 2 . Specimens of MA957 were exposed to the flowing gas (0.25 l/min) in a quartz tube 
reactor inserted in a high temperature furnace. Specimens were heated up at a rate of 4 C/min then maintained 
at 720 °C. Duration of the exposure test was 500 hours. In order to avoid any presence of oxygen in the 
furnace, a container with Ti foam was placed in the quartz tube and used as an oxygen getter. After exposure 
the weight changes were determined. 

Table 2 Chemical composition of the gaseous mixture 

Impurity  CO2 O2 CH4 CO H2 He 
Concentration [ppm]  1 2 35 250 400 Bal. 

The chemical composition of both specimens, before and after exposure was analysed by SEM/EDX scanning 
electron microscopy SEM (LYRA3. VEGA3, Tescan) and also TEM (JSM 6460, Jeol). Chemical composition 
of the steel was measured by means of emission spectral analysis (Spectrumat GDS 750, Leco).  
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Mini-Charpy KLST specimens of 3 × 4 mm cross section and length of 27 mm were machined according to 
the DIN 50115 standard oriented in uniaxial direction (L-T orientation). An instrumented impact testing of 
specimens prepared was conducted in the temperature region between -180 °C to +24 °C according to the 
standards EN 10045-1, ISO 148 and EN ISO 14556. The microstructure of the steel was observed by means 
of optical microscopy, scanning electron microscopy (JSM 6460, Jeol) and transmission electron microscopy 
(CM12, Philips).                                  

3. RESULTS AND DISCUSSIONS 

The influence of the high temperature helium environment resulted in oxidation of the surface of MA957 
specimens. The average weight gain after 500h exposure was 0.6 mg/cm2. An accurate description of the 
oxide layer as well base material was obtained by combining SEM and TEM analytical techniques. 

The microstructure of MA957 steel contained extremely fine and rounded grains, (Fig. 1 ). The diameter of the 
grains of MA957 was about 500 nm.  

    

Fig. 1 Micrograph of the oxide dispersion in MA957 before (left) and after (right) the exposure in helium 

Nano-sized dispersed particles were proven by means of SEM/EDS analysis and majority of longer particles 
were of yttrium-titanium-oxide type. 

 
Fig. 2 Temperature dependence of impact energy of MA957 steel in as-received state and after the 

exposure helium environment 
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The temperature dependence of impact energy of MA957 steel measured in the temperature region from −180 
°C to + 24.5 °C is given in the Fig. 2. The lower shelf energy (LSE) region of the impact energy was about 0.5 
J and upper shelf energy (USE) region was about 10.5 J.  

Fracture surface are complex and affected by texture of the material. Brittle fracture of samples fractured at 
LSE was formed by cleavage micro mechanism.  

Ductile fracture of samples broken at USE was formed by dimple (micro-void coalescence) micro mechanism. 
The fracture surfaces contained also high amount of cracks oriented perpendicularly to the fracture surface 
[5].  

    

Fig. 3 Cleavage fracture micro mechanism of MA957 ODS exposed to He 720 ˚C and impact tested at -80 
˚C (left) and -30˚C (right) 

 

Fig. 4 The 3D reconstruction of texture MA957 and fracture surface of mini Charpy specimen exposed to He 
720 ˚C and impact tested at -80 ˚C  
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Fig. 5 Surface of MA957 ODS after exposure in He at 720 °C for 500  h 

Fig. 5  shows the cross-sectional morphology of MA957 specimen after exposure test in the high temperature 
helium. The internal oxidation of the specimen surface can be observed. The thickness of oxidation layer was 
about 2μm. The connection along the oxidation layer/alloy substrate interface was not compact. Cracks and 
voids in the contact areas can be observed defect-rich or even porous oxide scale will be a less efficient 
diffusion barrier compared to a lattice with low defect concentrations. EDS analysis indicated that the oxide 
layer was mainly Ti-enriched oxide layer. Rather not satisfactory oxidation resistance of MA957 steel was 
attributed to the high temperature, but also to the steel manufacture. The migration of elements towards 
surface of the material will have further negative effect also on mechanical properties of the material. Apart 
from that, several voids in the base material can be seen in Fig. 6 . Therefore bigger attention shall be paid to 
manufacturing process development of the ODS steel. 

 

Fig. 6 MA957 after exposure in He: showing grains in transversal direction and stable pores 

4. CONCLUSION 

The MA957 steel prepared by mechanical alloying process and subsequent one step thermo-mechanical 
treatment - hot extrusion at 1150 °C was studied. Specimens have been exposed to high temperature helium 
environment. MA957steel does not possess an excellent oxidation resistance at the high temperature. After 
exposure in helium at 720 ℃ for 500 h, the thickness of oxidation layer was about 2 μm and the oxidation layer 
does not possess protective characteristics. The material embrittlement owing to the He exposure resulted in 
transition temperature shift about 40 ˚C. 
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Abstract 

The cavitation erosion resistance of the stainless steel was studied with ultrasonic vibration equipment, at a 
frequency of 20 kHz and oscillation amplitude of 50 μm. Varying the holding duration at the constant heating 
temperature, causes changes both in terms of the  not dissolved austenite, chemical compounds (carbides, 
inter-metallic phases), phases proportion, as well as in the size of the crystal grains. 

The cavitation test results were compared with those obtained by the standard OH12NDL steel used in the 
manufacturing of hydraulic turbine blades Kaplan of the Power Plant Iron Gates I, Romania. Optical and 
electronic metallographic examinations and hardness tests have shown, that by heat treatment is obtained a 
fine and homogeneous microstructure with a high resistance to plastic deformation which provides an 
improvement in the cavitation eroosion behavior. 

Keywords:  Cavitation erosion, austenitic stainless steel, heat treatment duration 

1. INTRODUCTION  

 Regardless of their structure, the lifetime of stainless steels subjected to cavitation, [1], [2], [3], can be 
increased by volume heat treatments. These treatments, depending on the temperature maintenance and the 
cooling mode, leads to structural transformation, which through - a proper routing, can increase the resistance 
to cavitation erosion. The present paper presents researches results on cavitation erosion, upon on the 
austenitic stainless steel X5CrNi18-10, subjected to three different regimes for the quenching (constant 
temperature 1050 °C), maintenance time 5, 25 and 50 minutes in cooling water. 

2. TESTED MATERIAL AND THERMAL TREATAMENT  

The investigated material is stainless steel X5CrNi18-10 recommended to manufacture butterfly valves discs, 
for hydraulic turbine adduction pipes with medium and high falls. Also, electrodes from this material are 
commonly used to repair the cavitations eroded areas for hydraulic turbine blades and runners [4], [5], [6], [7]. 
[8]. 

The values of main mechanical properties, provided by the manufacturer Inox Service Hungary as well as 
those measured are: 

• Indicated by manufacturer: Rm = 500-700 MPa, Rp0.2 = 196 MPa, Hardness =183 HB; 

• Determined in the laboratory: Rm = 550 MPa, Rp0.2 = 226 MPa, Hardness =218 HB. 

The chemical composition (wt %), prescribed by the manufacturer is : max. 0.07 % C; 17.5-19.5 % Cr; 8.00-
10.50 % Ni; max. 2.0 % Mn; max. 1.0 % Si; max. 0.045 % P; max. 0.015 % S; max. 0.11 % N; the remainder 
is Fe. The values determined in the laboratory are: 0.046 % C; 17.95 % Cr; 8.11 % Ni; 1.46 % Mn; 0.89 % Si; 
0.27 % Cu; 0.16 % W; 0.024 % P; 0.019 % S; Fe rest.  
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Since cavitation erosion resistance performance are assessed by comparison with the Russian reference steel 
OH12NDL, used on a large scale for manufacturing hydraulic machineries in Romania we will give also the 
mechanical properties and chemical composition of this steel [5],  

• mechanical properties: Rm = 650 MPa,  Rp0.2 = 400 MPa, Hardness = 225 HB; 

• chemical composition (wt %): 0.1 % C; 12.8 % Cr; 1.25 % Ni; 0.4 % Mn; 0.3 % Si; 0.9 % Cu; 0.09 % P; 
0.03 % S; Fe rest. 

Experimental researches of cavitations have been carried out on three sets of specimens heat treated by 
quenching for release in solution, in which the temperature for obtaining austenite was kept constant but the 
maintenance times was varied  (5 min, 25 min and  50 min), as can be seen in the cycle diagram (Fig. 1 ).  

 

Fig. 1  Heat treatment cycle diagram 

The analyzes carried out with an optical microscope have shown that by increasing the maintenance times, at 
1050 °C increase the grain size is from 35 μm to 60 μm (Figs. 2 - a, b, c ) as a result of increasing the diffusion 
phenomena of the carbon and alloying elements. 

- a - - b - 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

841 

 

- c - 
Fig. 2  Microstructure of austenitic samples maintained at constant temperature but having different time 

maintenance: a - 1050 °C / 5 min and water cooling; b - 1050 °C / 25 min / water; c - 1050 °C / 50 min / water 

Laboratory measurements showed that for a maintenance duration of 5 minutes was obtained an average 
hardness of approx. 225 HV1, for 25 min approx. 198 HV1 and for the 50 minutes, approximate 187 HV1. 

Because this mechanical property has an important influence upon the surface resistance against the micro 
jets and shock waves generated by the implosion of cavitation bubbles, [3], [8], [9], [10], [11] it results the need 
to correlate the heat treatment parameters such as heating temperature, duration of maintenance and cooling 
rate,  in order to increase the resistance to cavitation attack. 

3. APPARATUS AND TEST METHOD  

The cavitation erosion resistance was tested in the vibratory device T2 [1], [12], [13], with piezoelectric crystals, 
in the Timisoara Polytechnic University Cavitation Laboratory, following the procedures defined by the ASTM 
G32-2010 Standard [2]. In addition to the procedures defined by ASTM G32 Standard were respected also the 
laboratory customs resulting from over 70 years of experience, in this field. They relate to the manner of 
preparation, cleaning/washing and storage of the experimental specimens, mass loss measurement, eroded 
surface analyze with optic and scanning electron microscopes, as well as the total duration of cavitation attack, 
limited to 165 min and divided into 12 intermediate periods of 5, 10 and 15 minutes [5], [8]. 

It should be mentioned that, during tests, the running parameters of the device that determine the intensity of 
cavitation erosion were strictly maintained at the values prescribed by ASTM standards (vibration frequency = 
20000 ± 20 Hz, double vibration amplitude = 50 micrometers, temperature of the distilled water = 21 ± 1 °C, 
electronic ultrasonic generator power = 500 W). The diameter of the specimen surface exposed to cavitation 
attack is 15.8 mm, imposed by ASTM G32 Standard. Following the experimental customs, for each heat 
treatment there were investigated three specimens.  

4. EXPERIMENTAL RESULTS. ANALYSIS AND DISCUSSION 

The evaluation of cavitation erosion resistance was realized by comparing the experimental curves resulted 
for the analyzed specimens with those obtained for the standard OH12NDL stainless steel, with martensitic 
structure [5]. The diagrams are shown in Fig. 3 , which present both the mean values experimentally obtained 
and their mediation curves. There are given two types of diagrams for the cavitation erosion evolution: mean 
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depth erosion MDE(t) and mean depth erosion rate MDER(t). The mediation curves were obtained using the 
Bordeasu procedure [5]. 

- a - - b - 

             Fig. 3  Cavitation erosion specific curves: a - Mean depth erosion penetration against exposure time; 
b - Mean depth erosion rate against exposure time 

Comparison with standard steel OH12NDL, considered with good resistance to cavitation, after 30 years of 
field running [3], [5], [9], shows that thermal treatment for release in solution, offers a substantial increase 
resistance in the cavitation erosion. In comparison with the reference material, the growth of the penetration 
erosion rate MDER (Fig. 3b ) for 25 minutes maintenance at 1050 °C is about 8.35 times smaller, for 5 minutes 
maintenance is about 7.26 times smaller  and for 50 minutes maintenance is about 3.80 smaller. We believe 
that these increases in cavitation erosion resistance are achieved as an effect of a better balance between the 
mechanical properties and the hardness increase which does not overcome the values which the material 
become brittle [6], [7]. A good effect has also the chemical composition (especially the lesser sulphur and the 
greater proportion of nickel, both increasing the resistance to cavitation erosion). 

It also was found that, regardless of the specific curve, the value of the cavitation erosion for the maintaining 
times 25 and 5 minutes are without great significance. This behavior is put into evidence both in Fig. 3 
(characteristic curves) and Fig. 4  (aspect of the final eroded surface). The explanation lie in the mechanism of 
heat treatment transformation which gives a greater resistance as can be seen in Fig. 4 .  

  
- a - - b - 
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- c -  

Fig. 4  The macrographic and the optical micrograph of the eroded surfaces, after 165 minutes of cavitation 
erosions, subjected to three different regimes of heat treatment by maintenance at constant temperature by 

1050 °C, for : a - 5 min, b - 25 min, c - 50 min and cooling in water 

The images in Fig. 4  show that regardless of the duration of maintaining the entire exposed surface erosion is 
a uniform one, with a lower depths developments after 25 minutes maintenance (Fig. 4b ) and is higher for the 
maintenance of 50 minutes (Fig. 4c ). However, there appears also a mechanical hardening in the surface 
layer with a thickness of 60 till 90 μm, caused by the mechanical action of cavitation bubble implosion causing 
martensitic transformations. 

The slightly different behavior are explained by the differences emerged in the formation of chromium carbides 
and inter metallic phases, as well as by changes in the sizes of the crystal grains. It is estimated that both 
phenomena determine the differences of the Vickers hardness, affecting cavitation resistance, as is shown in 
the curves of Fig. 3. 

5. CONCLUSION 

The results of the presented research show that austenitic steel  X5CrNi18-10 hardened by a heat treatment 
for release in solution at 1050 °C and cooled in water increases its resistance to cavitation erosion, well above 
the reference martensitic steel OH12NDL, used a long time for manufacturing hydraulic turbine blades and 
runners. 

The heating temperature with a maintaining time of 25 minutes followed by cooling in water compared with the 
maintenance times of 5 and 50 minutes provides the greatest increase against cavitation erosion, due to the 
difference in the carbides of chromium solution release, inter metallic phases and the change of crystalline 
grain size. 

The cracks initiated by the cavitation bubble implosion are located mainly in the crystalline grain boundaries 
and along macles, and the degradation mechanism of it is the ductile fracture. 

ACKNOWLEDGEMENTS 

The support by a grant of the Romanian National Aut hority for Scientific Research, CNCS - 
UEFISCDI, project number PN-II-ID-PCE-2011-3-0837 i s acknowledged. 

REFERENCES 

[1] MITELEA I., DIMIAN E., BORDEASU I., CRACIUNESCU C.M. Ultrasonic cavitation erosion of gas nitrided Ti-6Al-
4V alloys. Journal Ultrasonics Sonochemistry, No. 21, 2014, pp.1544-1548. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

844 

[2] *** Standard test method for cavitation erosion using vibratory apparatus ASTM G32, 2010, 

[3] MITELEA I., BORDEASU I., KATONA E.S. Influence of the solution treatment temperature upon the cavitation 
erosion resistance for 17-4 PH stainless steels. In METAL 2013:  22nd International Conference On Metallurgy And 
Materials. Ostrava: TANGER, 2013, pp. 208-213. 

[4] ANTON I. Cavitatia, Vol II, Editura Academiei RSR: Bucuresti, 1985. 

[5] BORDEASU I. Eroziunea cavitaţională a materialelor, Editura Politehnica: Timişoara, 2006. 

[6] MITELEA I. Ştiinţa materialelor. Editura Politehnica: Timişoara, 2006. 

[7] MITELEA I. Materiale inginereşti. Editura Politehnica: Timişoara, 2009. 

[8] BORDEASU I., MITELEA I., JURCHELA A.D., ONCA O.V. Microstructure And Cavitation Erosion Resistance For 
Stainless Steels With 12 % Chrom And Variable Nickel Concentrations. In METAL 2013: 22nd International 
Conference On Metallurgy And Materials. Ostrava: TANGER, 2013, pp. 742-747. 

[9] FRANK J.P., MICHEL J.M. Fundamentals of cavitation. Kluwer Academic Publishers: Dordrecht / Boston / London, 
2004. 

[10] HAMMITT F.G. Cavitation and Multiphase Flow Phenomena. McGraw Hill International Book Company, 1980. 

[11] GARCIA R., HAMMITT F.G., Nystrom R.E. Corelation of cavitation damage with other material and fluid properties. 
Erosion by Cavitation or Impingement. ASTM: STP 408 Atlantic City, 1960.  

[12] MITELEA I., BORDEASU I., PELLE M., CRACIUNESCU C.M. Ultrasonic cavitation erosion of nodular cast iron with 
ferrite-pearlite microstructure, Journal Ultrasonics Sonochemistry, No. 23, 2015, pp. 385-390. 

[13] OANCA O.V. Tehnici de optimizare a rezistenţei la eroziunea prin cavitaţie a unor aliaje CuAlNiFeMn destinate 
execuţiei elicelor navale. Teza de doctorat: Timişoara, 2014.  

 
  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

845 

EFFECT OF ROLLING CONTACT FATIGUE ON THE ELASTIC-PL ASTIC RESPONSE 
OF HADFIELD STEEL  

SCHMIDOVA Eva, CULEK Bohumil, KAYA Utku 

University of Pardubice, Jan Perner Transport Faculty, Pardubice, Czech Republic, EU, 
eva.schmidova@upce.cz  

Abstract   

The process of dynamic strengthening of Hadfield steel, currently widely used for cast railway frogs, was 
studied. Continual dislocation hardening up to the depletion of plasticity and creation of surface microcracks 
presents the specific limited state under rolling contact in this application. The narrow affected zone and 
intensive mechanical and structural heterogeneity on the loaded surface are restrictive for standard mechanical 
testing.  

To study the different states of this process, instrumented indentation tests were performed. The results 
showed the possibility of comparative evaluation of the elastic-plastic behaviour of this steel, which is typical 
with high dynamic durability, but also with the significant sensibility to the ratio of normal impact loading vs. 
tangential slip. Because of this, an important parameter of fatigue life is the primary state of dynamic 
strengthening. The influence of explosion hardening, as a prospective way to improve the wear resistance of 
Hadfield steel, was included in the test. Each step of the degradation process was simulated using the special 
rolling contact stand at a defined loading condition. The measured hardness gradient of loaded surface layers 
displayed the depth and intensity of the induced changes. Martens hardness was measured in thus identified 
layers for each representative state of material. The elastic-plastic capacity of the surface layer was evaluated 
as a ratio elastic to the global energy of indentation. The metallography evaluation, focused on the contact 
surface, documented an increase of elastic response as a result of the dislocation hardening process. 

Keywords: Rolling contact testing, Hadfield steel, surface layer, deformation hardening, indentation test  

1. INTRODUCTION  

Mat Material for rail applications, mainly for turnouts, is subjected to intensive dynamic contact loading, with 
variable contribution of cumulative plastic deformation, which leads to a specific limited state and wear of the 
surface layer. The combination of normal and tangential stresses acting between the rail and wheel surfaces 
is the source of incremental plastic flow or “ratcheting”.  Sliding wear rate vs. the initiation of contact fatigue 
cracks and the rate of their propagation is decisive for operational   safety [1].  Complex characterization of the 
surface layer's mechanical parameters influenced by plastic flow is an important precondition for the prediction 
of service life, mainly the determination of yield stress and work-hardening coefficient.  The influence of a 
passing wheel mainly in contact with the turnout profile is very complex. Localised surface plastic deformation 
induces intensive structural and mechanical heterogeneity as a consequence of actual contact loading.   The 
accumulation of plastic strain builds up residual stresses.  The very low depth of the crucial effects does not 
allow the usage of standard uniaxial mechanical tests for precise determination of the required mechanical 
parameters. Because of that, studying the actual degradation state requires an evaluation of the elastic-plastic 
behavior of the surface layers.   The standard hardness measurement partially reflects the intensity of surface 
dynamic hardening, but without giving detailed information about the elastic response of the material.   

Austenitic manganese steel, known as Hadfield steel, is specially employed for the casting of railway crossings, 
because of its exceptional work hardening capacity and fracture toughness, proven by many experimental 
works [2]. Depending on the loading conditions, rapid deterioration of parts can occur if the wear is faster than 
the work hardening. Explosive hardening is therefore a promising way to improve service life.    
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In the presented study, the rolling contact fatigue (RCF) resistance of Hadfield steel was tested in two states - 
with and without explosive hardening.  The experimental loading was adjusted to the actual operational ratio 
between normal loading and longitudinal slip. The strengthening effect of the surface layer was monitored in 
chosen loading stages and verification of the experimentally induced degradation process was based on 
structural analyses of the operationally induced process. The instrumented indentation test was employed for 
the evaluation of the elastic-plastic capacity of thin surface layers under the influence of rolling contact in 
compared states of Hadfield steel.  

2. METHODOLOGY OF EXPERIMENT  

2.1. Rolling contact simulation 

Hadfield steel is characterised by its high sensitivity to the ratio between dynamic normal loading and 
longitudinal slip. Based on particular loading conditions, different degradation mechanisms can occur. Spalling 
of the surface layer represents  a  commonly observed consequence of excessive surface hardening due to 
dynamic loading; intensive  wear of the contact profile  results from the  higher tangential  force (and slip) in 
rolling contact.    

Samples for the analyses of actual degradation mechanisms were cut out from a railway switch in position, 
where the contact track was 40 mm in width, i.e., in a position characterised by high dynamic operation loading. 
The chemical composition of the tested Hadfield steel was in full accordance with the standard EN 15689.  The 
degradation process was simulated by a specialized wheel-test rig which enables rolling contact loading at a 
defined ratio between contact pressure and longitudinal slip. The contact was induced between a wheel 
920mm in diameter and a special sample holder - a disk 136 mm in diameter. The principle of the test is 
displayed in Fig. 1 . The tested samples can be pulled out from the holder during the test and can be subjected 
to complex material analyses in chosen stages of the fatigue test. The presented test focused on the 
degradation mechanism in defined stages of the rolling-contact loading, so the evaluation consisted of the 
following parameters:  surface hardening (in HV10 hardness values), depth of the plastic zone, character and 
depth of the surface damage (i.e., the slope and depth of the surface microcracks) and wear rate, measured 
by the weight loss between defined steps of the loading. The test was performed at contact pressure Pmax 

= 1140 MPa and relative longitudinal slip s = 1 %. The dynamic response of the Hadfield steel was evaluated 
in two conditions - after the typical fabrication process vs. after the explosive hardening process. The influence 
of explosive hardening on degradation mechanisms was assessed within this experiment.  

Deformation hardening of surface layers was evaluated per 100-thou cycles; average values from 
3 measurements of each of the 4 samples' surfaces are shown in Fig. 2 . Intensive surface hardening was 
induced in the early stage of loading for both states of Hadfield steel. A sharp rise in hardness together with 
minimal wear appeared during the first 200-thou loading cycles. At about 300-thou loading cycles the biggest 
weight losses were ascertained for both compared states of the Hadfield steel, and earlier onset of intensive 
wear for material without explosion hardening. The tip of the observed wear progress was slightly moved to 
the higher loading cycles, and the global wear range of the steel after explosive hardening was lower compared 
to the material without prior hardening. A similar gradient of hardening depending on the number of loading 
cycles was ascertained up to approximately 800-thou cycles. Saturation of the hardening vs wearing processes 
occurred during subsequent loading cycles.   
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    Fig. 1 Rolling-contact fatigue testing equipment, detail on holder for set of tested samples 

 

Fig. 2  Hardening process vs. wear rate induced by experimental contact loading, in HV10 values  
(A… samples without explosive hardening, B… samples after explosive hardening) 

2.2. Structural Analyses of surface layers 

The structural analyses were performed in the final state of the test, i.e., after 106 loading cycles. Intensive 
dislocation hardening to a depth of 700 µm was observed by metallographic analysis in cross sections directed 
according to the rolling contact (Fig. 3 ). Two different mechanisms of surface microcrack initialization were 
involved in the wear during the rolling contact.  

The first one was the creation of a surface layer similar to “White Etching Layers” (WEL) typically formed in 
pearlitic railway steels. This name was derived from its white appearance, resulting from its higher corrosion 
resistance to metallographic etching. This cont0rast phase was created by simulated contact fatigue loading 
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to a depth of 30 µm, and a different level of plastic deformation inside these layers was typical. Voids and 
microcracks were created directly in this layer approximately perpendicularly to the contact surface, apparently 
as a consequence of the fragility of these microvolumes. Surface hardness in those positions, measured to 
over 700 HV10, proved limited decrease in plasticity. Microcracks initiated at the interface with bulk material 
or in sublayers with less intensive plastic deformation typically propagated along the interface with different 
intensity of induced transformation. This tendency is pictured in detail in Fig. 3 for the tested material without 
prior explosive hardening. Initiated microcracks propagated until wear flakes were formed at the surface. 
Based on continuous contact surface observation, this stage of the degradation process corresponds with the 
onset of increased wear rate at about 300 thou. cycles of experimental loading.  

The differing degradation process was connected with ductile shear caused by the progressive shear 
deformation. Surface fatigue cracks were initiated and propagated by a low cycle fatigue mechanism, driven 
by cyclic plastic strain. While the orientation of microcracks due to “WELL” was subjected to the inhomogeneity 
of the deformation on the surface, the RCF cracks followed the plastic flow. In operational conditions, surface 
cracks due to RCF, known as a “Head check”, are perpendicular to the running direction of the wheel. 

 

 

 

 

 

 

 

 

Fig. 3  Creation of “WEL” like surface layer  

2.3. Indentation Tests 

The macro range (i.e., over 2N) of the  instrumented indentation  test using a Vickers indenter according  to 
standard ISO 14577-1 was used, so the measured parameters were not significantly influenced by the contact 
area or the actual shape of the indenter tip. The test procedure was force controlled. A continuous recording 
of the force and the relevant indentation depth was the result of the test. The results presented in Table 1  are 
the mean values of 10 measurements. The higher standard deviation of the values after contact loading reflects 
the local differences in surface damage, i.e., the effect of repeated creation of surface hardened microvolumes 
up to the “WEL” state simultaneously with the uncovering of the “parent” material due to spalling of the layers. 
Martens hardness (HM) includes plastic and elastic deformation. The mechanical work during the indentation 
procedure (W total) is only partly consumed as plastic deformation work. During the removal of the test force the 
remaining part is set free as the work of elastic reverse deformation Welast. The relation ηIT (Welast /W total).100[%]) 
reflects the differing residual plastic capacity of the surface layer during rolling contact loading. The depth of 
the contact - fatigue strengthening needed to be determined for reliable measurements of the surface layer 
state. The gradient of experimentally induced surface changes was evaluated by hardness measurement 
directed perpendicularly to the loaded surface - Fig. 4 . The maximal loading force was chosen according to 
the depth of the intensively hardened layer at a particular measured position. Comparative yield stress CYS 

[MPa] was determined by a cylindrical indenter 1.2 mm in diameter. According to hypothesis about the 
behaviour of the material during the extrusion of a cylindrical indenter [3], the constant 2.57 was used as the 
ratio of compressive stress applied by the indenter to shear yield stress. 
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Table 1 Parameters of elastic-plastic response at analysed states of Hadfield steel  

state of 
steel 

HV 10 

 

HM [MPa] hmax 

[µm] 
Welast 
[N.m] 

Wplast 

[N.m] 
Wtotal 

[N.m] 
η IT [%] CYS [MPa] 

A 256±7 1881 44.49 0.256 1.264 1.52 16.80±1.94 338 

B 371±7 2542 46.38 0.212 0.998 1.21 17.54±0.57 609 

C 732±10 4268 29.7 0.373 0.643 1.016 36.68±1.70  

D 725±9 3581 33.6 0.353 0.73 1.083 33.188±5.98  

X 708±14 4201 28.73 0.316 0.688 1.004 31.459±6.24  

(A - without explosive hardening /without contact loading, B - explosive hardened/without contact loading,    C - without 
explosive hardening/after contact loading, D - after explosive hardening /after contact loading,    X - representative  surface 
state after operational exploitation)   

 

Fig. 4  Hardness gradient and indentation test record for compared stages of Hadfield steel 

3. CONCLUSIONS 

The degradation process in rail-wheel contact was simulated for Hadfield steel in two initial states - with vs. 
without explosive hardening. Based on the performed structural analyses and indentation test we can conclude 
that the used experimental process is able to simulate the actual degradation mechanism up to achieving a 
specific limited state of the surface layers of Hadfield steel. The used methodology enables evaluation of the 
degradation process in particular stages of loading.  

Two interacting processes were observed. The formation of so-called White Etching Layers leads to the 
initialization of microcracks and surface spalling as the predominant wear process. Some delay in the onset of 
intensive wear was ascertained for the explosively hardened samples, with a very similar gradient of 
subsequent dynamic hardening and wearing process compared to material without prior explosive hardening. 
The higher overall wear rate of samples without explosive hardening can be associated with the earlier onset 
of spalling, more intensive hardening during the first stage of loading and mainly with sharper hardness 
contrast at the interface between the hardened surface and the bulk of steel.   

Opinions about the substance and source of formation of WEL differ. For example, Takahashi [4] reported that 
martensite is formed due to frictional heating in rail-wheel contact areas. Contrary to that, nano-ferrite 
crystallization caused by repeated severe plastic deformation was discussed [5]. It needs to be mentioned that 
the origin and mechanism of the formation of WEL is still the subject of scientific interest, and reported results 
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are related to pearlitic steels as a typical material for rails and wheels.  Despite these uncertainties, the 
presence of WEL was proven to be detrimental to fatigue life through the mechanisms of crack initiation [6].  
The performed test showed the formation of WEL-like layers in Hadfield steel, i.e., in the initial fully austenitic 
microstructure. The results indicate the predominant influence of dynamic hardening up to the “dynamic 
destruction” of the primary microstructure. As a validation, the operationally induced changes were analysed 
using the same methodology, i.e., structural change evaluation, hardness and elastic-plastic capacity 
measurement of samples taken from actual loaded track. The same process as the experimentally induced 
process was observed in parts of the turnout with high dynamic loading. These results support the hypothesis 
that severe dynamic strengthening leads to WEL formation, contrary to the mentioned martensitic 
transformation after rapid austenitization as the potential origin of WEL.    
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Abstract 

Many structural components of nuclear power plant systems are made of austenitic stainless steels. These 
structures undergo degradation by thermo-mechanical fatigue (TMF) caused by simultaneous cyclic straining 
and temperature cycling, particularly during start-up, shut-down and transient operations. The present work 
reports the cyclic deformation behavior and fatigue damage of austenitic stainless steel AISI 316L during TMF 
and isothermal fatigue (IF) testing in air. Total strain controlled in-phase TMF loading in the temperature range 
200 - 600 °C and isothermal fatigue (IF) at 600 °C were performed. Hardening/softening curves, cyclic stress-
strain response and fatigue life diagrams were obtained both for TMF and IF tests. Fatigue damage was 
documented using surface relief and fracture surface observations. Mean stress evolution and fatigue 
degradation data are employed to discuss the fatigue behaviour of 316L steel both in TMF and IF regimes. 

Keywords:  Thermo-mechanical fatigue (TMF), Isothermal fatigue (IF), In-phase cycling (IP), AISI 316L, 
Fatigue life 

1. INTRODUCTION 

Constant need to increase the performance and safety of components used in energy, aerospace or 
automotive industry leads to the necessity of understanding the behaviour of materials in complex conditions. 
Considerable temperature gradients in components operating at elevated temperatures result in cyclic loading 
[1]. Induced deformations have their origin as a mechanical load, as well as thermal fields and exhibit 
synergistic effect. Under such conditions, the cyclic loading leads to a complex thermo-mechanical fatigue 
(TMF) damage of the material. Three major damage mechanisms, namely, fatigue, creep and environmental 
damages are involved. During operation these mechanisms work independently or together in various 
combinations depending on operating conditions [2, 3]. This leads to crack initiation, subsequent crack 
propagation across the section of components and to ultimate failure. Numerous studies have been devoted 
to dislocation structure and surface relief observations [4-8], to low [9-12] and high cycle fatigue [13-15] 
behaviour in austenitic stainless steels tested at room, depressed and high temperatures. Several studies have 
been dedicated to the TMF [16-21] nevertheless they were conducted in a narrow range of deformation and 
temperature. It was found that the lifetime of components under TMF differs considerably from data obtained 
during isothermal low cycle fatigue tests carried out at a maximum of TMF operation temperature [16-23]. 

Thermo-mechanical fatigue tests are a variant of fatigue testing designed to simulate real-world operating 
conditions. Modern laboratory testing techniques allow realistic simulation of loading cycles. The selection 
varies from component to component and consists of operating conditions, geometry and application 
components. Most common TMF loading cycles are In-phase (IP) and Out-of-phase (OP). For description of 
the cycle we use phase shift δ, defined as the angular difference between mechanical and thermal cycling. It 
is possible to select any phase shift in the range of 180 ° > δ > -180 ° [24]. 

The austenitic stainless steels of 316L type are widely used in structural applications across a broad range of 
temperature beginning from cryogenic to high temperatures up to 700 °C and exhibit sufficient corrosion 
resistance and satisfying mechanical properties. A strong dependence of TMF life of austenitic stainless steel 
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on minimum and maximum temperature and temperature range as well as strain rate has been observed. The 
cause of this dependence can be explained by the presence of various degradation mechanisms in three 
temperature diverse areas: i) low temperature area with predominant fatigue damage ii) area of intermediate 
temperatures (200-600 °C), where an important role plays dynamic strain aging (DSA) and iii) high temperature 
area with dominating damage by oxidation and creep [17-19, 21, 25]. 

The present works aims at a comparative investigation of the isothermal and IP TMF behaviours of type 316L 
stainless steel. Selected characteristic features of the fractography and surface relief are also reported. 

2. EXPERIMENTAL DETAILS 

2.1. Materials 

The material used in this investigation was AISI 316L austenitic stainless steel whose chemical composition is 
given in Table 1 . Steel was supplied by Thyssen as a cylindrical rod of 22 mm in diameter in a standard state, 
i.e. austenitizing at 1060 °C for 4 h and the quenching into water. The average grain size was 25 ± 13 µm. 

Table 1  The chemical composition of the experimental steel AISI 316L (wt. %) 

C Si Mn P S Cr Mo Ni Fe 

0.03 1.00 2.00 0.045 0.03 18.50 2.50 13.00 bal. 

2.2. Mechanical testing 

For fatigue tests, cylinder-shaped samples with a diameter of 7 mm and a gauge length of 16 mm were 
machined in the longitudinal direction. After turning, the gauge length of the samples was electrochemically 
polished to avoid any surface influence on life time and to facilitate observations of the surface relief after 
cycling. All tests were performed using computer controlled servo-hydraulic MTS system equipped with high 
frequency inductive heating device. Cooling of specimens was achieved by water cooled clamping jaws above 
and underneath the gauge length. The temperature was controlled with ribbon thermocouple (Type K) wrapped 
around the sample at the middle of the gauge length. The thermocouple was fixed by a spanned ceramic textile 
ribbon. The strain was measured and controlled with an extensometer having 12 mm base. To avoid drifting 
in strain measurement the extensometer was cooled by air. TMF tests were performed in accordance to the 
“Validated Code-of-Practice for Strain-Controlled Thermo-Mechanical Fatigue Testing” [26]. 

The TMF tests have been carried out in temperature interval 200 - 600 °C with constant mechanical strain 
amplitudes and with a cycle time of 200 s (4 K / s). IP TMF is characterized by a phase angle of 0 ° between 
the temperature and mechanical strain. The mechanical strain, εmech, was calculated from the total measured 
strain by subtraction of the thermal expansion strain. Isothermal LCF tests were performed at the same strain 
rate and strain amplitude on samples of identical geometry at the maximum temperatures of TMF cycling 
(Tmax). The fatigue life Nf is defined by a 10 % drop of the stress range under a tangent line through the 
saturated part of the stress response curve in linear scaling. 

3. RESULTS AND DISCUSSION 

3.1. TMF and IF cycling 

Fig. 1  shows representative hysteresis loops of AISI 316L for three numbers of cycles, i.e. for N = 2, 9 and Nf / 
2 for IP TMF and isothermal LCF cycling with a strain amplitude of 8 x 10-3. Due to the cyclic hardening, the 
stress amplitude increases and the plastic strain amplitude, which is equal to the half-width of the hysteresis 
loop at the mean stress, decreases with increasing number of cycles bot in TMF and IF cycling. 
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(a) (b) 

  

Fig. 1 Stress-strain hysteresis loops at N = 2, 9 and Nf / 2 of AISI 316L (a) IP TMF cycling at 
Δεmech / 2 = 8 x 10-3 and (b) IF cycling at Δε / 2 = 8 x 10-3 

Fig. 2a shows cyclic hardening/softening curves in IP TMF cycling for different total strain amplitudes. Both 
stress amplitude and mean stress are plotted vs. number of cycles. All curves indicate an initial hardening 
regime, with a tendency to saturation in the case of Δεmech / 2 = 6 x 10-3 and 8 x 10-3 which is followed by 
softening in the case of Δεmech / 2 = 1.2 x 10-2 and 2 x 10-2. 

(a) (b) 

  

Fig. 2  Stress amplitude and mean stress vs. number of cycles, (a) IP TMF cycling, (b) IF cycling  

The results of the isothermal LCF tests are shown in Fig. 2b . Also here all curves indicate an initial hardening 
regime with saturation. However, tendency to softening is apparent in only the case of mechanical strain 
amplitude of Δεmech / 2 = 1.2 x 10-2. 

Cyclic stress response behaviour of austenitic stainless steel has been studied in details over the years. It is 
characterized by primary hardening at an early stage, which is due to: (a) the generation of dislocations; (b) 
their mutual interaction; and (c) the interaction of interstitial solute atoms with the dislocations, also known as 
dynamic strain ageing (DSA). This stage is typically followed by a softening or a distinct saturation regime, 
characterized by a rearrangement of dislocation structures favouring cyclic strain localization [27]. 
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The major part of the fatigue life can be characterized by the stress and plastic strain amplitudes at half-life. 
These values were thus used for the construction of the cyclic stress-strain curves (CSSCs). Fig. 3a  shows 
CSSCs for IF and IP TMF cycling. Both curves were fitted by the power law 

( )napa K ′′= εσ                (1) 

K´ is fatigue hardening coefficient and n´ is fatigue hardening exponent. Fatigue life curves were plotted in 
derived Wöhler plot in Fig. 3b . Both fatigue laws were originally defined to describe the fatigue behaviour 
without explicit consideration of mean stress. Fatigue lives for IP TMF cycling are longer than for IF cycling. 
Experimental data in derived Wöhler plot were fitted with the Basquin relation 

b
ffa N )2(σσ ′=               (2) 

with σ’
f being the fatigue strength coefficient and b the fatigue strength exponent, respectively. The parameters 

of the CSSCs and derived Wöhler curves evaluated by regression analysis are given in Table 2 . 

Table 2  Fatigue parameters of AISI 316L for IP TMF and IF cycling 

Test K´ (MPa) n’ σ’
f (MPa) B 

IP TMF 712 0.114 699 -0.0791 

IF 714 0.151 550 -0.0738 

 

(a) (b) 

  

Fig. 3  Fatigue life curves for IP TMF and IF cycling (a) CSSCs and (b) Wöhler-Basquin 

3.2. Surface and fractography observations 

Fractography examination of specimens cycled in IF conditions revealed that the crack initiation and 
propagation occurred in a transgranular mode. An example of striations on the fracture surface is shown in 
Fig. 4a . Mixed transgranular and intergranular cracking was observed in IP TMF cycling in the temperature 
range 200 - 600 °C (Fig. 4b-c ). Fig. 4b  shows surface relief covered with a layer of oxides. A fatigue crack 
growing perpendicularly to the specimen axis is apparent in Fig. 4b . Mixed mode cracking can be seen also 
on fracture surface in Fig. 4c .  
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(a) (b) (c) 

   

Fig. 4  (a) Transgranular cracking with striations under IF cycling, (b) and (c) mixed mode cracking under IP 
TMF cycling 

4. CONCLUSIONS 

Isothermal and thermo-mechanical fatigue study of AISI 316L stainless steel can be summarized as follows. 
Both cases of cycling lead to the cyclic hardening with a tendency to saturation for Δε / 2 ≤ 0.8 x 10-3 and 
followed by softening for Δε / 2 ≥ 1.2 x 10-2. Cyclic stress-strain response is higher in TMF mode. The CSSC 
in IF cycling is shifted to lower stress amplitudes in comparison with that for TMF. The isothermal tests 
conducted at the peak temperatures of the TMF cycles is characterized by lower fatigue lives in the 
representation of the stress amplitude vs number of cycles to fracture compared to the IP TMF cycling. Surface 
and fractography observations of the fatigued samples reveal transgranular cracking with striations for IF tests 
and mixed mode cracking for IP TMF tests. 
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Abstract 

The objective of design of quenching is to estimate the results of quenching, concerning mostly with the 
estimation of microstructure and mechanical properties. For the simulation of specimen cooling which is 
thermos-dynamical problem, it is necessary to establish the appropriate algorithm which describes cooling 
process, and to accept appropriate input data. 

Microstructure composition and hardness will be defined by kinetic equations of prior microstructure 
decomposition, based on time of cooling from 800 to 500 °C, which is relevant to microstructure transformation. 
Semi-empirical methods are derived from kinetic equations of microstructure transformation to predict 
microstructure composition of quenched steel. To determine hardness of high hardenability steels the modified 
Jominy test (JMC®-test) results can be used. 

Keywords: Quenching, mathematical modelling, computer simulation, hardenability, hardness, mechanical  
                    properties 

1. INTRODUCTION 

Quenching of steel is one of the most important factors in production and reliability of engineering components. 
During the quenching phase transformation, evolution of microstructure, diffusion, heat conduction, and 
mechanical stressing and distortion are at once taken place inside metal. Computer programs for simulation 
of the quenching can be developed by considering the issues as are achievement of desired mechanical 
property distribution, achievement of desired microstructure distribution, achievement of required workpiece 
shape. Computer simulation of quenching up to has not developed enough [1]. Numerical model of heat 
transfer and mechanical properties can be based on finite volume method (FVM) [2]. 

The accuracy of numerical simulation of thermal process directly depends on the applied input variables. 
Inverse heat transfer problems should be solute to determine heat transfer coefficients for quenching using 
experimentally evaluated cooling curve results [1]. 

To solve heat transfer problem using the experimentally predicted cooling curve, all of heat transfer parameters 
should be similar in simulation of thermal process as was in experimental evaluation of cooling curves [1]. Heat 
conductivity, heat capacity and other relevant material properties can be estimated based on experimentally 
evaluated results of quenching of steel specimens [3]. 

Usually simulations of microstructural transformations are based on CCT diagrams using linear alignment with 
the actual chemical composition, or on the thermo-kinetic expressions. The first approach is more consistent, 
but generally does not give accurate results. The second approach gives good results for the chemical 
composition of the steel, for which expressions have been established. 

The structure transformations and hardness distribution can be estimated based on time relevant for structure 
transformation. Usually it is accepted that cooling time from 800 to 500 °C, t8/5, is relevant time for quenching. 
If the cooling time t8/5 is equal for two different specimens, i.e. quenched workpiece and Jominy specimen, the 
hardness of these two specimens could be equal to each other. By involving the cooling time, t8/5, the Jominy 
test results could be involved into the numerical model of steel hardening if the history of cooling of both, 
investigated specimen and Jominy specimen are similar [3, 4]. 
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Usually, tool steels are medium to high carbon steels with high-hardenability, which are quenched and 
tempered to obtain the desired strength, toughness and hardness [5]. Since the critical cooling rate of 
martensitic transformation of high-hardenability steels is less then minimal cooling rate of original Jominy 
specimen, numerical modelling of high-hardenability steel quenching can be performed just based on results 
of modified Jominy test [6]. 

The transient temperature field in an isotropic rigid body can be described by Fourier’s law of heat conduction. 
Solution of partial Fourier’s equation can be found out using the finite volume method [7, 8]. Physical properties 
included in Fourier’s equation can be found out by the inversion method. Relations between thermodynamic 
properties and hardenability of steel exist [3, 9]. Heat transfer coefficients of quenchants with different 
Grossmann severity of quenching were estimated simultaneously with estimation of heat conductivity 
coefficients of characteristic microstructure constituent [6]. Estimation of heat transfer coefficient was provided 
by varying of heat transfer coefficient values in the established model of cooling of steel bar. Dependences of 
heat transfer coefficients on temperature for different quenchants with different Grossmann severity of 
quenching and different bar diameters were defined [6]. 

2. SIMULATION OF QUENCHED WORKPIECE HARDNESS BASED ON THE COOLING TIME t8/5 

One of the most important factors for efficient simulation of hardening is the proper selection and use of 
representative cooling phenomena that is relevant for microstructure transformation. 

The structure transformations and hardness distribution can be estimated based on time, relevant for structure 
transformation. Usually, if the cooling time t8/5 is equal for two different specimens, i.e. quenched workpiece 
and Jominy specimen, the hardness of these two specimens could be equal to each other. In the developed 
computer simulation of hardenability of quenched workpiece, the hardness at different workpiece points is 
estimated by the conversion of the calculated cooling time t8/5 to the hardness by using both, the relation 
between cooling time, t8/5 and Jominy distance and the Jominy hardenability curve [3]. It is known that the 
cooling time t8/5 of austenite decomposition of steels for many high-hardenability steels is ranged from 200 to 
100000 s. To determine hardness of high hardenability steels the modified Jominy test (JMC®-test) results can 
be used (Fig. 1 ) [6]. 

  
a)        b) 

Fig. 1 JMC®-specimen and JMC®-specimen holder, all dimensions in mm 
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Fig. 1b  shows the cooling times t8/5 at the depth of 0.8 mm from the surface at different distances from the 
quenched end of JMC®-specimen. 

Maximal cooling time t8/5 is ten times longer than the maximal time given by Jominy test. If the hardness of 
quenched steel workpieces could be estimated using the equivalence of cooling time t8/5 in actual location of 
investigated workpiece and the JMC®-specimen, kinetics and history of microstructure transformation during 
the cooling have to be similar in the JMC®-specimen and actual steel workpieces for which the hardness have 
to be determined. So that it is necessary to compare the cooling curves of actual workpieces and the cooling 
curves of JMC®-specimen [6]. 

3. PREDICTION OF QUENCHED STEEL MICROSTRUCTURE 

Contents of ferrite, pearlite, bainite, martensite and austenite at some temperature can be estimated using the 
diagram in the Fig. 2 . 

 

Fig. 2 Contents of ferrite, pearlite, bainite, martensite and austenite at some temperature 

Characteristic cooling times, t1, t2, t3, t4, t5, t6, t7, t8 are equal to cooling time from 800 to 500 °C of characteristic 
microstructure composition. Characteristic temperatures, T1, T2, T3, T4, T5, T6, T7, T8 are equal to temperatures 
of characteristic microstructure [6]. 

4. APPLICATION 

The established relations were applied in computer simulation of quenching of engineering component, 
quenched by two different quenchants. Computer simulation of quenching includes simulation of hardness and 
microstructure distribution of the as quenched engineering component. Computer simulation was done using 
the computer software BS-QUENCHING [3]. Numerical simulation of the cooling time t8/5 was based on finite 
volume method [3]. 
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The chemical composition of investigated engineering component is (in wt. %): 0.55 C, 0.94 Si, 0.34 Mn, 
0.015 P, 0.012 S, 1.27 Cr, 0.05 Mo, 0.12 Ni, 0.18 V, 2.10 W. JMC® test results of the investigated steel are 
shown in Table 1 . The geometry of the engineering component is shown in Fig. 3. 

Table 1  JMC® test results of steel EN 60WCrV7 

JMC® distance/mm 2 4 6 8 10 15 20 25 30 35 40 

Hardness HRC 63 63 63 63 62 62 61 60 58 56 55 

JMC® distance/mm 45 50 55 60 65 70 75 80 85 90 - 

Hardness HRC 53 52 51 51 50 50 50 49 49 49 - 

 

Fig. 3 Geometry of the engineering component 

In simulation the engineering component austeniziting temperature was equal to 850 °C/45 min. One 
simulation was done for quenching in oil with H value equal to 0.3, and another was done for cooling in ordinary 
air with H value equal to 0.025. The distribution of hardness of the as quenched engineering component is 
shown in Fig. 4 . The distribution of martensite and bainite of the as quenched engineering component are 
shown in Figs. 5-6 . 

   
a)        b) 

Fig. 4 Distribution of hardness of as quenched engineering component, a) oil quenched, b) air cooled 
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a)        b) 

Fig. 5 Distribution of martensite of as quenched engineering component, a) oil quenched, b) air cooled 

   
a)        b) 

Fig. 6 Distribution of bainite of as quenched engineering component, a) oil quenched, b) air cooled 

5. CONCLUSION 

The mathematical model of steel quenching was developed to predict the hardness and microstructure 
distribution in a specimen with complex geometry made of high hardenability steel. The developed 
mathematical model has been successfully applied in computer simulation of heat treating process of 
engineering component. The computer simulation is based on finite volume method. 
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The numerical simulation of quenching is consisted of numerical simulation of transient temperature field of 
cooling process and of numerical simulation of hardening. Hardness and microstructure composition in 
specimen points was calculated by the conversion of calculated time of cooling from 800 to 500 °C to hardness 
and microstructure composition. For high hardenability steel a modified Jominy specimen, i.e., JMC®-specimen 
is applied to predict hardenability of high hardenability steel. 

The proposed mathematical model is applied in simulation of the hardness and microstructure distribution in a 
quenched specimen with complex geometry made of high hardenability steel. Simulation was made for air, 
and oil, as quenchants. It can be concluded, that the proposed method can be successfully applied in analysis 
of quenching of high hardenability steel. 
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Abstract  

The paper presents a brief study of micro electro spark deposition with using an tungsten electrode. The 
electrical-discharge alloying with wire electrodes (WEDA) is a machining method performed on EDM machine 
with using elastically wire electrode such as alloying electrode. Electrode is being made of material which is to 
be alloyed on the part surface. Attention has been paid to the possibilities of applying hybrid alloying (electrical 
discharge deposition with mechanical interaction) as a surface improvement process for complex shape parts. 
The anti-wear coatings were applied on carbon steel C45 with using micro electrical discharges between 
alloying surface and universal wire electrode. Special attention has been paid to the possibilities of applying 
mentioned method to increase abrasive wear resistant of tools such as injection moulds and machine parts. 
Evaluate the elements distribution in the superficial layer. The depth of alloying layer ranges to hundreds 
micrometers. The alloying with tungsten electrode the layer of large tungsten share constituted. The results of 
investigations showed that there is a possibility of obtaining the satisfying quality joint between the carbon 
steel C45 and tungsten layer. 

Keywords: Micro electrical-discharge alloying, micro electro spark deposition, superficial layer,  
 microstructure, micro-hardness 

1. INTRODUCTION 

Due to the present trend in constructing machines, alloys of special properties are often used. These materials 
are characterised by mechanical durability and high resistance to abrasion and corrosion. The production of 
whole structures is associated with high costs, therefore often the superficial layer is modified. 

There are many methods of modification of the superfical layer, one example of such a treatment may be 
electrical sparc deposition (ESD). Electrical spark deposition is a pulsed arc microwelding process using short 
duration pulses, to deposit an electrode material on a metallic substrate. It is one of the few methods available 
by which a fused, metallurgically bonded coating can be applied with such a low total heat input that the bulk 
substrate material remains at or near ambient temperatures. The short duration of the electrical pulse allows 
an extremely rapid solidification of the deposited material and results in an exceptionally fine grained, 
homogeneous coating that approaches (and with some materials, actually is), an amorphous structure.  

The electrospark deposition process is used to improve wear performance and corrosion resistance of metal 
surfaces. The tungsten was selected as an electrode, is deposited on a steel (C45) substrate in the ESD 
process experiments. Some technological parameters of coating, such as roughness were investigated.  

2. EXPERIMENTAL PROCEDURE AND RESULTS 

2.1. Structure investigation after ESD 

To presents the results of investigating electrical spark deposition traces on the machined surface single 
discharge was capture and present on Fig. 1 . The tests were performed on scanning profilometer which can 
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not only give visual information on the shape of discharge traces but also enables measurement of trace 
geometry and give information on volume of pits and flashes.  

 

Fig. 1  View of 3D single crater on machined surface made by Talysurf CCI Lite -- Taylor Hobson scanning 
profilometer type 

 

Fig. 2  View of 3D single crater topography on alloying surface made by Nikon Eclipse MA 200 

To illustrate structures of ESD of tungsten on a steel were used the optical microscopy. Microscope Nikon 
Eclipse MA 200 with the image analysis system NIS 4.20 to metallographic specimens testing was used. 
During the preparation process for the surface layer were cut across and mounted in resin. After proper 
polishing and etching the weld structure was observed. 
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Fig. 3 SEM image of crossection of the single crater on alloyed surface layer after the ESD process 
(U = 25 V) mag. x1000 

2.2. Microhardness 

Change in micro-hardness is one of basic results of changed chemical composition and surface layer structure 
after alloying. Microhardness measurements of the surface layer and carbon steel where made. For 
investigation there was used Matsuzawa Vickers microhardness MX 100 type. There was applied load 
100G(0,98 N). Microhardness distribution in a crossection of the surface layer after the ESD process (U = 25 V) 
and material of workpiece carbon steel (C 45). Results are shown in the photograph Fig. 4 . 

 

Fig. 4 Microhardness distribution in a crossection of the surface layer after  
the ESD process (U = 25 V), steel (C 45) 

 

200 HV 

200 HV 

200 HV 

200 HV 

200 HV 
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3. SEM EXAMINATION 

SEM examination was performed using a JEOL JSM 7100F microscope with field emission (Schottky). X-ray 
diffraction pattern obtained from the surface layer after the ESD process (U = 25V) using a tungsten electrode 
shows Fig. 5 . 

 

 

 
Fig. 5 X-ray line scan of the superficial layer after the ESD process (U = 25 V) using a tungsten electrode - a; 

chemical elements distribution in the sub-surface layer - b; 

4. DISCUSSION OF RESULT 

Chemical composition tests for surface layer have been carried out using X-ray micro-analysis. Fig. 6 shows 
analysis of chemical composition in points, and we can observed the diffusion of the electrode in to material. 

 
Fig. 6  Analysis of chemical composition in points 
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Table 1  Composition (in wt %) of the base material (C 45) 

Element 1 Wt % 2 Wt % 

Fe 31.97 38.40 

W 68.03 61.60 

Total: 100.00 100.00 

5. CONCLUSION 

It is possible to apply typical electro-discharge machines for the alloying process.  
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Abstract  

The paper present the concept of a mathematical model for predicting changes in the microstructure of the 
austenite steel for cold upsetting, the research was carried for 30MnB4 23MnB4 steel grade. Microstructure 
evolution model is based on the classic Sellars model developed by taking into account the parameters of 
plastic forming processes and their impact on the processes occurring in the deformed steel. The coefficients 
of mathematical equations describing the evolution of deformed austenite microstructure were calculated 
based on the results of experimental studies carried out in the Institute of Plastic Working and Safety 
Engineering Czestochowa University of Technology.  

For the verification of the accuracy developed model laboratory studies were conducted using  
a metallurgical processes simulator Gleeble 3800. Comparison of the results obtained in the theoretical and 
experimental studies have confirmed good agreement developed model of the microstructure evolution for the 
steel with boron for a cold upsetting.  

Keywords: Microstructure prediction, hot rolling, boron steels 

1. INTRODUCTION 

A considerable number of works devoted to modelling of the microstructure and mechanical properties of steel 
formed by plastic working have been published to date; nevertheless, the problem of predicting them for 
products after hot rolling and cooling has not been satisfactorily solved yet. Numerous models are proposed 
in literature [1, 2], which can be used for predicting the development of microstructure for particular groups of 
steel. However, the application of a general model for a specific steel grade causes the simulation results to 
deviate from the actual results. Hence, there is a need for adapting the general model for a selected steel 
grade. The present study adopts the Sellars solution for boron steel to the prediction of phenomena occurring 
in the steel and the grain size of austenite formed by means of multi-stage deformation. Boron is added as a 
alloying elements in many conventional metallic materials improving hardenability, as well as special purpose 
alloys, such as in magnetic materials obtained by various methods [3]. 

2. PREDICTION OF AUSTENITE GRAIN SIZE IN BORON STEE LS 

The plastic working processes in a manner that allows the determination of phenomena occurring in the 
material enables the accurate prediction of the grain size of austenite prior to the ferritic transition and the 
value of transferred deformation. This is of particular importance when designing a technology for the 
manufacture of sections that are characterized by presented mechanical properties [4]. For predicting the 
parameters of microstructure of austenite after rolling processes, a computer program relying on the Sellars 
model was built according to the algorithm shown in Fig. 1 . Based on the rolling process parameters (the 
number of passes, the times of breaks between the passes, the magnitudes of deformations and deformation 
speeds in passes), it is possible to establish the phenomena occurring in the steel after deformation and to 
determine the austenite grain size and the non - recrystallized strain. 
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Fig. 1 Block diagram of algorithm for prediction of austenite grain size in boron steels 

The algorithm is describing the phenomena that occur during recrystalisation and recovery. The type of 
occurring recrystallization is dependent on the deformation. If it is exceeds the critical value, then phenomena 
associated with dynamic and meta-dynamic recrystallisation will take place in the material. The volume of 
dynamic recrystallization X_RD, volume of meta-dynamic recrystallization X_MRD and average grain size of 
austenite D_AVG are calculated. Critical deformation for dynamic recrystallization is described by equation 2.  

εc= Aεp             (2) 

εp= Bdγ 0
ndynZa

           (3) 

Z= ε̇exp[ Q
RT

]
            (4) 

εcRST= C dγ 0Zq

           (5) 

Dgrowth= 450εd γ0
eZh

           (6) 
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where: εc - critical deformation for dynamic recrystallization; εp - peak deformation; dγ0 - initial austenite grain 
size, μm; Z - Zener - Hollomon parameter; T - temperature, K; Q - energy , J/mol K; A,B,C,ddyn, a, d,e,h,q - 
coefficients.  

Otherwise, phenomena associated with static recrystalllisation are considered in the material. Critical 
deformation for static recrystallization is described by equation 5. The volume of static recrystallization X_RST 
and average grain size of austenite D_AVG are calculated. If deformation value is less than the critical value 
for static recrystallization, then grain grow after deformation will take place in the material (equation 6). After 
completion of the processes related to the recrystallization may be austenite grain growth. In the case, when 
volume of recrystallization is less than 1 (partial recrystallization or non-full metadynamic recrystallization) 
deformation is accumulated in material, and increasing volume of deformation in next step. 

In order to determine the coefficients of equations Sellars model physical modelling was carried out using a 
metallurgical processes Gleeble 3800 simulator. The plasticity curves in the temperature range from 800 to 
1200 ºC and in the range of strain rates from 0.1 to 100 s-1 were determined. On the basis of the results of the 
plasticity curves, the peaks of .train of dynamic recrystallization were obtained. Exemplary plasticity curves are 
presented on Fig. 2 . For the strain rate of 0.1 s-1 for both presented temperatures and for the strain rate of  
1 s-1 (for the temperature of 900 °C) it can be found, the dominant mechanism is static recrystallization. For 
other cases the dominant mechanism are dynamic and meta-dynamic recrystallization. 

  

Fig. 2 Exemplary strain - stress dependency for the analysed steel recorded in plastometric test in 
temperature 900 and 1000 °C 

On the basis of the mathematical model computer program for predicting the grain size of austenite formed by 
a multi-step deformations was built. Developed computer program has a modular structure, in which each 
module contains a model of quantitative description of the phenomena depending on the preset control 
parameters. The computer program is equipped with clear user interface. In Fig. 3  shows the dialog box for 
entering the initial data (initial austenite grain size, number of passes). As a result of simulation using the 
developed program it is possible to determine the grain size of austenite formed by multistep deformation and 
removing strengthening phenomena. The average grain size of austenite is obtained as a function of volume 
of recrystallization. 
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Fig. 3 Interface of Carbon_Steel_2015 program to calculate austenite microstructure in boron steels 

3. LABORATORY VERIFICATION OF THEORETICAL MODEL OF THE AUSTENITE GRAIN SIZE 
PREDICTION IN BORON STEELS  

In order to verify the model applied, the results obtained from the developed model were compared with the 
results obtained from physical simulations. For determined initial austenite grain size thermal treatment using 
dilatometer DIL 805A/D were done. Samples were heated to temperature 1050 ºC, annealing 5 minutes and 
quenched. Metallographic tests were done and former austenite grain size was determined. Size of former 
grain size was 62 µm. Using Gleeble 3800 simulator deformations tests with quenching were done. Samples 
were heated to temperature 1050 ºC, annealing 5 minutes and deformed. After deformation samples were 
quenched and former grain size of austenite were determined. The parameters of deformations for five different 
deformation - temperature variants are presented in Table 1 . In the Table 1  it is also presented average 
diameter of the austenite former grain size obtained in laboratory tests and in the computer program based on 
the used model. In Fig. 4  there are presented microstructures of the samples deformed according to variants 
III and IV (Table 1 ). When analysing the data presented in Fig. 4a it can be seen that for the multistep 
deformation with all strains equal to 0.2 (variant III) the structure of austenite was more fine-grained as compare 
with multistep deformation with all strains equal to 0.1 (variant IV). The cause of formation of fine-grained 
austenite is exceeding of peak deformation (epeak=0.19) and dynamic recrystallization start. 

    

Fig. 4  Microstructure of the test samples deformed according to variant III (a) and variant IV (b) 
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In studies It was assumed that a safe margin of error obtained between the experimental results and theoretical 
should not exceed 10 %. As it can be noticed for the testing variants only for the variant III the difference 
between the austenite former grain size estimated in laboratory test and from theoretical model is more than 
10 %, for other cases difference not exceeded 10 %. Future studies will address the topic represented by in 
reducing the maximum error value below 10 %. 

Table 1 The parameters of deformation during verification tests and determined austenite former grain size 

No of 
sample 

Parameters of deformations (temperature, strain, strain rate) 

T [°C], ε, u [1/s] 

Austenite former grain size 

µm 

Test Model Δ% 

I T1=1000, ε1=0.9; T2=980, C2=0.3; u=1 12 11.2 6.7 

II T1=1000, ε1=0.6; T2=980, ε2=0.3; T3=960, ε3=0.3; u=1 10 10.5 5.0 

III T1=1000, ε1=0.2; T2=980, ε2=0.2; T3=960, ε3=0.2;  

T4=940, ε4=0.2; T5=920, ε5=0.2, T6=900, e6=0.2; u=5 

18 21. 16.7 

IV T1=1000, ε1=0.1; T2=980, ε2=0.1; T3=960, ε3=0.1  

T4=940, ε4=0.1; T5=920, ε5=0.1; T6=900, ε6=0.1; u=10 

40 37.1 7.5 

V T1=1000, ε1=0.25; T2=980, ε2=0.22; T3=960, ε3=0.2  

T4=940, ε4=0.18; T5=920, ε5=0.16; T6=900, ε6=0.15; u=10 

28 25.9 7.2 

Next stage of research was to compare results found form industrial rolling process of 5.5 mm in diameter wire 
rod of cold upsetting 23MnB4 steel grade with results obtained by developed model. The calculation of 
microstructure of austenite grain size was made for parameters of deformation presented in work [6]. The 
average grain size of austenite after industrial rolling process was 28 μm. For the same conditions of 
deformation average grain size predicted by developed model was 25.5 μm. Estimated results confirmed high 
accuracy of presented model for prediction of austenite grain size in hot rolled steels with voron addition. 

4. CONCLUSION 

The concept of a mathematical model for predicting changes of austenite microstructure of steel for cold 
upsetting is presented in article. For microstructure evolution model of Sellars was adopted. The coefficients 
of mathematical equations describing the evolution of deformed austenite microstructure were calculated 
based on the results of experimental studies carried out in the Institute of Plastic Working and Safety 
Engineering Czestochowa University of Technology.  

For the verification of the accuracy developed model laboratory studies were conducted using  
a metallurgical processes simulator Gleeble 3800. On the basis of the performed verification it can be stated 
that the developed model for the evolution of the austenite microstructure in steels with boron enables the 
correct determination of the grain size of austenite formed by multi-stage hot deformation. Comparison of the 
results obtained in the theoretical and experimental studies have confirmed good agreement developed model 
of the microstructure evolution for the steel with boron for a cold upsetting.  
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Abstract   

Steels and other ferrous alloys are very well known as construction materials in many fields but still are widely 
used and in the near future this will not change [1-4]. Among the steel and cast steel resistant to corrosion 
most modern and dynamically developing group are ferritic-austenitic alloys, commonly known as duplex. 
Higher than austenitic steels, mechanical properties and good corrosion resistance in both overall and pitting 
make duplex steels irreplaceable material in the petrochemical industry, power, pulp and paper, food. Duplex 
steels and cast steels characterized by multiphase microstructure have a complex plasticity due the fact of 
deforming two different phase austenite and ferrite. The chemical composition of a steel containing about 
0.02% C, 26% Cr, 6.5% Ni, 3% Mo, 1.4% Mn, 0.2% N guarantees that already, in the raw state, immediately 
after casting is obtained ferritic - austenitic structure. Because due to the fact that a substantial part of the 
problems associated with the production of duplex steels appears in the as cast state this state was taken as 
initial condition for the deformation process. In the paper [5] were presented discussed problems of the 
discussed steel plasticity. As the microstructure of the final product is affected, by three last deformation [6] in 
this paper are presented results different variant of deformation including three equal deformation 20%. In this 
article are presented results of microstructure changes and physical simulation of the rolling process carried 
out with the simulator Gleeble 3800. 

Keywords: Duplex steel, innovative materials, plastic deformation, physical modeling, microstructure. 

1. INTRODUCTION 

The genesis and development of duplex steels is associated with the appearance of stainless steels in the 
early twentieth century. In UK in Sheffield was found that the addition of approximately 13% chromium causes 
electrochemical corrosion resistance. As a result, in the twenties 18-8 steels and in forties the first ferritic - 
austenitic duplex [7,8] appears. Due to the fact that these alloys are characterized by simultaneously high 
mechanical properties with high corrosion resistance. The main area of application of ferritic- austenitic steel 
and cast steel, also known as duplex are constructions and components subjected to high loads and 
environments conducive to stress corrosion, pitting and slitting. Under such conditions, these materials with 
comparable basic phases share ferrite and austenite, show better mechanical properties in comparison to 
conventionally used ferritic or austenitic steels. Currently, duplex stainless steels are used in many industries, 
not only in systems for desalination of sea water but also in the chemical industry, for example in the 
construction of storage tanks and vessels transporting the products with high chemical activity,  
eg. phosphoric acid, concentrated sulfuric acid, strongly alkaline media, or on the devices used in the 
petrochemical, power, pulp and paper or food [6-11].  

2. MATERIAL AND METHODOLOGY OF RESEARCH 

The object of the study was a ferritic - austenitic X2CrNiMoN25-6-3 cast steel, whose chemical composition is 
shown in Table 1. Cast steel was melted under industrial conditions in the medium frequency induction furnace 
of about 150 kg capacity. The material was cast in the Y-shaped sample with a 25.0 mm test wall thickness. 
Next were made rectangular, with dimensions of 10x15x20 mm, samples which were subjected to deformation 
using a Gleeble 3800 simulator. The Fig. 1  are presented shape of cast and sample used during deformation 
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tests. The microstructural analysis was made using an Nikon Eclipse Ma-200 optical microscope, on samples 
etched with the Mi21Fe reagent. 

Table 1  The chemical compositions of tested material (mass%) 

X2CrNiMoN25-6-3 
C Mn Si S P Cr Ni Mo Cu N 

0.021 1.46 0,93 0.012 0.008 26.70 6,48 3.10 0.02 0.23 
 

 

 

Fig. 1  Drawing of casting with the sinkhead and the appearance of the finished casting 

Rectangular samples of duplex steel were deformed using a gleeble 3800 simulator. The obtained data were 
used to develop the material base [5] used during numerical calculations. Since during deformation of the 
samples was observed cracks for certain ranges of temperature and strain rate was made the evaluation of 
microstructure [5]. As a result, was observed significant concentrations of sigma phase in the areas of cracks. 
A certain amount of sigma phase was observed in the state as-cast (about 2.5%), but this amount does not 
exceed presented in literature "safe" amount of about 4-5% [9]. This phase is characterized by high tensile 
stresses 2 GPa, significantly contributes to the destruction of duplex steel microstructure. Therefore, advisable 
for the tested steel was to determine the parameters temperature - deformation at which evolution of that 
phase is observed. Based on earlier studies was determined that the deformation will be carried out according 
to the data presented in Table 2. In the Fig. 2 are presented samples after testes. 

Table 2  Range of temperature and applied deformation parameters used during research 

Variant 1 850°C 10.1 −= sε&  ε1= 0.2 

Variant 2 1100°C 10.1 −= sε&  ε1= ε2= ε3=0.2 

Variant 3 850°C 10.1 −= sε&  ε1= 0.2 

Variant 4 1100°C 10.1 −= sε&  ε1= ε2= ε3=0.2 

 

 

Fig. 2  The appearance of samples after deformation 
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3. RESULTS AND ANALYSIS 

In paper [5] it was observed that the test material have a tendency to crack as a result of the deformation. 
Therefore, was made the microstructure analysis for the base material and after deformation. Fig. 2  shows the 
results after the deformation ε = 1.3.  

a)  b)  

Fig. 3  Example of samples microstructures. a) Sample not deformed., b) Sample deformed sample deformed 
at 950 °C with strain rate 1.0 and ɛ=1.3  

a)  

 

b)   
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c)  

d)  

Fig. 4  The value of the intensity of stresses and effective strains for: a) variant 1, b) variant 2, c) variant 3, 
and d) variant 4 

Due the fact that duplex steels have a complex formability and the problems observed during the tests were 
performed computer simulations of the process Hydrawedge. Numerical investigations were made using the 
Forge® and the results were used to evaluate the distribution of internal stresses and strains within the 
samples during deformation (Fig. 4 ). The data obtained in combination with the microstructure of samples 
allowed for easier identification of the observed phenomena. 

a)  b)  
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c)  d)  

Fig. 5  Microstructure of the tested steel after deformation: a) variant 1, b) variant 2, c) variant 3, d) variant 4  

Due to the fact that, despite some up to about 2.5% of sigma phase in the starting material, was not observed 
any cracking of the samples, was performed an analysis of the microstructure presented in Fig. 5 .  

Numerical studies have shown that as the temperature drops significantly grow observed stresses in the 
material. Between the temperature 850°C and 1100°C is observed almost of twofold increase in stress intensity 
for both variant 1 and 2 and 3 and 4. The observed distributions in X arrangement of both studied parameters 
are important during assessment of area of microstructure changes. Assessment of the microstructure showed 
that as a result of deformation at 850°C are observed new embryos of sigma phase. Their size is very small 
about 2 microns and their distribution is always at the phase boundary ferrite - austenite. Secretion of sigma 
phase during the plastic forming was shown inter alia in [12, 13]. During deformation at 1100 °C, there was no 
sigma phase precipitations detected. What is important in material (deformed in 850 °C), despite the presence 
of sigma phase precipitations, after deformation of ε = 0.2 %, both single and three times, were not observed 
any cracks.  

4. CONCLUSIONS 

As a result of studies was observed an increased presence of sigma phase in the material after a significant 
deformation ε = 1.3 which according to the author was the reason for the appearance of cracks. In order to 
determine for the X2CrNiMoN25-6-3 steel temperature - deformation parameters for which the secretion of 
sigma phase appear was made the tests according to four variants (Table 2 ) by use of Gleeble 3800 simulator. 
For the given parameters was not observed any cracks. 

The use of numerical analysis showed a significant, almost double increase of material's stresses and was 
identified the areas in samples from the physical simulation, with the strongest influence of deformation state 
on the microstructure. It was also found that there are significant differences in the formability of the tested 
steel according to the change of process temperature. 
The microstructure analysis disclosed with the Mi21Fe reagent showed that the samples deformed at a 
temperature of 850 °C have at the borders of ferrite - austenite new sigma phase secretion not observed 
before. The size of precipitation was about 2 microns. The use of the strain rate of 1 s-1 strain ε = 0.2, even 
triple, for a material with a low 2.5 % of initial (generated during casting) sigma phase content did not generated 
cracks of samples. The sigma phase precipitation in the material deformed at 1100 °C was not observed. This 
suggests that during heating they were dissolved and during deformation at this temperature they do not 
appear. 
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Abstract  

Heat treatment is one of methods to improve material properties. Heat treated tubes are used in petrochemical 
industry when high strength, low cost and low weight are needed. Spray cooling could be used for heat 
treatment because very high cooling intensity is required. This paper deals with influence of spray cooling 
parameters on the material hardness.  

Special device was developed by Heat transfer and fluid flow laboratory for quenching of small samples. Four 
different materials were tested. The main object of these tests was to find the influence of cooling distance, 
material and two-side cooling on material hardness. Device Innovatest Nexus 4303 (Vickers) was used to 
measure hardness in various depths from the cooled surface. Results showed that the hardness was improved 
for all of four materials. The influence of the spray cooling distance was not so significant. Hardness of material 
also depends on the cooling intensity in the inner side of the tube. If the cooling intensity in the inner side of 
the tube is much lower than external, it has negligible effect on the final hardness. If the inner and external 
cooling intensity is the same it causes increase of the hardness.  

Keywords: Hardness, Vickers, quenching, heat treatment, spray cooling, tube 

1. INTRODUCTION 

Heat treatment is a technological process which improves mechanical properties of material such as hardness, 
strength and so on. It is characterized by moving of hot material through the cooling section. The most 
important part of heat treatment is controllability of cooling rate [1]. Other important parameters are chemical 
composition and thermal conductivity of the material. They have strong influence on the hardening capacity.  

The design procedure of cooling sections for heat treatment is a process where optimal cooling rate has to be 
found. A continuous cooling transformation diagram (CCT) is usually computed to characterize the material 
behavior [2]. CCT diagram and numerical simulations are used to find the optimal cooling rate to achieve 
required mechanical properties and material structure [3]. CCT diagrams are not so accurate because they 
are measured using very small samples [4]. The next step is verification of the cooling intensity and its 
dependence on the material structure in real time. The first part of this verification is steady-state hardening 
capacity test (similar to Jomini test). The second part is a full scale experiment using real sample moving 
through the cooling section in the real time. 

This paper describes the experimental research of the steady-state hardening capacity tests (Jomini tests) for 
various materials typically used for tubes production. The main object of these tests was to find the influence 
of the cooling distance, material and two-side cooling on material hardness. 
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2. MEASUREMENT DEVICES AND EXPERIMENTAL PROCEDURE 

2.1. Hardening capacity test  

The hardness capacity test bench was developed by the Heat transfer and fluid flow laboratory (Fig. 1). 
It is composed of the furnace, tested sample, nozzles and pneumatically driven deflector. The experiment 
started by heating the sample to the austenization temperature. Austenization time was around twenty minutes. 
Nitrogen was blown into the furnace during heating and austenization to prevent oxidation on the sample 
surface. Then the water pump was switched on and required water pressure was set. The furnace was moved 
up by the lift and the sample was moved under the spray. The deflector was in the position between the water 
jet and the sample. The deflector was quickly pushed away so the water started to spray on the surface of the 
sample. 

  

Fig. 1 Hardening capacity test bench 

2.2. Innovatest Nexus 4303, Vickers hardness measur ement device 

Quenched samples were used for hardness measurement. They were sawed in the centerline of the sample 
body in the water spray direction by an electro-erosive machine. Measured surface of the sample was grinded 
and polished. Hardness measurement device was used to measure the material hardness. It was Innovatest 
Nexus 4303. This device was bought by the Heat transfer and fluid flow laboratory for measuring hardness. 
The main load was ten or thirty kilograms for ten seconds. It depends on material hardness. The distance 
between measured points was two millimeters (close to the sprayed surface) and five millimeters (far from the 
sprayed surface). Pictures of the measurement device and sample are in Fig. 2 . 

  

Fig. 1 Hardness measurement device Innovatest Nexus 4303 with tested sample on the table 

Furnace 
Test Sample 

Deflector 

Nozzle 
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3. EXPERIMENTAL SAMPLES AND RESULTS 

Four various samples were prepared for tests using tubes produced by Trinecke zelezarny a.s. The materials 
of these samples were 20MnV6, 42CrMo4, 4140 and x65. Dimensions of these samples were different, 
because of the various tube thicknesses. Other tested parameters were spray distance and cooling difference 
between one and two side cooling. Other experiment conditions are specified in Table 1 .  

Table 1 Description of tested parameters 

Experiment 
Sample Material Sample 

Dimensions Type of cooling HTC of upper nozzle/ 
bottom nozzle 

Distance between 
sample and nozzle 

  [mm]  [Wm-2K-1] [mm] 
1 20MnV6 50x50x60 one side cooling 35 000 170 

2 42CrMo4 50x50x50 one side cooling 35 000 170 

3 4140 50x50x50 one side cooling 35 000 170 

4 x65 50x50x20 one side cooling 35 000 200 

5 x65 50x50x20 two side cooling 35 000 / 35 000 200 

6 20MnV6 50x50x60 two side cooling 35 000 / 35 000 170 

7 20MnV6 50x50x60 one side cooling 35 000 115 

8 20MnV6 50x50x60 two side cooling 35 000 / 15 000 170 

9 20MnV6 50x50x60 one side cooling 35 000 181 

10 x65 50x50x25 two side cooling 35 000 / 15 000 200 

3.1. The influence of the material on the hardness 

The influence of the material on the hardness profile was measured (samples 1 - 4). A Lechler nozzle with 
heat transfer coefficient (HTC) around 35 000 Wm-2K-1 was used. The samples were sawed after experiment 
and hardness was measured in various depths from the cooled surface. Hardness of original material was also 
measured and these two results were compared. Pictures of samples are shown in Fig. 3 . 

  

Fig. 3  Example of samples of different materials 

Results of measurements are shown in Fig. 4  and Fig. 5 . The hardness was improved by quenching for tested 
samples. The materials 4140 and 42CrMo4 showed the same behaving. The hardness of original materials 
was slightly higher than 300 HV. The hardness of tempered materials (cooled from only one side) increased 
to almost constant value of 700 HV. Both of samples cracked inside (Fig. 3 ). Hardness of second couple of 
materials (20MnV6 and x65) was also improved especially to depth of 10 mm from sprayed surface. The 
hardness decreased from value around 500 HV (1 mm under surface) to value around 300 HV. This value was 
then constant to the non-cooled side of the tested sample. 

20MnV6 42CrMo4 4140 X65 
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Fig. 4  Results of hardness measurements for samples 20MnV6, 42CrMo4 - original and quenched material 

  

Fig. 5  Results of hardness measurements for samples 4140, x65 - original material and quenched material 

3.2. The influence of the spray distance on materia l hardness 

Next tested parameter was the spray distance. The same Lechler nozzle with HTC around 35 000 Wm-2K-1 
was used for cooling from various distance. Sample 20MnV6 was used for these tests because of the previous 
results and its bigger thickness. Measured distances were 181 mm, 170 mm and 115 mm (samples number 
one, nine and seven). Results of these experiments were very interesting again. The influence of spray 
distance was almost negligible even if the different heat transfer coefficient was predicted for each test [5] [6]. 
The thermal conductivity of samples was very low so the surface was cooled down very fast. Results of these 
experiments are shown in Fig. 6. 

 

Fig. 6  Hardness measured for samples cooled from various distances - Sample 20MnV6 
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3.3. The difference between one and two side coolin g for various nozzles 

The last part of this research was aimed on the influence of internal and external cooling on the material 
hardness. Two materials were chosen for these tests (20MnV6 and x65). Three cases of different cooling were 
studied and compared. First case was only upper cooling using Lechler nozzle with HTC around 35 000  
Wm-2K-1. Second case was symmetrical cooling using the same nozzle from internal and external part (upper 
and internal cooling). The last part of these tests was done with non-symmetrical cooling. Nozzle with HTC 
around 35 000 Wm-2K-1 was used for upper cooling and nozzle of HTC around 15 000 Wm-2K-1 was used to 
simulate internal cooling. Results were similar for both tested materials. The hardness was improved for 
symmetrical cooling from both cooled sides. Non-symmetrical cooling result showed that the hardness of the 
material was significantly improved only from upper part (500 - 300 HV) to the depth of 10 mm. 

A material had also influence on sample hardness. Hardness of material 20MnV6 was almost the same for only 
upper, symmetrical and non-symmetrical cooling in the center of the sample (depth between 10 mm to 50 mm 
from the surface). But hardness of material x65 was improved for symmetrical both side cooling in the center 
of material (from 10 mm to 15 mm from the upper surface). It was caused by the relatively smaller thickness 
of the sample. 

  

Fig. 7  Results of hardness measurements for samples x65 and 20MnV6 and various cooling conditions. 
Blue curve represents hardness of original material. Red curve is for only upper cooling. Other two curves 

are for two side cooling (internal and external cooling) - green from symmetrical cooling (the same HTC) and 
purple for non-symmetrical cooling (lower HTC for internal cooling) 

4. CONCLUSION 

Four different kinds of materials (20MnV6, 42CrMo4, 4140 and x65) usually used for tube production were 
tested by hardening capacity test. The influence of material, nozzle distance and two-side cooling on material 
hardness was tested. A Lechler nozzles of HTC around 35 000 Wm-2K-1 and 15 000 Wm-2K-1 were used. 
Hardening capacity test bench was developed by the Heat transfer and fluid flow laboratory. These tests are 
like Jominy test except the dimensions and shape of the sample. Innovatest Nexus 4303, Vickers hardness 
measurement device was used to measure hardness in the body of the experimental sample. The hardness 
capacity test bench and Vickers measurement device are shortly described in chapter 2. 

The influence of the material was significant. Hardness of materials 42CrMo4 and 4140 was improved 
significantly in the whole body. Original hardness of these two materials was little bit higher than 300 HV. 
Measured hardness after hardening was around 700 HV. So it was improved more than 2 times. The behaving 
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of materials 20MnV6 and x65 was similar. Their original hardness of 200 HV was improved to a value around 
500 HV in area very close to the sprayed surface. Then this value was decreasing with depth increase to a 
value of 300 HV in depth 10 mm from the sprayed surface and remained constant in the rest of the sample 
body. 

Next part of these experiments was to find the influence of spray cooling distance on the material hardness. 
Only two materials were chosen for these tests with respect to previous results. They were 20MnV6 and x65. 
The same Lechler nozzle with heat transfer coefficient (HTC) around 35 000 Wm-2K-1 was used for these 
experiments. Three different spray distances were tested (115 mm, 170 mm and 181 mm). Different HTC 
values were predicted, because the distance between nozzle and hot surface has significant influence on the 
cooling intensity. Results showed that these different spray distances have negligible influence on material 
hardness. The heat transfer coefficient was too high to cool down very fast from different distances and 
conductivity of the material was low. That’s why the change of distance had negligible influence on the final 
hardness in the body. 

Last part of this paper describes the influence of one and two side cooling with symmetrical and non-
symmetrical HTC distribution. First test was done using cooling from the top side of the sample. Second test 
was done with both side cooling (upper and internal part of the sample) with the same nozzle of HTC around 
35 000 Wm-2K-1. Two different nozzles were used for the third experiment. Upper nozzle was the one with HTC 
around 35 000 Wm-2K-1 but the bottom nozzle (internal cooling) had HTC around 15 000 Wm-2K-1. It was found 
that the symmetrical cooling improved hardness from both side equally. The hardness was decreasing with 
increasing depth - from 500 HV to a value 300 HV in ten millimeters from the sprayed surface. Very interesting 
results was found for non-symmetrical cooling from both sides. It was found that the lower internal cooling has 
negligible effect on material hardness of material 20MnV6 and very low effect on material x65. This difference 
showed that there is an influence of the material and its thickness.  
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Abstract   

Our research is focused on the changes in thin surface layer of the brake disk due to the impact of severe 
plastic deformation and heating by friction process. The aim of this study is to compare structure, chemical 
and phase compositions of the surface layer in depth up to several hundreds of nanometers in the no affected 
central part of brake disk and the part which was in contact with brake pads by braking. The basic information 
on structure and phase composition was obtained by optical and scanning electron microscopy, X-Ray Powder 
Diffraction and Mössbauer Spectroscopy. The thin surface layer was studied using Conversion Electron 
Mössbauer Spectroscopy and X-ray Photoelectron Spectroscopy. We explain the observed changes with the 
knowledge on effects of plastic deformation and/or diffusion of alloying elements in the material of the brake 
disk. 

Keywords: Grey cast iron, brake disk, microstructure analysis, surface layer  

1.  INTRODUCTION  

In the few past decades, the novel materials for brake disk are development. Nowadays trends of vehicle 
weight reduction and improvement of material properties for brake disk and brake rotors open doors for this 
novel material or different type of innovation as co-cast disk (aluminum bell with steel braking strip). Titanium 
alloys, Aluminum matrix composite [1, 2] or metallic matrix composites and carbon composite [3] can give 
better material properties as tensile strength, hardness, thermal conductivity [4]. However, this material can 
find only occasionally in exclusive models of cars. Gray cast iron is still commonly used in automobile industry 
although some of their properties are worth then composite material, on the other hand is cheap and easily to 
produce. 

Cast iron, especially gray cast iron is an iron-carbon cast alloys with contents other elements higher than in 
steel. The range of alloyed elements is much wider and can change useful properties of product. 

Brake disk made from cast iron can be expose structural transformation as a result of working condition, where 
the materials are exposed to significant changes of temperature and friction. Structural transformations of 
materials and their surfaces have an effect on the whole system and functionality. Temperature commonly 
may reach up to 500 °C or higher and hydraulic pressure 2 ÷ 4 MPa by braking in automobiles [5]. Surface 
and near-surface temperatures can become high enough to cause changes in the structure and properties of 
the materials. 

Friction stressing can change chemical composition and induce changes in phase composition of the surface 
layer due to oxidation and mechanical alloying [6].  

The role of grey cast iron structures in wear course, frictional characteristic [7] and also change of temperature 
of brake disk during the fiction had been study [8, 9]. 
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2. MATERIALS AND METHODS 

As a sample was use saw up gray cast iron nonventilated worn with use brake disk from personal car 1.8l after 
~60 000 km. One part of samples for microstructure examination were grinding and polishing. The friction 
surfaces of the samples were study without any preparation. Detailed studies of the surfaces of the disk part 
which was not exposed by strains and heat shocks by friction (surface N) and the friction exposed part (surface 
F) were carried out. 

Surface layers of brake disc were investigated by optical microscope (Neophot 32 by Carl Zeiss Jena) and 
scanning electron microscope JEOL 6460 with Oxford Instruments analytical equipment INCA Energy (EDX).  

The X-ray powder patterns were collected on X’Pert diffractometer and CoKα radiation with qualitative analysis 
by HighScore® software and the JCPDS PDF-4 database. For a quantitative analysis HighScore plus® with 
Rietveld structural models based on the ICSD database was applied.  

The X-ray photoelectron spectroscopy (XPS) was use for analyses thin friction layer. The XPS measurements 
were carried out with the PHI 5000 VersaProbe II XPS system (Physical Electronics) with monochromatic Al-
Kα source (15 kV, 50 W) and photon energy of 1486.7 eV. All the spectra were measured in the vacuum of 
1.2 x 10-7 Pa and at the room temperature of 22 °C. The analyzed area on each sample was spot of 200 µm 
in diameter. The survey spectra was measured with pass energy of 187.850 eV and electronvolt step of 0.8 
eV while for the high resolution spectra was used pass energy of 23.500 eV and electronvolt step of 0.2 eV. 
Dual beam charge compensation was used for all measurements. The spectra were evaluated with the 
MultiPak (Ulvac - PHI, Inc.) software. All binding energy (BE) values were referenced to the carbon peak C1s 
at 284.80 eV. For peaks identification NIST XPS data base [11] was used as well. 

The photoemission measurements were complemented by 57Fe Mössbauer spectroscopy in scattering 
geometry with detection of 14.4 keV gamma radiation (MS) and conversion electrons (CEMS). The spectra 
were measured at room temperature and calibrated against α-Fe. The computer processing of the spectra was 
done using CONFIT program package [12]. 

 
A 

 

 

 
B 

 

 

Fig. 1 Place of sampling and number of sample (A) and pearlitic structure of gray cast iron. 
Etched with 2% Nital 

3.  RESULTS AND DISCUSSION 

3.1.  Structure and phase identification  

Gray cast iron disc have pearlitic metallic matrix with the typical structure. (Fig. 1B ) The pearlite had a lamellar 
structure with characteristic spacing of ferrite-cementite plates. Study of phase structure by X-ray diffraction 
provides similar information, where only a small contribute of other iron phase was observe. 
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The examination of the as-polished specimen before etching with a light optical microscope was the first step 
for phase identification and morphology especially for examine the graphite phase. Graphite was occurred in 
the form flake in a relatively uniform distribution and as a rosette (Fig. 2 ). The size and position of graphite 
flakes depends on the parameters of casting and cooling.  

A 

 

 

B 

 

 

Fig. 2 SEM image (100 x) of variation graphite flake structure observed at different part of 
brake disk. Image A was made near the brake part of disk (sample I), image B was observe 

at sample III 

Quite similar situation was observed by scanning electron microscopy. Energy dispersive X-ray gave general 
knowledge about chemical composition of sample and identification of inclusion. In sample III were find more 
various inclusions then in sample I and II. Inclusions were probably formed from MnS, FeS, SiO2, AL4C4, and 
CaC2. In some other elements as titanium, vanadium, niobium, phosphorus and chromium were also 
discovered. Part of this elements and elements contained in inclusion are common ingredients of gray cast 
iron and other can change material characteristic as increasing resistance of wear, hardness and other. 

 
Fig. 3 XPS survey scan spectra of the polished bulk surface (blue line) and F surface (red line). The 
ellipses label the peaks with important differences in intensities between the surfaces of the samples 
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Fig. 4  XPS iron Fe2p peaks with fitted components 
of the polished bulk surface (solid lines) and F 

surface (dashed lines) 

Fig. 5  XPS carbon C1s peaks with fitted components 
of the polished bulk surface (solid lines) and F 

surface (dashed lines) 

3.2. Surface layer of brake disk 

The main area of our interesting was working zone of brake disk. Thin surface layer of brake disk were 
investigated by XPS and CEMS Mössbauer spectroscopy. It should be noted that XPS spectra yield 
information from the surface about 1 nm in depth and CEMS spectrum corresponds to the surface thickness 
about 0.2 micrometer.  

Comparison of XPS survey scan spectra (Fig. 3 ) of the polished bulk surface and F surface indicates some 
differences in intensities of the peaks. Detailed analysis of iron Fe2p peaks (Fig. 4 ) shows that in the surface 
of the polished sample of bulk material from centre of the brake disk dominates pure Fe (0), which is 
represented by component with binding energy around 706.8 eV [11]. In the spectrum of F surface the 
component of binding energy about 709 eV is the most intensive and it can be ascribed to iron oxides: FeO 
(709.4 eV and 709.6 eV) or Fe3O4 (709.2 eV) [11]. The carbon C1s spectra (Fig. 5 ) also differ substantially. 
Two main components can be clearly identified there: (i) the component with binding energy ~ 283 eV which 
represents carbon in cementite (Fe3C) and (ii) the component ~285 eV belongs to elementary carbon/graphite 
[11, 13]. In the spectrum of polished bulk surface both peaks can be observed approximately in the same 
intensity. In the spectrum of F surface an important decrease in the intensity of the ~ 283 eV can be observed 
in comparison with the component of a elementary carbon/graphite (285 eV). Besides these two components 
more intensive peak at ~ 286 eV appears which can be ascribed to bonds carbon and oxygen atoms [11]. 
Similar substances can be formed during friction processes of the brakes. These results are in a good 
agreement with the data published in [14]. 

Mössbauer spectra (MS) of the surface N and F are shown in Fig. 6 . Phase analysis derived from the spectra 
indicates that by braking decreases content of cementite Fe3C and oxide phase with Fe3+.  
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In the Fig. 7  CEMS spectrum of the surface F is compared with MS of the surface N. CEMS spectrum 
corresponds to the surface thickness about 0.2 micrometer. An important increase in the content of oxide 
phase can be observed there in CEMS spectrum. Cementite Fe3C was not detected may be due to lower 
quality of the spectrum. 

  

Fig. 6  Mössbauer spectra (MS) of the of the N 
surface (above) and the friction exposed surface F 

Fig. 7  Mössbauer spectrum (MS) of the N surface 
(above) and CEMS spectrum of the F surface. 

4.  CONCLUSION 

In this work, different methods were used to study changes in thin surface layer of the brake disk by friction 
process. The experiment result shows that heat change during the friction can change structure of the surface 
layer on brake disk. The XPS results show differences in iron and carbon substances in the surfaces of the 
sample prepared by polishing of bulk without friction and the surface with friction by braking. The graphite and 
Fe3C are smeared in iron oxide and substances with carbon-oxygen bonds. The formation of iron oxides and 
disappearing of Fe3C were confirmed by phase analysis of CEMS results. 
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Abstract   

Austempered ductile cast iron is part of a family of heat-treated cast irons. Isothermal hardening transforms 
ductile cast iron into ausferritic cast iron (ADI), which has the appropriate characteristics of strength, the impact 
strength and fatigue resistance. ADI is more resistant per unit weight than aluminium and so resistant to wear 
as steel. The values of tensile strength and yield point are twice as high as values of the standard cast iron. 
The article presents the results of fatigue tests of the ADI cast iron with the use of load high frequency in the 
area of ultra-high cycle.   

Keywords: ADI, Ultra-high-cycle fatigue, S-N curve 

1. INTRUDUCTION 

Austempered ductile iron is part of a family of heat-treated cast irons. Isothermal hardening transforms ductile 
cast iron into ausferritic cast iron (ADI), which has the appropriate characteristics of strength, impact resistance 
and fatigue resistance. ADI is more resistant per unit of weight than aluminium and so resistant to wear as 
steel. The values of tensile strength and yield strength are twice as high as values of the standard cast iron. 
Fatigue strength is just 50 % higher, and can be increased accordingly by shot peening or fillet rolling. ADI 
cast iron is a material which, moreover, like other grades of ductile cast iron, is incomparably superior in heat 
conduction and vibration damping from cast steel. Interesting history of applications of ADI is observed starting 
from the beginnings of its existence, when in 1976 General Motors Company in Detroit (USA) announced that 
this cast iron will replace carburized forged steel previously used for gear wheels of conical screw gear unit to 
the rear axle of Pontiac cars. Further applications are mainly replacing carburized steel, until the time of 
publication in International Harvester research demonstrating the superiority of crankshafts from ADI from heat 
treated steel forgings. The same company has attempted to perform from ADI cast iron track links for tanks. 
Still other applications include diesel engines for trucks and tractors and engines with turbocharging, turbine 
engines and engines for racing cars. Prototypes of connecting rods and other vehicles elements such as shock: 
absorbers, drive shaft yoke, short shafts, steering system components, slidable rollers of gear change and 
universal joints are examples of currently investigated prototypes. In the literature [1] you can meet a lot of 
examples of applications of ADI cast iron on structures used in various industry branches and technology. 
There are dominating relatively small products, which are most often exploited under the conditions of high 
and dynamic loads, in many instances they are subject to strong friction. "Which material will offer the 
constructor the best combination of low manufacturing costs, designing flexibility, good workability, high ratio 
of strength-to-weight and good ductility, resistance to wear and fatigue? Perhaps the ADI is the answer to this 
question. "- So begins the extensive work available on the Internet and concerning many details of ADI cast 
iron production [2].  

2. FATIGUE PROPERTIES 

Fatigue strength is the ability of material to resist fatigue process. Attempts of metal fatigue rely on repeated 

burdening the sample, causing alternating stress state. The variability of stress at the time τ is characterized 
by a frequency f, the size and type of stress and asymmetry coefficient of R cycle. Increased fatigue strength 
of material is gaining importance in solving the general problem of improving the reliability and durability of 
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modern machines and structures. Analysis of causes of failures of machine elements and structures indicates 
that the majority of more than 90 % of all cases is due to fatigue cracking.  Many factors have an effect on the 
fatigue properties.  Belongs to them, anticorrosive protection in the form of the coating and also applied 
technologies of laser processing and electrolytic machining [3÷8].  At the actual operation, the components 
and constructions are loaded mainly by repeating loading that could lead to the ultimate state, fatigue fracture 
in the final consequences. If it is assumed that the construction material will be repeatedly cyclically loaded in 
the operation, then it will be necessary to determine very complex fatigue characteristics for the given operation 
conditions. It means to state experimentally the concrete values from the area of the low-cyclic, high-cyclic and 
ultra-high-cyclic fatigue for the construction material and by respecting of the philosophy of the admissible 
defects, also the values of fracture mechanics. To determine the fatigue characteristics mentioned above 
experimentally, there is usually realized the determination using the normal frequencies, in the range from f 

≈ 10 Hz to f ≈ 200 Hz, that is very time demanding and expensive. This statement emphasizes the fact, that 
fatigue fractures occur even after billion cycles and more [9] and the stated, conventional criteria [10] do not 
fulfil the requirements for the safety and evaluation of components and constructions endurance. Sakai, T. et 
all [11], Masuda, C. et all [12], Naito, T. et all [13], Bathias, G. and Bonis, J. [14], Asami, K. and Hironaga, M. 
[15] stated f. e. the decreasing of the fatigue characteristics, dependence Sa = f (N) beyond conventional limit 
of cycles Nf = 107, first of in the high strength and surface hardened steels (for example Hardox steel). One of 
the possible directions is the application of experimental methods of high frequency cyclic loading to 
determination of the fatigue properties in construction materials. These experimental methods are progressive 
without question, with a wide future application, they are very time and economically effective [16, 17]. 

3. MATERIALS AND EXPERIMENTAL PROCEDURE 

For fatigue tests were used samples made of ductile cast iron ADI. ADI cast iron was obtained by heat 
treatment of cast iron of ferrite-pearlite warp. The chemical composition, mechanical properties and isothermal 
transformation parameters are shown in Table 1 .  

Table 1 Chemical composition (in wt.%), heat-treatment and mechanical properties ADI 

C [%] Mn [%] S i[%] P [%] S [%] Rm [MPa] Z [%] KCU2 [J.cm-2] 

3.49 0.25 2.46 0.002 0.007 1124.6 9.75 20.4 

Heat-treatment austenitization × isothermal transformation 
1183 K, 30 min × 673 K, 60 min 

 

Fig. 1 ADI cast iron microstructure (bainite and retained austenite with nodular graphite), mag.400x 
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The microstructure of the 
material after isothermal 
transformation constitutes 
acicular ferrite (often referred to 
as bainite) and the residual 
austenite, regular graphite (VI 90 
% according to STN 42 0461) 
and irregular graphite (V 10 %), 
the graphite particle size ranged 
from 15-30 µm. ADI cast iron 
microstructure is shown in 
Fig. 1 .  

In the research was used the 
resonant fatigue machine KAUP-
ZU. Resonant method compared 
to non-resonant provides more 
stress amplitude and greater 
efficiency. Forced vibrations 
frequency in resonant conditions 
approaches the natural 
frequency of the machine-to-
sample system. Samples on resonant machines are sensitive to changes in the stiffness of the sample at the 
time of the formation of fatigue cracks. Resonant fatigue machine is made of a piezoelectric transducer, 
tapered concentrator, gradual concentrator and test sample. Fig. 2  shows the construction of the resonant 
fatigue machine. Resonant device allows you to produce in the smallest cross-sectional of the elastic-plastic 
sample deformation. In this place occurs accumulation of fatigue stresses leading to fatigue crack.  

Fatigue tests of ADI cast iron in the area of very high load cycles (N ≈ 6 x 106 ÷ N ≈ 1 x1010 cycles) were 
performed at high frequency loads of stretching-compression type with sinusoidal course (f ≈ 20kHz,  
R = -1, T = 20 ± 10 °C with cooling the samples in distilled water with anticorrosive inhibitor) on the machine 
KAUP-ZU with the use of the samples described by Salama and Lamerand (Fig. 3 ) according to the methods 
described in [10, 18].  

 
Fig.  3 Shape and geometry of the specimen used for fatigue tests at loading frequency of f ≈ 20 kHz 

4. SULTS AND DISCUSION 

For Nf = 4.3 x  107 cycles the amplitude value for the ADI cast iron is σa= 190 MPa with increasing number of 

cycles to Nf=1.1010 the amplitude value is σa= 175 MPa. (Fig. 3  curve). Obtained amplitude difference 
in considered interval is ∆σa = 15 MPa. Comparing obtained results with the results published in works [16] in 

 
Fig. 2  Design of the resonance fatigue testing machine KAUP-ZU 
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which the authors investigated the fatigue properties of ductile iron (ADI Rm = 1250 MPa at load frequencies (f 

= 20 kHz, T = 20±10 °C, R = -1) in the area to Nf = 1 x 108 cycles (Fig. 4 .curve) was obtained a similar course 
of dependence σa = f(Nf) placed in papers [10, 18, 19]. It should be stated here that it is based on a possible 
course of dependence σa=f(Nf), which requires more research. Comparison of the fatigue limit values σc  at the 
low frequencies loading Nf = 1 x 107 cycles with fatigue limit σc with high frequencies loading Nf = 1 x 108 cycles, 
indicate higher values of σc  with high frequencies loading cycles [1, 18] 

Fig. 5 and Fig. 6  show a breakthrough to the nature of ductile cast iron ADI after fatigue tests with the use of 
assumed load cycles (Fig. 5 , Nf = 4.148 x 107cycles; Fig. 6  Nf = 4.45 x  109 cycles). Fatigue fracture starts from 
the surface, for fatigue crack nucleation sites can be assumed primarily areas with graphite cast iron. 
Breakthrough of the ADI sample is characterized by trans-crystalline fatigue cracks. Surface relief at lower 
amplitudes of cyclic loading with a larger number of cycles to a breakthrough was lower. 

 
Fig. 4 The dependence of the voltage amplitude σa on the number of cycles N, cast iron and ADI [1, 19],  

(f = 20kHz, T = 20 ± 10 °C, R = -1) 

  

Fig.  5 The surface of fatigue fracture, 
cast iron ADI loaded Nf = 4.148 x107 

cycles  

Fig.  6 The surface of fatigue fracture, cast iron 
ADI loaded Nf = 4.45 x 109  cycles  
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5. CONCLUSION 

ADI cast irons are increasingly used for the relevant parts of machines exposed to dynamic load changes. It 
is advisable to know fatigue properties and cracking mechanism in the field of ultra-high cycle to determine the 
safe operation service life. The breakthrough of ADI sample is characterized by trans-crystalline fatigue cracks. 
Surface relief at lower amplitudes of cyclic loading with a larger number of cycles to a breakthrough was lower. 
Knowledge obtained during high frequency loading can be confronted with the works of the authors [19, 20], 
who analysed the characteristics of spheroidal cast iron loading to Nf = 1x108 cycles (f ≈ 20 kHz T = 20 ± 10 
°C, R = -1) or with the work of authors [21, 22], who studied the fatigue characteristics of spheroidal cast iron 
to Nf = 1x107 cycles at low frequencies cyclic loading. For the above-mentioned ranges of cyclic loading were 
not observed significant differences between the low frequencies and high frequencies cycle loading. 
Subsurface fatigue crack initiation in the analysed region is a microstructure-related phenomenon which 
considerably affects the endurance of ADI. Subsurface fatigue crack initiation is associated with internal 
structural heterogeneities such as inclusions, micropores, microshrinkage, big graphite particles, long grain 
boundaries suitably oriented to loading direction, small grains, etc. 
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Abstract  

The paper analyses the structural modifications occurred in the welded joints from a Duplex stainless steel, 
delivered in solution annealed state in form of sheet with 12 mm thickness. As filler material it has been 
selected an electrode wire E 2209-16 with a diameter of 1.2 mm, which has a higher Ni content (8-10 %) 
compared to the base material (4.5-6.5 %) in order to promote the formation of austenite and to induce in the 
weld approximately equal proportions of ferrite and austenite. 

Also are capitalized the benefits of the pulsed current arc-welding regarding the precipitation reactions 
limitation of the intermetallic phase σ and of the nitrides in weld and heat affected zone (HAZ) which can affect 
both corrosion resistance and toughness. 

Keywords: Duplex stainless steel, welding, microstructure 

1. INTRODUCTION 

Duplex stainless steels have excellent resistance to inter-crystallization and stress corrosion as well as 
mechanical strength characteristics higher than of the austenitic stainless steels [1-3]. The base metal is 
delivered in form of sheets, bars, wires, pipes longitudinally welded or seamless, castings (eg. houses and 
internal components of pump), forgings (eg. flanges and fittings), etc. which are either in solution annealed 
state or work hardened state. Most of industrial buildings use the welding techniques [2]. From technological 
and economic reasons, one of welding methods recommended in this paper in order to join these steels is the 
pulsed current MIG/MAG procedure. The experimental researches performed are for avoiding or minimizing 
the unfavourable structural changes which can cause selective cracking and corrosion phenomena. 

2. EXPERIMENTAL PROCEDURE. RESULTS EVALUATION AND D ISCUSSIONS 

The chemical composition of the steel sheets used to make the penetrated butt welds is (in wt. %): 0.026 C; 
0.74 Si; 1.86 Mn; 22.2; 5.1 Ni; 2.94 Mo; 0.16 Mo; 0.021 P; 0.014 S. The selected filler material was a E 2209-
16 wire (according to AWS A5.4) with a diameter of 1.2 mm, which led to the following chemical composition 
for the deposited metal (in wt. %): 0.03 C; 0.45Si; 0.95 Mn; 22.6 Cr; 9.70 Ni; 3.0 Mo; 0.18 N;  0.014 P; 0.017 
S. The shielding gas was Cronigon 2 (97.5% Ar + 2.5% CO2) from Linde with a flow rate Q = 18 liters/min. The 
welding process was performed in horizontal position, PA/SRENISO 6943/2000 position, the welding sense 

being to the left, the wire electrode inclination was 85°. The preparation and positioning of the components for 
joining is shown in Fig. 1 . 

The welded joints were obtained by two welding technologies namely, one for the root layer and other for the 
filling layers. The root layer was realized at a low heat input value (6.9 kJ/cm), to avoid the breakthrough and 
leakage of the molten metal. For the filling layers the heat input value was 10 kJ/cm. The welding was done in 
4 passes, 1 pass for the root layer and 3 passes for filling layers, with the following technological welding 
parameters: 
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a - root layer:  wire feed speed, 5 m/min; average welding current; 116 A, electrical arc voltage, 20 V; welding 
speed, 20 cm/min; linear energy, 6.9 kJ/cm; 

 

Fig. 1  The design and dimensions of the welding joint 

The contact nozzle was positioned with 2-3 mm inside the gas nozzle so that a free length of 18-19 mm has 
resulted. The used welding equipment (type ARISTO 500) allows the synergistic control of process 
parameters. Their setting was made by a suitable selection of the electrode wire feed speed, vas = 5m/min. 
Due to this welding speed the other welding parameters have resulted (Fig. 2 ). 

 

Fig. 2  Recording of the main welding parameters, Is, Ua 

The voltage value indicated on the equipment screen, 28 V, corresponds to the pulse arc voltage and not to 
the average arc voltage of 20V. 

Based on these values were defined the following pulsed current parameters: 

• impulse current, Ip = 328 A; 
• impulse time,tp = 2 ms; 
• base current, Ib = 56 A; 
• impulse frequencies, f = 146 Hz. 

b - filler layers  

The filling of the welding joint was made in a number of 3 passes with a linear energy of 10kJ/cm. The welding 
was done mechanized, the welding direction was to the left, or by "pushing" and the torch was inclined with α 

= 5°. Between two successive depositions, the temperature was limited to 140-150 °C. The arrangement of 
the metal depositions in the welding joint is shown in Fig. 3 . 
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Fig. 3  The arrangement of the deposited metal in the welding joint (D.M. - deposited metal, H.A.Z. - Heat 
affected zone, B.M. - base metal) 

The average values of the technological welding process parameters used for the filler layers are: 

• wire feed speed, 8 m/min; 
• welding current, 180 A; 
• arc voltage, 28 V; 
• voltage correction, +3V; 
• welding speed, 30 cm/min. 
• linear energy, 10 kJ/cm 

The setting of the technological welding process parameters was done by choosing an electrode wire feed 
speeds of 8 m/min (Fig. 4 ). 

From this figure one can observed that it is applied a correction voltage of +3V in comparison with the one 
prescribed by the arc welding power source. This is determined by the splashes reducing when is performed 
the filling layers deposition by properly increasing of the arc length which reduces the risk of its short circuits 
during welding. 

The measured values of the welding parameters are presented in Fig. 5. 

Also in this case the voltage value from the equipment screen is the measured value of the pulse voltage, 32.5 
V and not of arc voltage, 28 V. It is noted that the difference between the pulse voltage and the arc voltage is 
smaller than in case of the root layer welding; the phenomenon is explained by the pulses frequency increasing. 
The parameters values of the impulse current for 8m/min wire feed speed are: 

• impulse current, Ip=328 A; 
• impulse time, tp =2 ms; 
• base current, Ib =96 A; 
• frequency, fp=236 Hz. 

The aspect of the weld outer surface is shown in Fig. 6 . 

It is noted that there are no surface defects such cracks, pores and marginal notches respectively there is a 
good wetting of depositions to the base metal. The right positioning of the wire electrode into the joint by 
execution of the two deposition layers is evidenced by a proper weld overlap, the absence of marginal notches 
respectively the uniformity of the two welding passes without the appearance of a surface with notches in the 
bounding zone between them. 
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          Fig. 4  Setting of the wire feed speed                    Fig. 5  Measured values of the welding parameters                                                                                       

Also, it can be seen that the last layer was obtained in 2 welding passes because of the high welding speed 
which makes difficult the joint filling into a single pass; keeping constant the linear energy for all layers 
deposition. 

  

Fig. 6  The aspect of the outer weld surface  

 

Fig. 7  Cross-section through the ternary diagram Fe-Cr-Ni [3] 

In accordance with the pseudo-binary diagram Fe-Cr-Ni shown in Fig. 7, the solidification microstructure of 
the molten metal bath is almost completely ferritic. The further cooling initiates the austenite formation on the 
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ferritic grain boundaries. The austenite amount depends significantly on the chemical composition and cooling 
rate. 

By welding, the cooling rate is relatively high and therefore there is a short time to form austenite. Therefore, 
the selected filler material has a higher content of Ni, element which stabilizes austenite phase, compared with 
the base metal. A similar effect is given by N, which has a great importance in reforming austenite. Normally, 
the ferrite content of the deposited metal must correspond to the ferrite index NF 30-100 (22-70 %) [3, 4]. 
Transposing on the diagram WRC - 92 [4] from Fig. 8  the values Crech. and Ni ech. specific to the base metal 
and filler material and taking into account the dilution value, the index of the deposited metal ferrite was 
estimated, as FN 32-38 (24-28 %). 

 

Fig. 8 Prediction of the ferrite index 

   

               Fig. 9 Microstructure of the base metal                       Fig. 10 Microstructure of the weld 

The representative microstructures of the welded joint areas are shown in Figs. 9-11 . It is noted that the base 
metal has a structure (Fig. 9 ) consisting of approx. 52 % austenite and 48 % ferrite (determined with a Fischer 
ferrit scope), the deposited metal has a dendritic structure (Fig. 10 ), and in the area from the heat affected 
zone adjacent to the fusion line occurs a predominantly ferritic structure (Fig. 11 ). A structure with a high ferrite 
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proportion may decrease the toughness at low-temperatures, while a structure with a too high amount of 
austenite affects both the mechanical strength characteristics and stress corrosion resistance in chloride 
environments. 

The hot cracking sensitivity is reduced by the very highest concentrations in Ni and N. At the same time, the 
resistance to cold cracking of the austenitic-ferritic weld and of the high ferritized area from HAZ is high, 
although in the austenitic zones adjacent to the ferritic areas it can be stored appreciable quantities of 
hydrogen. To eliminate the risk of cold cracking is recommended the selection of welding materials with low 
hydrogen content and applying of a preheating at approx. 150 ˚C. 

 

Fig. 11 Microstructure of the transition zone B.M - D.M 

3. CONCLUSIONS 

The selection of a filler material having a similar content in Cr, Mo and N with the base metal, but a higher Ni 
content, has a favourable effect on the structure of the deposited metal meaning that the ferritic structure 
resulted from the solidification process is partially converted in austenite without to be necessary a subsequent 
heat treatment. 

The area from HAZ, adjacent to the fusion line, has a predominantly ferritic structure, even when filler was 
applied. 

The limitation in both directions of linear energy and temperature between 2 successive layers deposition 
allows on the one hand the austenite formation in weld and HAZ and, on the other hand prevents the 
precipitation of intermetallic phases intense (σ) and nitrides (Cr2N, CrN ), which decrease the toughness and 
corrosion resistance. 
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Abstract   

The paper is dealing with microstructural characterisation and mechanical properties of thermally simulated 
parts of the heat affected zone in homogeneous weldments of T24 steel. The study has been targeted on the 
blunt peripheral weld joints of T24 steel between two tubes, which are an integral part of the production of 
membrane walls. Investigations on thermally simulated HAZ samples were performed in two states: after 
simulation (as-welded) and after PWHT 740 °C / 1 h. Thermal cycles for simulation of basic parts of HAZ in 
homogeneous welds of T24 steel were obtained by real measurements with subsequent corrections based on 
numerical simulations of welding using the Sysweld software. Thermal simulations were carried out on samples 
of Vallourec & Mannesmann tubes using a simulator TCS 1405. On the thermally simulated samples hardness 
and impact energy were evaluated. Microstructural characterisation was carried out using both light 
microscopy and transmission electron microscopy. Extraction replicas were used for identification of minor 
phases.  Results of thermal simulations were validated on a real weldment. Results on simulated samples 
reasonably complied with results obtained on the real homogeneous weldment of T24 steel. 

Keywords:  Weld joint, T24 steel, HAZ, thermal cycle, thermal simulation, precipitation 

1. INTRODUCTION 

The main effort of T/P24 (7CrMoVTiB10-10) steel development was to get the steel grade with higher creep 

characteristics than is the creep resistance of low-alloy steels of Cr-Mo type (T/P22) [1-3]. Furthermore, the 
aim was to get the steel grade that could be welded without preheating and additional heat treatment after 

welding (PWHT) [1]. In modern boilers T24 steel has been designed for the construction of membrane walls, 
which constitute the walls of evaporators. Due to many defects during manufacture, transport and shortly after 
commissioning of these membrane walls, a lot of attention has been paid to problems of weldability of T/P24 

steel [3]. This is also closely related to the Czech Republic where T24 steel was applied in the construction of 
a new boiler unit in the Ledvice power plant.  

This paper is dealing with microstructure and mechanical properties of the thermally simulated parts of heat 
affected zone (HAZ) in homogeneous weldments of T24 steel. The evolution of microstructure, hardness and 
impact energy was studied in basic parts of HAZ in the simulated state (as-welded) and after PWHT.   

2. EXPERIMENTAL 

A blunt peripheral weld joint between two T24 tubes of Ø 42.8 x 7.1 mm was made using the welding 
method 141 with preheating to ca 150 °C. Thermocouples were used for the evaluation of thermal cycles 

during welding. Chemical composition of welded tubes A, manufactured by V&M tubes, is shown in Table 1 . 
Union I P24 (W ZCrMo2VTi/Nb - EN 12070) wires with a diameter of 2.4 mm were applied as filler material.  
The measurement of thermal cycles during welding was done in order to get time-temperature information for 
each zone of HAZ. The measured parameters were validated using numerical simulations of welding by the 

Sysweld software and were compared with published data (mainly ∆t8/5) [2, 3]. The following parts of HAZ 
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were simulated: overheated (CG - coarse grained) zone, normalized (FG - fine grained) zone and intercritical 
(IC) zone. Parameters of the thermal cycles for individual parts of HAZ are shown in Table 2 .  

Table 1  Chemical composition of T24 steel (wt. %) 

Material C Si Mn P S Al Cr Mo V Ti N B 

A 
0.0
84 0.271 0.54 0.010 0.0028 0.014 2.463 0.962 0.228 0.064 0.0095 0.0048 

B 0.0
78 

0.29 0.55 0.017 0.0025 0.012 2.522 0.975 0.224 0.084 0.0098 0.0022 

Ref. [4] 

0.0
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max. 
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max. 
0.010 

max. 
0.020 

2.20 - 
2.60 

0.90 - 
1.10 

0.20 - 
0.30 

0.05 - 
0.10 

max. 
0.010 

0.0015- 
0.0070 

The thermal simulations of basic parts of HAZ were carried out on bars with dimensions of 10.2 x 10.2 x 70 
mm. These bars were cut from tubes B (V&M tubes) having chemical composition shown in Table 1. Quality 
heat treatment of tubes consisted of normalization at 1000 °C followed by tempering at 750 °C for 30 minutes. 
The thermal simulation of individual parts of HAZ was carried out using a unit TCS 1405 (THERMAL CYCLES 
SIMULATOR) at the Research and Testing Institute in Pilsen.  

Table 2  Parameters of thermal cycles for studied parts of HAZ 

Parameter Overheated zone Normalized zone Intercrit ical zone 

Initial temperature (preheat) 150 °C for 30 s 

Heating rate 60 °C / s 

Max. temperature of thermal cycle- Tmax 1350 °C 1000 °C 860 °C 

Holding time at Tmax 1 s 

Cooling rate between Tmax and 800 °C 24 °C / s 20 °C / s 10 °C / s 

Parameter ∆t8/5 36.5 s 39 s 43 s 

Cooling below 500 °C air 

Characterisation of microstructure and mechanical properties was carried out in both as-welded state (after 
simulation) and after PWHT (740 °C / 1 hour). Microstructure and hardness were evaluated on cross sections 
cut in the half length of samples. Microstructure of the thermally simulated parts of HAZ was studied by light 
microscopy. Microstructure was revealed by etching in a Nital solution. Precipitation processes were 
investigated using TEM. Minor phases on carbon extraction replicas were identified by a combination of EDX 
and electron diffraction techniques. Hardness evaluation of the thermally simulated samples was carried out 
according to ČSN EN ISO 9015-1 and ČSN EN ISO 6507-1 standards. The average hardness HV 10 was 
determined as the arithmetic mean of 10 measurements and standard deviations were calculated. 
Furthermore, the notch energy was evaluated at ambient temperature on three bars for each simulated part of 
HAZ. The impact energy test was carried out according to EN ISO 148-1. 

3. EVALUATION OF MECHANICAL PROPERTIES 

Results of hardness measurements on both as-welded (after simulation) and tempered (after PWHT) samples 
are plotted in Fig. 1 . In the simulated overheated zone of HAZ the hardness level exceeded the critical value 
of 350 HV. Nevertheless, after PWHT hardness in this zone of HAZ decreased to an acceptable value. 
Hardness of the as-welded normalized zone of HAZ was only slightly below the maximum allowed hardness. 
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It is worth noting that after PWHT hardness of the intercritical part of HAZ was lower than hardness of the T24 
steel in the as-received condition.   

The average value of impact energy in overheated zone of HAZ in the as-welded state dropped below 40 J, 
which was the minimum required value for tubes of T24 steel according to ČSN EN 10216-2+A2. PWHT 
resulted in an increase of impact energy above this limit. Impact energy in the as-welded state of thermally 
simulated FG and IC zones of HAZ was lower than that of T24 steel in the initial state (after quality heat 
treatment). However, after PWHT impact energy in simulated FG and IC zones of HAZ significantly increased, 
Fig. 2 .  

 

Fig. 1  Hardness HV 10 of thermally simulated parts of HAZ and of T24 tubes after quality heat treatment 

 

Fig. 2  Impact energy of thermally simulated parts of HAZ and of T24 tubes after quality heat treatment 
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4. MICROSTRUCTURE CHARACTERISATION 

Microstructure of T24 tubes in the as - received state consisted of tempered bainite. Rectangular particles in 
the matrix were identified as nitrides or carbonitrides of titanium (TiX). These particles can form in the melt or 
during solidification of steel [5]. The size of these primary TiX particles reached up to several micrometers. 
Heterogeneous nucleation of TiX particles on alumina particles was frequently observed. Tempering at  
750 °C resulted in an intensive precipitation of minor phases, Fig. 3a . Prior austenite grain boundaries were 
decorated by a discontinuous network of M23C6 particles, middle size particles were identified as M7C3 carbides 
and fine particles were formed by MX phase. They were rich in vanadium and titanium. Furthermore, a high 
amount of molybdenum (up to 50 wt. %) was dissolved in these fine particles [6]. 

                                       a)                                                                                    b) 

Fig. 3 a) Precipitation of M23C6, M7C3 and MX particles in T24 tubes after quality heat treatment,                          
b) undissolved particle of TiX in the overheated zone of HAZ 

4.1. Microstructure of the thermally simulated samp les  

The thermal cycle corresponding to the overheated zone of HAZ resulted in a significant coarsening of the 
prior austenite grain size. During the thermal cycle intensive dissolution of precipitates occurred. All phases, 
except for primary TiX particles, dissolved. Fig. 3b shows an undissolved particle of TiX. Fine intragranular 
particles were identified as cementite which formed during bainitic transformation of austenite. Fig. 4a  shows 
precipitation in the sample after the thermal cycle at 1000 °C (FG zone). During the cycle the microstructure 
was fully re-austenitized but dissolution of precipitates was only partial. All minor phases formed during quality 
heat treatment were identified: M23C6, M7C3 and MX. Furthermore, fine particles of cementite, which formed 
during bainitic decomposition of austenite, were present. As evident re-austenitization resulted in a significant 
reduction of austenite grain size. Discontinuous networks of coarse particles in Fig. 4a mark the original 
positions of prior austenite grain boundaries. Most precipitates were inherited from the as-received state. The 
thermal cycle at 860 °C (IC zone) resulted in partial austenitization of the matrix. Dissolution of precipitates 
during the thermal cycle was only partial. All minor phases formed during quality heat treatment were identified: 
M23C6, M7C3 and MX.  Discontinuous networks of particles in Fig. 4b  mark the original positions of austenitic 
grain boundaries. NB areas in Fig. 4b  correspond to new bainite which formed during decomposition of 
austenitic islands. Precipitation of fine particles of cementite in NB islands was revealed. However, most 
precipitates in Fig. 4b  were inherited from the as-received state. 
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                                       a)                                                                                      b) 
Fig. 4  Precipitation in the thermally simulated samples, a) precipitation in the normalized (FG) zone,  b) 

precipitation in the intercritical (IC) zone 

4.2. Microstructure of the thermally simulated samp les after PWHT  

Total dissolution of minor phases during the thermal cycle at 1350 °C resulted in an intensive re- precipitation 
during PWHT [6]. Fig. 5a  shows precipitates in the overheated zone of HAZ after tempering. The following 
minor phases were present in the tempered bainite: M23C6, M7C3 and MX. Minor phases are marked in Fig. 5b . 
Fine particles of MX were rich in titanium, vanadium and molybdenum (up to 50 wt.%).  

   
                                        a)                                                                               b) 
Fig. 5  a) Precipitation in the overheated zone of HAZ after PWHT, b) M23C6, M7C3 and MX particles, insert: 

SAEDP of MX phase 
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An imprint of a coarse particle (ca 5 µm) in Fig. 5a  corresponds to primary TiX. Such coarse particles could 
have a negative effect on toughness. An insert in Fig. 5b  proves that fine particles are MX phase and not M2X 
phase. PWHT of samples after the thermal cycles at 1000 °C and 860 °C was accompanied by less 
pronounced re-precipitation of minor phases. PWHT resulted in dissolution of cementite particles which formed 
during bainitic decomposition of austenite.  

5. CONCLUSION 

• The thermal cycle at 1350 °C resulted in total dissolution of all minor phases formed during quality heat 
treatment. Coarsening of prior austenite grains occurred. Hardness of bainite exceeded 350 HV which 
is usually regarded as the maximum acceptable value. At the same time the impact energy did not reach 
the required level. PWHT at 740 °C was accompanied by an intensive re-precipitation of minor phases 
and recovery of the matrix. After PWHT both hardness and impact energy met the requirements. 

• Mechanical properties of the thermally simulated normalized and intercritical parts of HAZ complied with 
the requirements. Only partial dissolution of precipitates occurred during these thermal cycles. PWHT 
was accompanied by a reduction of hardness and by a significant increase in impact energy in both 
samples. Re-precipitation processes during PWHT were less intensive than those in the overheated 
part of HAZ. 

• Results of thermal simulations were validated on the real homogeneous weldment of T24 tubes [6]. 
Furthermore, it was demonstrated that exposition of as-welded T24 weldments to the working 
temperature (575 °C) was accompanied by secondary hardening in the overheated part of HAZ. This 

resulted in a further increase in hardness and a reduction of impact energy [6].     
• The results of investigations prove that in order to prevent unacceptable hardening of the overheated 

part of HAZ in homogeneous T24 weldments the application of PWHT is needed.  
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Abstract 

The paper presents the models of temperature field, phase transformation kinetics, the calculation of thermal 
and structural strains in a steel element during multi-pass Gas Metal Arc Weld surfacing. The temperature field 
is described analytically assuming a bimodal volumetric model of heat source and a semi-infinite body model 
of the surfaced (rebuilt) work-piece. The electric arc is treated physically as one heat source. Part of the heat 
is transferred by the direct impact of the electric arc, while another part of the heat is transferred to the weld 
by the melted material of the electrode. The temperature increments caused by overlaying consecutive welding 
sequences and self-cooling of previously heated areas are considered in the description. Kinetics of phase 
transformations during heating is limited by temperature values at the beginning and at the end of austenitic 
transformation, while the progress of phase transformations during cooling is determined on the basis of TTT-
welding diagram and Johnson-Mehl-Avrami and Kolomogorov law for diffusive transformations, and Koistinen-
Marburger for martensitic transformation. Total strains result from strain history in subsequent cycles of heating 
and cooling (as the result of the passage of the welding head) and are equal to the sum of thermal and 
structural strains induced by phase transformations in these cycles. 

Keywords: Mult-ipass welding, temperature field, phase transformation, strains, GMA. 

1. INTRODUCTION 

Modelling of thermomechanical states in the surfacing or rebuilding by welding requires the determination of 
temperature field, the calculation of the shares of structural elements when taking into account their changes 
that occur as result of phase transformations and the determination of temporary and residual stresses. In 
order to calculate the strains one has to know not only the temperature and structures determining mechanical 
properties of the material, but also thermal and structural strains. 

In case of multi-pass surfacing, the application of subsequent welds causes previous welds to heat up and 
melt. During subsequent thermal cycles the material in a heat affected zone can undergo multiple phase 
transformations leading to the diversification of the structure between welds and in the heat affected zone also 
results in diversified thermal and structural strains. 

2. THE MODEL OF TEMPERATURE FIELD 

Many researchers have tried to obtain a solution, which would be closest to the real temperature distribution, 
using analytical methods as well as FEM. With reference to temperature field analysis during multi-pass 
welding, works concern mainly FEM [1 - 6]. In majority of existing solutions for temperature field only direct 
effects of electric arc heat on the material of welded or surfaced object are taken into account. Analyses of 
metallographic specimens of surfaced elements [7] indicate that fusion lines have more irregular shapes. In 
the description, the bimodal heat source model of the temperature field is presented. The electric arc was 
treated physically as one heat source, whose heat was divided: part of the heat is transferred by the direct 
impact of the electric arc, but another part of the heat is transferred to the weld by the melted material of the 
electrode. This allows for the formulation of the temperature field in the form: 
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( ) ( ) ( )t,z,y,xTt,z,y,xTTt,z,y,xT wa +=− 0  (1) 

where Ta(x,y,z,t) and Tw(x,y,z,t) are temperature fields caused respectively by the heat of direct impact of an 
electric arc and by the heat of the weld reinforcement (consumed to melt the electrode). Analytical description 
of the temperature field caused by the direct impact of the electric arc with Gaussian heat distribution is shown 
in [8], whereas considering the heat stored in the liquid metal imposed on the surface is presented in [9]. In 
the temperature field modelling during multi-pass surfacing it is necessary to take into account temperature 
increments, caused by overlaying consecutive welding sequences and the self-cooling of areas previously 
heated and weld overlaps. The temperature field during the application of k-th weld is then described by the 
relationship: 

( ) j
H

k

k

j

C
j TTTt,z,y,xT ∆+∆=− ∑

−

=

1

1
0  (2) 

where: ∆Tj
C denotes the increment of temperature caused by already applied (cooling) j-th weld, while ∆Tj

H the 
increment of temperature during application of k-th weld. Whereas temperature field after application of all 
welds is described by: 

( ) ∑
=

∆=−
k

j

C
jTTt,z,y,xT

1
0  (3 

The algorithm for the temperature field calculation during the multipass surfacing by welding is presented in 
[10], whereas analytical description of the temperature field taking into account the heat of the weld is 
presented in [9]. 

3. KINETICS OF PHASE TRANSFORMATION IN SOLID STATE 

Kinetics of diffusion transformation are described by Johnson-Mehl-Avrami's and Kolomogorov’s (JMAK) rules 
[11]. The amount of austenite ϕA created during heating of the ferrite-pearlitic steel is therefore defined 
according to the formula: 

( ) ( ) ( )( )( )∑ +−−=
j

A
Tn

jjA
jtTbexpT 00 1 ϕϕϕ  (4) 

where ϕj
0 constitutes initial share of ferrite (j≡F), pearlite (j≡P) and bainite (j≡B), ϕA

0  denotes the amount of  
residual austenite remaining from the previous welding thermal cycle, while constants bj and nj are determined 
using conditions at the beginning and the end of transformation: 

( )( )[ ] ( )31990 A/Aln/.lnlnn j =  (5) 

1010 A/n.b jj =  (6) 

In welding processes the volume fractions of particular phases during cooling depend on the temperature, 

cooling rate, and the share of austenite (in the zone of incomplete conversion 0≤ϕA≤1). In quantitative 
perspective the progress of phase transformation during cooling is estimated by using additivity rule by 

volumetric fraction ϕj of created phase what can be expressed analogically to Avrami's formula [12] by 
equation: 

( ) ( ) ( )[ ]{ } 01 j
Tn

j
max
jAj

jtTbexpt,T ϕϕϕϕ +−=  (7) 

where ϕj
0 is volumetric participation of j-th structural component, which has not been converted during the 

austenitization, φj
max is the maximum volumetric fraction of phase j for the determined cooling rate estimated 

on the basis of the continuous cooling diagram (Fig. 1 ) while the integral volumetric fraction equals: 

1
1

=∑
=

k

j
jϕ  (8) 

and k denotes the number of structural participations. 
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The quantitative description of the dependence of material’s structure and quality of temperature and 
transformation time of over-cooled austenite during surfacing is made in accordance with the time-
temperature-transformation diagram during continuous cooling, which binds the time of cooling t8/5 (time when 
material stays within the range of temperature between 500 [0C] and 800 [0C], or the velocity of cooling  
(v8/5 = (800-500)/t8/5) and the temperature with the progress of phase transformation (Fig. 2 ). Those diagrams 
are called TTT-welding diagrams. 

 

Fig. 1 Scheme of phase changes of overcooled austenite depending on cooling velocity within temperature 
range 800-500 0C 

In quantitative perspective the progress of phase transformation is estimated by volumetric fraction ϕj of 

created phase, where i can denote ferrite (j≡F), pearlite (j≡P), bainite (j≡B) or martensite (j≡M). Volumetric 

fraction ϕj of created phase can be expressed using formula (7), in which time t is replaced with new 
independent variable - temperature T [13]: 

( ) ( )( )( ) 0
58

581 j
vn

/j
max
jAj

/jTvbexp ϕϕϕϕ +−−=  (9) 

where 

( ) ( )( )[ ] ( )f
j

s
j

f
j

s
jj T/Tln/ln/lnlnn ϕϕ −−= 11  (10) 

( ) s
j

f
jjj T/nb ϕ−= 1  (11) 

Tj
s = Tj

s(v8/5) and Tj
f = Tj

f(v8/5) are respectively initial and final temperature of the phase transformation of this 

component, ϕi
max denotes the maximal contribution of the phase i, which is then created from the cooled 

austenite. 

The fraction of martensite formed below the temperature Ms is calculated using the Koistinen-Marburger 
formula [14,15]: 

( ) ( )[ ]{ }TMexpT s
max
MAM −−−= µϕϕϕ 1 , ( ) ( )fs

min
M MM/).ln −== 10ϕµ  (12) 

where ϕm denotes volumetric fraction of martensite, Ms and Mf denote initial and final temperature of martensite 
transformation respectively, T the current temperature of process. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

913 

4. THERMAL AND STRUCTURAL STRAINS 

In the case of multiple reactions of the heat source the total distortion is the sum of thermical distortions and 
distortions caused by phasic changes in the following heating and cooling processes which result from the 
passage of electrode (a welding head) [10]. The total strain during single-pass surfacing represents the sum 

of thermal strains ε j
H and ε j

C caused by phase transformation during heating and cooling respectively: 

( ) ( )∑
=

=
k

j
j t,z,y,xt,z,y,x

1
εε  (13) 

where: 

( ) C
j

H
jj t,z,y,x εεε +=  (14) 

εj
H and εj

C denote the thermal and structural strains during heating and cooling respectively while carrying the 
j-th bead. 

Heating leads to the increase in the material’s volume, while transformation of the initial structure (ferritic, 
pearlitic or bainitic) in austenite causes shrinkage connected to different density levels of given structures. 
Then strains during heating are equal to: 

Trh
j

Th
j

H
j εεε −=  (15) 

where ε j
Th is a strain caused by thermal expansion of the material [10]: 
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while εTrh is a phase transformation strain during heating: 

∑
=

=
M,B,F,Pi

iAi
Trh
j γϕε  (17) 

where: γiA - structural strain of i-th structure in austenite, T0 - initial temperature, αi - linear thermal expansion 
coefficient of i-th structure, and H(x) is the Heaviside step function defined as follows: 

( )
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xfor,
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xH  (18) 

Cooling of the material causes its shrinkage, while transformation of austenite in cooling structures in turn 
causes the increase of its volume. It leads to complicated changes of strains dependent not only on current 
temperature of material during cooling but also on the initial and the final temperature of transformation of 
austenite into ferrite, pearlite, bainite or martensite as well as on volumetric shares of given structural 
constituents (including austenite). The strain during cooling can be described by relation: 

Trh
j

Th
j

H
j εεε +=  (19) 

where εTc is the strain caused by thermal shrinkage of material [10]: 

( ) ( ) ( ) ( ) ( ) ( )∑
=

−−+−−+−−=
M,B,F,P,Ai

sisiiisSOLsAsSOLA
Tc
j TTHTTTTHTTTTHTT ϕαααε  (20) 

while εj
Trc is the structural strain caused by phase transformation during cooling: 

∑
=

=
M,B,F,Pi

Aii
Trc
j γηε  (21) 

where TSOL denotes solidus temperature, Ts - the initial temperature of phase transformation, Tsi  - the initial 

temperature of austenite transformation in i-th structure, Ts = max {TsF, TsP , TsB , TsM }, γAi - structural strain of 
austenite in i-th structure. In addition, due to the limit on solid state of material: 

( ) SOLTTfort,z,y,x >= 0ε  (22) 
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5. CONCLUSION 

The presented analytical approaches allow for the computation of the temperature field, the volumetric 
participation of the structural phases and thermal and structural strains in multi-pass GMAW surfacing or 
rebuilding steel or cast steel elements. 

Consequent it allow for: the determination of HAZ (including full and partial transformation zones, fusion zone), 
welding thermal cycles, the change of volume phase participations of the structural components and the strains 
caused by the temperature field and the phase transformations, the size and the structural composition of the 
material in HAZ, the effect of the temperature field and the structural composition on the formation and 
development of strains during the deposition process at any point of GMAW surfaced object. 
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Abstract  

In industrial practice on various production stages of the fittings for overhead power line, there are many factors 
that cause the zinc coating thickness diversification, that in the next step determine its corrosion resistance. 
This effect is observed especially in the thermal cutting process. The changes in the structure of the cut 
material influence the structure and properties of zinc coatings.  

The paper presents the results of investigation regarding the typical production process of fittings for overhead 
power lines (double-eye links). The research was conducted on the link’s flat surface (after rolling) and the 
side surface (after oxy-acteylene blowpipe cutting). The zinc coatings thickness and structure diversification 
were evaluated on the basis of metallographic analysis and corrosion tests (according to  
EN ISO 9227).  

It has been proved that the existence of HAZ in the oxy-acetylene cutting material and, as a consequence, 
bigger hardness have an impact on the diffusion pace on the edge of steel/coating, and on the processes of 
substrate melting which assist zinc coating growth. 

Keywords:  Oxy-acetylene blowpipe cutting, heat affected zone, zinc coating, hot-dip zinc galvanizing 

1. INTRODUCTION 

The economic losses caused by corrosion, increase the cost of production and exploitation of steel 
constructions to a large extent. The selection of technological operation and corrosion protection methods is 
often determined by the amount of financial resources to be invested. The selection of a cutting method 
depends on many factors of the production process. The economic factor together with the quality are of great 
importance, especially in high-volume production. However, considering minimizing the negative influence on 
the quality metallic coatings it is also important.  

Oxyacetylene blowpipe cutting (OAB) belongs to one of the most popular and economic methods of elements 
formation. This process consists in dividing the material by local burning of its particles by use of the stream 
of pure oxygen, and simultaneously heating the metal to a suitable temperature [1]. The lowest temperature in 
which the combustion process may occur is the ignition temperature of steel. For pure iron it equals 1050 oC, 
however for steel with the addition of 1.5 % of carbon equals 1380 oC. The item being cut along the cutting 
line has to be heated intensively throughout the process [1]. Liquid oxides blown successively out of the 
developing crevice are the combustion products. The steel surface after thermal cutting is always covered by 
a metal layer, which underwent in uncontrollable way through all phase changes - from ferritic structure to 
austenite and the other way round. The applied method determines, among others, the outer layer structure 
and properties, which are related to the Heat Affected Zone (HAZ) appearance [2].  

The changes in the structure of treated material have an impact on the composition and properties of coating 
applied by hot dip galvanizing [3-5]. It may cause difficulties with achieving the required thickness and 
adhesiveness of zinc coatings. It determines their resistance and the period of their exploitation. In practice 
the problem of zinc coatings quality is significant, especially taking into consideration the corrosion protection 
of network equipment elements used in electrical overhead power lines.  
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EN ISO 14713-2 standard indicates the problem of achieving, in the zone of thermal cutting, the required 
thickness and adhesiveness of the coating to the surface. Practically, we achieve coatings of the thickness not 
exceeding 100 μm in thermally cut surfaces, while on the remaining element part, the thickness of zinc coating 
is from 2 to 6 times higher [3,4,6].  

Diversification of zinc coating thickness is considered as a failure and it lowers the product quality. Due to the 
fact that fittings for overhead power lines are used in a corrosive environment of varying aggressiveness, it is 
important to try to reduce described difficulties basing upon the action modifying the forming process. Using 
the products which are invalid with the standards (e.g. EN 61284), or which quality does not meet the 
requirements may lead to disastrous consequences.  

The aim of research was the indication of the causes of a difference in thickness of the zinc coating on the 
surface shaped by OAB cutting.  

2. TESTED MATERIAL   

The study was conducted on links commonly used to connect fitting elements on insulator strings. The products 
are part of so called double tension insulator strings, installed on the superstructure of electric power lines. 
Double tension insulator string is presented in Fig. 1a . The research was focused on a double eye link type 
SLINK 626502006 (Fig. 1b ) made of S355JR steel.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Fittings for overhead power line: a - double tension insulator string (ŁO2 110kV) 1 - hinge U-bolt type, 
2 - double eye link, 3 - yoke triangular, 4 - double eye link twisted, 5 - bolt, 6 - arcing horns, 7 - insulator,  
8 - double eye link type SLINK , 9 - suspension clamp, L1, L2 - dimensions depends of the length of the 

insulator; b - the flat surface of link type SLINK, c - the side surface of link type SLINK 

Chemical composition of material used in experiment was as follows: 0.18 % C; 0.23 % Si; 1.5 % Mn; 0.012 % 
P; 0.008 % S; 0.030 % Cu. Carbon and sulphur were determined using LECO CS-125 analyzer. Other 
elements were analyzed on the ICP-OES spectrometer. 

a 
b 

c 
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Links were cut from steel sheet with a thickness of 20 mm by oxy-acetylene blowpipe (OAB) - CNC 500 
MESSER cutter (temp. 1200 oC, v=400 mm/min).  

Then the prepared materials were subjected to an abrasive blasting - steel shot GL40. The holes (d = 21 mm 
[+0.5]) were drilled and chamfered in tested materials. In the next stage links were treated chemically: pickling 
(hydrochloric acid 12 %, Fe contents 30 g/dm3, pickling time t = 600 s), rinsing in cold water, fluxing 
(TIBFLUX60 - pH 4.9, Fe contents: 0.17 g/dm3, fluxing time t = 180 s). 

Hot-dip Zn galvanizing process was made in industrial conditions in temperature: 457 oC and time t=150 s in 
Zn bath enriched in: nickel, bismuth and aluminum. The bath chemical composition was as follows:  
99.859 % Zn, 0.0481 % Ni, 0.0417 % Bi, 0.0002 % Al, 0.037 % Fe, 0.0058 % Pb, 0.0014 % Sn, 0.0067 % Cu, 
0.0006 % Cd.  

3. METHOD OF INVESTIGATION AND RESULTS ANALYSIS 

3.1. Roughness and surface topography  

Perthometer Concept (MAHR), with 3D equipment and software, was used to measure surface roughness and 
topography. The surface roughness was described according to EN ISO 4287 and EN ISO 13565-2 standards 
[8, 9]. The surface roughness measurement was made on the flat surface (after rolling) and on the side surface 
(after OAB cutting). It was made before and after shot-blasting. The results of surface topography are shown 
in Fig. 2 . The average values of presented parameters to describe Ra, Rp and Rv may be analyzed in Table 1 , 
where Ra - it is an arithmetic mean of profile ordinates, Rp - height of highest peak of the profile, Rv - depth of 
the lowest valley of the profile. 

 

Fig. 2  Surface topography of links: a,b - the flat surface (after rolling), c,d - the side surface (after cutting);  
a, c - before shot-blasting, b, d - after shot-blasting 

Table 1  The average values of the basic parameters of roughness (acc. Fig. 2 ) 

The flat surface of link  The side surface of link  

a b 

c d 
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Roughness 
parameters 

(crude- after rolling) (after OAB cutting) 

Before shot-blasting After shot-blasting Before shot-blasting After shot-blasting 

Ra [µm] 1.42 2.44 5.31 5.72 

Rv [µm] 10.38 14.66 16.20 11.12 

Rp [µm] 9.85 9.84 14.59 9.88 

3.2 Hardness measurement  

The hardness measurement was carried out using Vicker’s method according to EN ISO 6507 [10]. The 
examination was divided in two stages.  

In the first stage the hardness (HV10) of flat and side surface was measured. The measurement was conducted 
perpendicularly to cutting plan. The average values from a dozen places of the measurement were as follows: 
on the flat surface - 155 HV10, on the side surface - 356 HV10.  

In the second stage the hardness measurement (HV0.5) was carried out starting from the cutting edge toward 
the sample core. The step of the measurement was established for 200 µm. The microhardness measurement 
results are presented in Fig. 3 .  

 

 

 

 

 

 

 

Fig. 3  Results of hardness measurement (HV0.5) on the flat and side surfaces of link in direction from cutting 
edge to the sample core 

3.3 Metallographic and X-ray analysis  

Metallographic examinations for samples after cutting and hot-dip zinc galvanizing were carried out. 
Metallographic specimens were prepared in classic way. The surface was etched with 4% HNO3. To 
microscopic observation the microscope AxioImager M1m Carl Zeiss was used with magnification: 50, 100, 
200 and 1000x. The results of selected observation are presented in Fig. 4 .  

In order to fully identify the particular phases occurring in the surface layer after OAB cutting, an examination 
by scanning microscope PHILIPS XL30 with X-ray analyzer was conducted. The cross section of the steel 
structure observed after OAB cutting before shot-blasting and hot dip zinc galvanizing is shown in Fig. 5a , 
together with typical EDS graph of the oxides layer generated by thermal impact (Fig. 5b ).  

 

 

 
 a b c 
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Fig. 4  The S355JR steel structure: a - the flat surface (rolled), b - the side surface (after OAB cutting),  
c - the side surface (after OAB cutting) and shot-blasting 

 

 

 

 

 

 

 

 
Fig. 5 The analysis of selected micro area in the surface layer after OAB cutting:  

a - the place of examination, b - EDS graph in micro area B 

Metallographic examination were made for link after hot dip galvanizing and also confirms the diversification 
of zinc coating thickness and its structure. The measurement of Zn coating thickness was made for all samples 
after galvanizing. The average values from a dozen places of the measurement on flat and side surfaces are 
158 μm (Fig. 6a ) and 59 μm (Fig. 6b ).  

 

 

 

 

 

 

 

Fig. 6  The zinc coating structure: a - on the flat surface of link, b - on the side link surfaces of link 

X-ray analysis was executed in order to determine chemical composition of zinc coatings. Research of 
chemical composition was carried out in selected cross-sections of samples with zinc coatings that were stated 
as representative samples. The measure step was 10 μm. Intermetallic phases distribution was determined at 
the coating cross section.  

The cross section of the zinc coating structure on the flat surface of link is shown in Fig. 7a , together Zn 
distribution at the cross section of the coating (Fig. 7b ). The cross section of the zinc coating structure on the 

a b 

a b 

B 

HAZ  HAZ  
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side surface of link is shown in Fig. 7c  together Zn distribution at the cross section of the coating 
(Fig. 7d ). 

 

 

 

 

 

 

 

.  

 

 

 

 

 

  

Fig. 7 The microstructure and Zn distribution at the cross section of the coating created on link: a, b - flat 
surface; c, d - side surface 

3.4 Corrosion test in neutral salt fog (spray) 

The NSS test was conducted according to the requirements of EN ISO 9227 standard [11]. The following 
process parameters were applied: 5 % NaCl; pH 6.7 - 6.9; temperature 35 oC; salt fog fall 1.6 ml/h. The results 
of NSS test after 840 h in salt chamber were as follows: time to white corrosion appearance (time to red 
corrosion appearance): flat surface - 24 h (840 h) ; side surface - 24 h (408 h) .   

4. RESULTS DISCUSSION  

Although the OAB cutting belongs to the cheapest methods of steel elements forming, in some cases, i.e. 
when the hot-dip zinc galvanizing is applied, this method can cause serious, difficult to avoid problems - 
diversification of zinc coating growth dependent on the base steel surface condition. 

The structure of the material in the initial state was a little bit anisotropic, mainly ferritic with small amount of 
perlitic. Fig. 4  a presents a dark perlite area and a light ferrite area. In the observed HAZ zone the needle 
shape structure appeared - lower bainite, martensite (Fig. 4b, c ) created as a result of undesirable quenching 
treatment caused by cutting. The HAZ area boundary is running parallel to cut edge. Its width in the analyzed 
area amounts to about 800 µm. After OAB cutting it is necessary to use mechanical treatment - shot-blasting 
in order to remove scale, which has an influence on the surface roughness. In this case, a layer of about 30 
µm scale (Fig. 5 ) was removed. Roughness observed on the examined surface resulted from the steel shot 
used during the treatment before galvanizing. The more stress steel surface after shot-blasting than after OAB 
cutting is presented in Fig. 4c .  

It has been observed that the abrasive blasting method - shot-blasting which was carried out in order to clean 
the surface before hot dip galvanizing is insufficient for a surface after OAB cutting. Zn coating thickness 

a 

c 

b 

d 
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diversification on the flat surface and side surface is unacceptable. Shot-blasting may probably eliminate the 
lack of coating adhesiveness to the substrate. In this study no problems with this phenomenon occurred.  

The zinc coating structure diversification. The Zn coating put on the flat surface (after rolling) reveals typical 
structure for this grade of steel - composed of phases: Г, δ, ζ and η (Zn) (Fig. 6a ).  Layers created by iron 
diffusion (δ+ζ) occupy the greater part of the coating thickness (135μm - 84 % of total thickness). The coating 
growth was not disturbed/hindered by the heat affection results of cutting (there is no HAZ) and the application 
of shot-blasting before galvanizing additionally supported proper process course. In case of Zn coating created 
on the side surface (after OAB cutting) the observed structure is quite different: the alloyed area is much thinner 
(40μm - 57 % of total thickness) - the rest is occupied by pure zinc. 

The differentiation of corrosion resistance measured during the NSS test on the rolled surface and side surface 
is closely related to the structure of the zinc coating. It was stated that so-called "white corrosion/rust" appears 
on all samples after 24 h. The time of red rust appearance on the flat surface of link is twice as long as the 
surface after cutting. 

5. CONCLUSION 

The reduced iron diffusion rate to Zn coating on the cut side surface is probably the reason of both thickness 
of the entire coating and its individual sublayers diversification due to the reduction of the solubility of the steel 
basis resulting from the creation of HAZ zone. The insufficient cleaning of the steel surface after OAB - 
remaining oxide layers can also create the barrier hindering the diffusion process. 

The problem with Zn coating diversification may be solved in two ways:  

• using different cutting methods (laser and water-jet cutting)- thanks to that eliminating OAB cutting from 
the production of difficult fittings or  

• using an additional treatment after OAB cutting for example normalizing annealing or grinding. 
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Abstract   

Cr2N0.62-11Ag nanocomposite coatings containing 11 wt.% of Ag solid lubricant were deposited on substrates 
made of Cr-V ledeburitic tool steel Vanadis 6 by reactive magnetron sputtering at a deposition temperature of 
500 °C. The experiments consisted of long term annealing up to 24 h at temperatures of 300, 400 and 500 °C, 
respectively, in closed-air atmosphere. The structural changes after annealing were evaluated by Auger 
electron spectroscopy (AES) and scanning electron microscopy (SEM). As a result of silver diffusion, the 
highest population density of silver particles on coating surfaces has been detected after 0.5 h and 4 h 
annealing at temperatures of 400 °C and 300 °C, respectively. Beyond the maximum peak, the population 
density of silver particles decreased with increasing the annealing time. Moreover, during annealing at 
temperature of 500 °C, very low population density was observed through all annealing process. This 
phenomenon was explained by sublimation of very small silver particles (less than 20 nm) and also by 
oxidation of coating surface, which was detected mostly during annealing at 500 °C. The oxide layer seems to 
be effective as a barrier of silver diffusion. The annealing of the films at temperatures below the deposition 
temperature induced limited both silver diffusion and depletion of silver within coating matrix. 

Keywords: Chromium nitride, silver, magnetron sputtering, annealing, auger electron spectroscopy. 

1. INTRODUCTION   

In recent years, design or formulation of hard coatings with self-lubricating properties has become great 
popularity in scientific community as promising tribological coatings. In particular, the production of new 
coatings architectures based on nano-composite or -layered morphologies have become very popular [1].  

Silver is the most commonly used element as an addition into the transition metal nitrides coatings. Studies on 
Ag-containing coatings deposited on various substrates have shown that elevated temperatures lead to Ag 
diffusion to the surface, yielding a lubricious bearing layer and it subsequently leads to the lowering of the 
friction coefficient at elevated operating temperatures in the range 300 - 500 °C [2-7]. On the other hand, the 
tribological performance of Ag-containing films undergoes worsening above 500 °C, since silver is less 
effective in providing lubrication while loaded because of excessive softening [8] and also the oxidic 
degradation of Cr-N/Ag here takes a part [9]. 

Silver is driven to the surface by a strong reduction in surface energy which occurs via transport from the metal 
nanoinclusions confined inside the composite matrix to the free surface of the material [10]. Diffusivity of silver 
is naturally dependent on silver concentration, temperature and also on the microstructure of the medium 
through which it diffused [5, 11,12]. The diffusion of silver throughout the coatings brings also some drawbacks. 
After the noble metal transport to the surface, the coating becomes depleted in the lubricious metal and cannot 
act as a self-lubricated composite for long. Control of such diffusion process is, hence, needed for an extended 
lubrication.  

Our recent results pertaining to the investigations of magnetron sputtered Cr2N-films with the additions of 7 
and 11 wt.% of Ag deposited on the Cr-V ledeburitic steel Vanadis 6 can be summarized as follows [3, 13, 14, 
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15]: the dominant phases in nanocomposite coatings are Cr2N and Ag, and no phase changes were found 
after annealing at temperatures of 300, 400 and 500 °C, respectively, with a duration of 0.5 h. On the other 
hand, the friction coefficient of Cr2N-Ag films decreased with increasing testing temperature rapidly when 
alumina ball has been used as a counterpart, with the minimum at temperatures of 400 and 500 °C, 
respectively, for both the coating with 7 and that with 11 wt.% Ag, also. 

In this paper, we focused on the Ag transport within a Cr2N matrix during annealing. The Cr2N with 11 wt.% of 
Ag (cca. 4.7 at.%) nanocomposite coatings were deposited onto the Cr-V ledeburitic steel Vanadis 6 at 
temperature Ts = 500 °C and subsequently annealed up to 24 h at temperatures of Ta = 300, 400 and 500 °C. 
The presented results are a part of a comprehensive research. 

2. EXPERIMENTAL 

The substrate material was the powder metallurgical ledeburitic steel Vanadis 6 with nominally mass fraction: 
w(C) 2.1 %, w(Si) 1.0 %, w(Mn) 0.4 %, w(Cr) 6.8 %, w(Mo) 1.5 %, w(V) 5.4 % and Fe as a balance. The 
preparation of samples used for the investigation and the conditions for deposition of the Cr2N/Ag 
nanocomposite coatings can be found in [14], for instance. 

Coated samples were isothermally annealed to investigate the silver migration to the surface. Annealing of 
coated samples has been completed in a conventional multi-purpose chamber furnace in closed-air 
atmosphere at temperature 300, 400 and 500 °C, respectively, for a time of 0.5, 1, 2, 4, 8, 16 and 24 h. 

Quantitative analysis of silver agglomerates on the surface, depending on the temperature and time of 
annealing, has been carried out on the SEM micrographs recorded at a magnification of 20 000x, in a regime 
of the detection of backscattered electrons (BE). At least forty micrographs have been used for the analysis 
after each annealing regime and the average values and standard deviations of the population density of Ag 
agglomerates [μm-2] were calculated.  

The Ag concentration as a function of depth was determined by completing Auger electron spectroscopy depth 
profiles in a VG Microlab 310F for as-deposited (AD) and annealed films. Auger spectra were taken between 
each sputter etching step with the sputter gun turned off. The AES depth profiles were carried out just up to 
1000 nm depth of coatings due to a high time consumption of measurements. The depth profile data were 
analyzed in order to quantify the changes of silver concentration in near-surface area of films, which were then 
directly compared to the data from the plan view microscopy analyses. 

3. RESULTS  

The Ag concentration in the as-deposited Cr-N/Ag nanocomposite coating was 4.7 at.%, as measured by AES. 
These values of atomic concentrations correspond to weight concentrations of 11 %. The Ag was uniformly 
distributed along the coating thickness within an understoichiometric Cr2Nx matrix, where x correspond to 0.62. 

Fig. 1  shows plan-view SEM micrographs of the Cr2N0.62-11Ag nanocomposite film in as-deposited state and 
subsequently annealed for 0.5, 4 and 24 h at temperatures of 300, 400 and 500 °C, respectively. The films are 
composed of the matrix formed by semi-equiaxed grains with a diameter of rather less than 1 μm and individual 
silver agglomerates (appearing in bright contrast due to their higher backscattered electron yield versus Cr2N). 
The microstructure of the Cr2N-matrix remained almost unaffected by the annealing. On the other hand, it is 
clearly visible that population density of silver particles on the surface was changed by both annealing 
temperature and time, as documented Fig. 2 . 
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Fig. 1  SEM micrographs showing the surface microstructure of the Cr2N0.62-11Ag films in as-deposited state 
(AD) and after annealing 

 

Fig. 2 Population density of silver agglomerates on surface of Cr2N0.62-11Ag film as a function of annealing 
temperature and time 

The population density of Ag-agglomerates on the coatings surface after deposition was 10.8 µm-2, Fig. 2 . 
After annealing at temperatures of 300 and 400 °C, at first the population density increased. The maximum 
population densities of Ag-particles were found after annealing at a temperature of  300 °C for a duration of 4 
h (32.0 µm-2) and after annealing at a temperature of 400 °C for 0.5 h (25.6 µm-2), respectively. Longer 
annealing time tends to decrease in population density of Ag-particles on the surface. After annealing at 
temperature of 500 °C, the population density decreased immediately and subsequently no significant changes 
through all annealing times were observed. The minimum values of 8.2, 5.8 and 2.3 µm-2 for annealing 
temperatures of 300, 400 and 500 °C, respectively, were found for samples annealed for 24 h. 

Fig. 3a  shows the concentration depth profile of silver as a functional of annealing temperature (note that “AD” 
denotes as-deposited state of the film) for the annealing time of 0.5 h. As evident, there is sharp local maximum 
of silver concentration visible near the surface irrespectively to the annealing temperature. The concentration 
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maximum increases with increasing the annealing temperature. In the specimen annealed at a temperature of 
500 °C, there is thin near surface region where the silver content was reduced to a very low value. This is 
followed by rapid increase in silver amount. The explanation can be made with an assistance of the diagram 
in Fig. 3b  where it is shown the oxygen content as a function of annealing temperature and depth below the 
surface. It is evident here that as the maximal oxygen content so the thickness of oxygen diffusion (or thickness 
of expected oxide layer) increases with increasing the annealing temperature. 

 

Fig. 3  AES concentration depth profiles of silver (a) and oxygen (b) for Cr2N0.62-11Ag film tested in as-
deposited state (AD) and after annealing at 300, 400 and 500 °C for 0.5 h 

Fig. 4  shows concentration depth profiles of silver and oxygen, measured throughout the Cr2N0.61-11Ag films 
in as-deposited state and after annealing at 300, 400 and 500 °C, respectively, for 4 h. In comparison with the 
results obtained after annealing of 0.5 h, there is more clearly a decrease of silver amount in near surface area 
for all the annealing temperatures visible, Fig. 4a. On the other hand, the penetration depth of oxygen (and 
expectedly the thickness of oxide layer) increased with increasing the annealing time, which is more 
remarkable for temperatures of 400 and 500 °C, Fig. 4b . 

 

Fig. 4  AES concentration depth profiles of silver (a) and oxygen (b) for Cr2N0.62-11Ag film tested in as-
deposited state (AD) and after annealing at 300, 400 and 500 °C for 4 h 

Post-deposition annealing for 24 h (Fig. 5 ) induces rapid depletion of the surface region by silver. The depleted 
areas by silver are followed by intermediate zones, which are enriched with silver in contrast. The penetration 
depth of oxygen further increased with increasing annealing time, Fig. 5b . In other words it is clearly shown 
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that as the maximal oxygen content so the depth of oxygen diffusion increases with increasing the annealing 
time and temperature, respectively.  

 
Fig. 5 AES concentration depth profiles of silver (a) and oxygen (b) for Cr2N0.62-11Ag film tested in as-

deposited state (AD) and after annealing at 300, 400 and 500 °C for 24 h 

4. DISCUSSION  

The maximum silver concentration is located beneath the oxide layers whereas it is more clearly visible when 
higher annealing temperatures were applied for the treatment of samples. To explain it, the following 
consideration can be made with this respect: At elevated temperatures, silver diffuses to the free surface of 
the coating, due to the gradient in the chemical potential of Ag within the Cr2N-matrix as described for instance 
in [13]. The higher temperature the more intensive is the flux of Ag atoms to the surface. This is why the 
maximum of silver amount is more pronounced at higher annealing temperatures. The oxide layer is formed 
of chromium oxide Cr2O3 (chromia) [16]. As discussed in [17], continuous chromia layer retards the migration 
of silver atoms. Lowered surface content of silver, or, in other words, rapidly decreased population density of 
silver particles on the surface can be referred to the retarding effect of oxide layer on the migration of silver 
atoms to the surface. The number of silver particles presented on the surface can then be reduced by two 
possible ways. The first one is their evaporation due to the fact that the saturated vapour pressure of silver is 
very low in the air atmosphere. Detached silver atoms can then be desorbed from the surface or sublimated 
in a way similar to that described by Asoro et al. [18]. The second possible way why the silver particles amount 
was considerably reduced is the ability of silver to form a double oxide with chromium (AgCrO2), [19]. Apart 
from reduced number of silver particles only coarser silver grains can be found on the surfaces while the 
surface is free of small silver particles after 24 h of thermal exposition. The population density of Ag particles 
on the surface is a result of competition between two mechanisms: sublimation, which acts to decrease in 
population density and diffusion of Ag from the Cr2N0.62-11Ag nanocomposite film to the free surface, which 
induce an increase in population density. As above mentioned, oxide layer acts as a barrier against migration 
of silver atoms. Hence, the increasing thickness of oxide layer makes a serious contribution to the competition 
of above mentioned two mechanisms. Specifically, growing oxide layer makes the Ag-transport more difficult 
and contributes to reduction of population density of Ag-particles on the surface. 

5. CONCLUSIONS 

Cr2N0.62-Ag composite films with 11 wt.% Ag (cca. 4.7 at.%) were deposited on ledeburitic steel Vanadis 6 
at 500 °C and annealed at temperatures 300, 400 and 500 °C up to 24 h in closed-air atmosphere. The 
investigations have brought the following findings:  

During annealing at 300 °C the population density of silver agglomerates on the surface increased with 
maximum at time of 4 h and subsequently started to decrease. Coalescence of silver atoms and sublimation 
of small silver particles are responsible for lowering of population density.  
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At annealing temperature of 400 °C, the oxidation of coating surface influenced the rate of silver diffusion, 
which is accompanied by lower population density in comparison with samples annealed at 300 °C. After 24 h 
of annealing, the compact chromium oxide layer was found. On the surface, there were only the coarser silver 
agglomerates observed. They were unaffected by silver sublimation and remained embedded on the top of 
oxide layer. 

Both the above mentioned processes, e.g. the formation of oxide layer and the sublimation of small silver 
particles were even faster at a temperature of 500 °C. As a result, low population density of Ag particles on 
the surface and higher silver concentration in the area just behind chromium oxide layer were established..  

In summary, only limited silver diffusion to the free surface and insignificant depletion of the coating by silver 
were observed. The obtained results infer that that the key factor influencing the capability of the film to be 
“self-lubricating” is the deposition temperature, which affects the Ag-particle size and thereby their stability.  
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CORROSION FAILURE OF ELECTROPLATED COATINGS 
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Abstract   

Corrosion failure of metallic electroplated coatings on various products were analysed and the dominant 
corrosion stimulators were identified. The thickness and porosity of coatings are very important for their 
corrosion resistance. The suitable thickness of these coatings shall be chosen from the technical standards 
recommendations depending on the severity of service conditions. This characterisation of corrosion risks are 
not fully respect in other products standards, e.g. for electronic products, devices and installations.  In articles 
the examples of how different of environment fit into the corrosivity classification system are given. 

Keywords: Electroplated coatings, corrosion properties, corrosivity of environments, technical standards  

1. INTRODUCTION 

Electroplating is a widely used technique because it can plate a variety of metals onto a variety of substrates 
to produce smooth coatings. Electroplating has wide usage in many industries for creation decorative and/or 
technical coating which also provides corrosion protection. The corrosion protection durability of these coating 
depends on few factors:  

• type of metallic coating - the corrosion resistance of this metal, 
• type of substrate metal - anodic or cathodic metallic coatings protect substrate by the different 

mechanisms, 
• properties of coating - thickness, porosity, homogeneity, etc., 
• corrosivity of the exposure/service conditions.    

The technical requirements of metallic coatings are specified in standard ISO EN 27830 Metallic and other 
inorganic coatings - Standard guide for specifying metallic and other inorganic coatings. The service condition 
number designates the severity of the conditions that the coating will be subjected to in service - Annex C 
(Table 1 ).  

Table 1  Examples of service conditions 

Service 
condition  Description of the severity of service conditions 

1 Mild - Exposure indoors in normally warm, dry atmospheres with minimum wear and abrasion 

2 
Moderate - Exposure indoors in places where condensation of moisture may occur, as in kitchens and 
bathrooms 

3 
Severe - Service outdoors where occasional or frequent exposure to rain, dew, strong cleaners and 
saline solutions may occur 

4 
Very severe - Service outdoors that is likely to include denting, scratching and abrasive wear in addition 
to exposure to corrosive environments; e.g., as in marine and industrial applications 

5 
Extended very severe - Service outdoors that is likely to include denting, scratching and abrasive wear 
in addition to exposure to corrosive environments where long-time protection of the substrate is required; 
e.g., conditions encountered by some exterior components of automobiles 
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Service conditions are taken into consideration when selecting the coating designation. The relation between 
service condition number and the designation including thickness recommendations may be found in many of 
standards covering specific coatings.  

2. CORROSION BEHAVIOUR OF ELECTROPLATED COATINGS 

The electroplated metallic coatings are deposited from metals as zinc, zinc alloy, nickel, copper, tin, cadmium, 
silver, etc. For some metallic coatings their corrosion rate shall be considered as the same as metal matrix 
(zinc, copper, silver according to EN ISO 9223 and/or ISO 11844), for the other the corrosion rate is estimated 
from filed atmospheric tests - Table 2 . These values are the first year corrosion rates.  

Table 2  Atmospheric corrosion rate of metallic coatings 

Metallic 
coating 

average corrosion rate (μm.a-1) at corrosivity category 

C1 C2 C3 C4 C5 

zinc 0.10 0.40 1.40 3.15   6.30 

copper 0.10 0.35 0.95 2.05   4.20 

silver 0.15 0,95 - 3.42 - 

nickel - 0.25 0.60 -   2.80 

tin - 0.50 0.70 -   2.00 

cadmium - - 4.10 6.90 11.80 

 

The protective effect of metallic coatings is given by their polarity to substrate metal (see Fig. 1 ): 

• Anodic coatings for the protection of iron and steel substrates are almost entirely limited to zinc and 
aluminium coatings or their alloys. The mechanisms of corrosion protection inferred by these coatings 
are obtained by cathodic protection and a barrier to the environment. The efficiency of protection is given 
by thickness of coating and corrosivity of exposure environment. 

• Cathodic coatings are those which comprise a coating metal which is cathodic with respect to the 
substrate (Ni, Cr, Cu, etc.). Cathodic coatings can provide excellent corrosion protection. If the substrate 
is exposed to the corrosive environment, the substrate will become the anode and corrosion will be 
dramatically accelerated resulting in spalling of the coating. Thick coatings will provide better protection 
than thin coatings. 

  

 

Fig. 1  Protective mechanisms of anodic and cathodic coatings 

anodic coating                                           cathodic coating 
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3. CASES STUDIES OF ELECTROPLATED METALLIC COATINGS   

3.1. The effect of coating thickness  

The part of assembly of locomotive engine is produced from aluminium alloy and for the high reflectance 
properties is covered by silver coating. The thickness of silver coating was ca 3 μm. After 3 months of service 
at urban/marine environment the failure of coating was reported - Fig. 2 .   

  

Fig. 2 Failure of silver coating on aluminium 

The failure was not caused due to corrosion of silver coating but as the very thin coating was very porous the 
substrate aluminium corroded by the typical pitting mechanisms and the silver coating lost adhesion to 
substrate. This failure mechanisms was proved by accelerated corrosion test in neutral salt spray NSS 
according to EN ISO 9227 Corrosion tests in artificial atmospheres - Salt spray tests. It was recommended to 
apply multilayer coating to increase the corrosion protection - nickel + silver. The results of accelerated test on 
Fig. 3  show the effect of coating thickness. The recommended thickness for electrodeposited coating which 
shall give the long-term corrosion protecting in open atmospheric conditions is minimum 25 μm - this thickness 
is sufficient to eliminate the porosity of coatings.     

3 μm Ni + 7 μm Ag 10 μm Ni + 7 μm Ag 20 μm Ni + 7 μm Ag 

  
 

Fig. 3 Corrosion resistance of nickel/silver coatings with various thicknesses on aluminium 

3.2. Corrosion of metallic coating during transport   

Atmospheric contaminants promoting the corrosion are dissolved in the thin layer of electrolyte over metals as 
a consequence of even low relative humidity (RH) and create relative thin layer of corrosion products. These 
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corrosion films can form an insulating layer on the contact surfaces causing electrical failures on the electric 
and electronic devices. In case of electric and electronic elements shown on Fig. 4  the total failure due to 
corrosion was caused by non-suitable protection during transport from the Czech Republic to East Asia 
country. The oversea shipping transport took ca 8 weeks.   

Generally corrosion in micro or power electronics depends on several variants such as the package type, 
materials involved, assembly processes, moisture, inorganic and organic contaminants, atmospheric 
pollutants, temperature, thermal stress and electrical bias. Metallic products can only be protected by suitable 
packaging against atmospheric influences if all expected atmospheric conditions during storage, interim 
storage, handling and transport have been known and carefully assessed when designing the packaging. This 
includes knowledge of temperatures, air humidity levels, precipitation etc. 

IEC 60721-1 Classification of environmental conditions - Part 1: Environmental parameters and their severities 
is series of standards specifying service condition for electric devices including storage and transport. The 
corrosion stress can be derived from the combination of climatic and pollution parameters (salt fog, SO2, H2S, 
etc.) and expressed as class, e.g. 3C2. Not respecting the basic principles of corrosion protection caused such 
total damage - the main factors were high humidity and water condensation in packaging box. 

  

  
Fig. 4 Electric and electronic elements´ corrosion caused by non-suitable protection during transport 

3.3. Corrosion of electric elements in specific ind oor conditions 

In many cases the service conditions are not specified according to this “corrosion/coating” standard but 
according very different standards specified the product properties and/or their durability in various service 
conditions respectively corrosive environments. The example shall be electro technical and electronic products 
which have many parts covered by electroplating coatings and are used in very different 
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conditions/environments. These conditions are specified according standards for electric products, e.g. Czech 
standard CSN 33 2000-3 Low-voltage electrical installations - Part 1: Fundamental principles, assessment of 
general characteristics, definitions, which is the Czech version of the Harmonization Document HD 60364-1, 
and the main focus is given to protection against electric shocks, thermal effects, overcurrent, voltage 
disturbances and electromagnetic disturbances. The risk of corrosion and subsequently follows failure of 
function is not evaluated. For estimation the corrosion risk the one from IEC 60721-1 series should be used or 
similar standards for estimation the degree of pollution as IEC 61010 Safety requirements for electrical 
equipment for measurement, control, and laboratory use. Requirements for the qualification of coatings for 
protection against pollution are in Annex H of IEC 61010. 

The LED diode lighting was installed over the swimming pool (Fig. 5 ). The socket is made from plastic material 
covered by metallic coating of copper, nickel and chromium. The indoor environment was specified as AF1 
corrosion risk is negligible even the thermal water containing H2S is used in pool and chlorine as densification 
is applied regularly, too. The corrosion damage was so intensive that after 1.5 years of service the lighting 
collapsed.  

  

Fig. 5 LED diode lighting of swimming pool and the their corrosion after 1.5 years of service 

The conditions over the pool were measured - Table 3 - and the corrosion risk was estimated as AF4 according 
to CSN 33 2000-3. LED diode lighting was installed over the swimming pool (Fig. 6 ). The effect of H2S was 
not included even the water contains 5 - 12.8 mg.L-1. The socket is made from plastic material covered by 
metallic coating of copper, nickel and chromium. The indoor environment should be specified as service 
condition number 4 or 5 according to ISO EN 27830 which means the electrodeposited coating thickness has 
to be much higher than was used - Table 4 . The coating composition and thickness are specified according to 
ISO 4525 Metallic coatings - Electroplated coatings of nickel plus chromium on plastics materials. The 
influence of air pollution by hydrogen sulphide and chloride onto corrosion attack of metallic coating was proved 
by elementary analysis and x-ray diffraction analysis - Table 5 (Fig. 5 ). The identified dominant compound 
was atacamite Cu2Cl(OH)3 and nickelboussingaultite (NH4)2Ni(SO4)2(H2O)6. These results also reflect the 
sensitivity of each metal to air pollution. 

Table 4 Coating thickness for various service condition numbers according to ISO 4525 

coating  Service condition number 

PL/Cu 15a/Ni10d Cr mp (mc)  
2 

PL/Cu 15a/Ni15b Cr r 

PL/Cu 15a/Ni25d Cr mp (mc) 
4 

PL/Cu 15a/Ni30d Cr r 
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Fig. 6 Corrosion products layer on diode socket (light microscope and cross-section BES image from 
electron scanning microscope) 

Table 3 Conditions over the pool  

parameters 
classification of conditions 

CSN 33 2000-3 IEC 60721-1 

air temperature (°C) 29.8 AA5 3K3 

relative humidity (%) 52.0 AB6 3K6 

water yes AD4 3Z9 

Cl- concentration (mg.m-3) 1.85 - 3C2 

Cl2 concentration (mg.m-3) 1.24 AF4 3C1 

Table 5 Elementary composition of corrosion products (wt. %) (Fig. 5 )  

Al Si S Cl Ca Cr Ni Cu Zn Br Sn 

  0.08 0.60 15.91 12.95 0.32 0.36   4.67 62.56 0.27 1.93 0.36 

4. CONCLUSION 

Early failure of products, parts with electrodeposited metallic coating may be mainly caused by: 
• defective design; 
• defective manufacturing; 
• defective material; and 
• non-suitable coatings/substrate materials for environment. 

There are many reasons of premature failing of electrodeposited metallic coatings but the non-suitable their 
specification in respect to expected service conditions is one of the most frequent. The understanding of 
protective function of each type of these coatings and substrate matrix is necessary.  

The very different system for specification/classification of environmental conditions for the coatings 
themselves and final products on the other hand created in different standardization bodies increase the mess 
and lead to significant economic loss.   
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Abstract 

The study presents the results of the corrosion resistance and bacteriological research of DC01 steel protected 
by ZrN, DLC COMP a-C:H and MULTICOMP TiN/TiAlN coatings applied by PVD method (Physical Vapour 
Deposition). The experiment was divided into two stages. The first part was concentrated on the corrosion 
resistance of analyzed coatings affected by selected corrosive solutions typical for hospital environment: 
Ringer’s solution and 0,9% NaCl. The second part bacteriostatic or bactericidal properties of two strains of 
bacteria - Pseudomonas aeruginosa and Staphylococcus aureus were assessed.  

It has been proved that the coatings used in the study present good corrosion resistance and bacteriostatic 
properties.  

Keywords: Corrosion resistance, bacterial resistance, ZrN coating, DLC COMP a-C:H coating,  
           MULTICOMP TiN/TiAlN coating 

1. INTRODUCTION 

Metallic materials used in medicine are protected against corrosion by metallic coatings and paint coats among 
others. Some elements of medical equipment are also protected by the Ni, Cr, Cu coatings, and zinc hot-dip 
galvanizing or galvanizing. 

We can observe increasing popularity of multi-layered coatings, built of various phases, e.g. TiNi, TiAlN, TiAlC, 
CrN, applied by PVD and CVD methods [2]. The PVD method (Physical Vapour Deposition) consists in physical 
deposition of thin layers coming from the gas phase. The achieved layer has 3 - 5 μm thickness. It is 
characterised by high hardness,which most often ranges from 2000 to 3000 HV, and it ensures abrasive wear 
resistance. Thanks to that, this protection method is broadly used in automobile and aviation industries. They 
are also applied to protect cutting tools, drills, as well as implants and medical tools. Despite of excellent 
mechanical and tribological properties, the coatings applied by use of PVD technology may pose poor 
corrosion properties, due to their structural defects and pores. When multi-layered coatings are used, it helps 
to reduce the problem [3].  

The selection of a effective corrosion protection for steel is important particularly in a hospital environment. 
The metallic coating destruction is related to the appearance of corrosion, which in consequence leads to 
adhesion and growth of bacterial cells [4, 6]. A patient is in danger of infection as long as the bacterial flora 
remains on the surface of hospital, diagnostic or rehabilitation equipment [4, 5]. Corrosion and protective 
properties of are a very important thing to be considered during surface modification, but it also improves the 
biocompatibility of the materials used by medicine. The fact is crucial in case of medical tolls, implants or 
elements which stay direct contact with skin or mucous membrane. One criterion of biocompatibility of 
materials is bacteriostatic properties [6].  
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The authors started a research which aim is to assess the effectiveness of protecting steel elements, with 
coatings applied by PVD method (Physical Vapour Deposition). The research was divided into two stages. The 
first part was concentrated on the evaluation of corrosion resistance of the coatings, exposed to the activity of 
selected corrosive solutions. The second part was focused on the bacteriostatic and bactericide properties. 

2. SAMPLES PREPARATION 

The DC01 steel was selected for the research in form of cold-rolled sheet-metal, size 1000 x 2000 mm, and 
thickness 3 mm, used for medical equipment production. Chemical composition of material used in experiment 
was as follows: 0.07 %C; 0.02 %P; 0.016 %S; 0.49 %Mn; 0.034 %Al; 0.060 %Si; 0.056 %Cu; 0.013 %Cr; 
0.032 %Ni. Carbon and sulphur were marked by a carbon and sulphur LECO CS-125 analyzer, however the 
rest of elements were marked by ICP-OES spectrometer.  

Samples of 10 mm diameter were cut out of accidentally selected areas of sheet metal, which were grinded 
by discs (grain size 80 and 120) and then polished.   

On the samples prepared in this way, the ZrN, DLC COMP a-C:H and MULTICOMP TiN/TiAlN coatings were 
applied by PVD method. Their quality is presented in images from scanning electron microscope SEM EVO 
MA 25, produced by Zeiss (Figs. 1 - 3 ). 

  

Fig. 1  The example of the sample surface, covered with ZrN, magnification: a - 500x, b - 1000x 

  

Fig. 2  The example of the sample surface, covered with MULTICOMP TiN/TiAlN, magnification:  
a - 500x, b - 1000x 

a b 

a b 
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Fig. 3  The example of the sample surface, covered with DLC COMP a-C:H, magnification:  
a - 500x, b - 1000x 

The analysis of qualitative and quantitative composition of the examined samples was conducted by use of 
EDS microanalyzer, produced by Brucker, which was applied to the scanning electron microscope. The 
average results of the analysis are presented in Table 1 . 

Table 1  The qualitative and quantitative composition of the examined samples 

Coating  
The content of elements in DC01 steel by weight [%]  

Zr  N Ti Al  O C W rest  

ZrN 81 10 - - - 7 - 2 

MULTICOMP TiN/TiAlN - 23 72 4 - - - 1 

DLC COMP a-C:H - 7 - - 1.5 86 4 1.5 

3.  CORROSION RESISTANCE EVALUATION  

The electrochemical research of corrosion resistance was based on potentiodynamic method in corrosive 
solutions oxygenated in a result of free contact with the air, corrosive solutions (Table 2 ), in 37 °C.  

Table 2  Characteristics of corrosive solutions 

Corrosive solutions  Concentration / qualitative and quantitative compos ition  

Ringer’s solution 
0.2 g/l K2HPO4, 0.26 g/l Na2HPO4, 0.33 g/l KSCN, 1.5 g/l NaHCO3, 
0.7 g/l NaCl, 0.13 g/l (NH2)2CO, 1.2 g/l KCl, pH 8.5 

0,9% NaCl 9 g NaCl / 1000 g solution 

The research was conducted by use of a measurement system consisting in the Autolab PGSTAT302N 
potentiostat, no. AUT83628 produced by ECO CHEMIE B.V. company, which cooperates with the Nowa 1.7 
software, by Metrohm Autolab B.V. The samples surface was measured before each measurement, washed 
by acetone, and conditioned in the examined solution for 1 hour.  

The electrode prepared in this way was then placed in the side stub pipe in electrochemical cells (400 cm3 

capacity), equipped with water coating and connected to the Julabo ED 5 thermostat, which ensures the 
precision of regulation by ± 0.1 °C. The system was connected to the A probe, together with a reference 
electrode, were placed in a lid. Its role was fulfilled by calomel electrode (NEK, Hg / Hg2Cl2(s) / KCl(nas.)) of the 

a b 
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+244 mV potential compared to NEW in temperature 25 °C with Haber-Ługgin’s capillary at the end. The 
capillary end was situated about 1 mm away from the researched electrode surface - the sample. 

The research was conducted by use of linear polarization method with potentials ranging from -0.1 V to 0.1 V, 
with the current range 1 mA and scanning rate 0.001 V/s, and by potentiodynamic method in cyclic 
voltammetry, with potentials ranging from -0.1 V to 1.6 V, and scanning rate 0.1 V/s, according to the EN ISO 
10271:2012 standard. 

By comparing the experimental curves with the curves described by the Tafel equation the following 
parameters were determined: the corrosion current density jkor [nA/cm2], and the following values were 
calculated: the corrosion potential Ekor [mV], measured from the minimum on the polarization curve, the 
corrosion rate Vp [mm/year] and the polarization resistance Rp [MΩ]. Furthermore, the stationary potential OCP 
(equilibrium potential) as potential change over time by potentiostatic method was determined. 

The results, which were the average of three measurements, are compared in Table 3 . The polarization curves 
in Ringer’s solution and 0.9% NaCl for the steel covered with ZrN, DLC COMP a-C:H and MULTICOMP 
TiN/TiAlN coatings, are presented in Fig. 4 . 

Table 3  The results of the measurement of corrosion resistance of steel covered with, in corrosion solution 

Established 
parametres  

ZrN  DLC COMP a-C:H MULTICOMP TiN/TiAlN  

Ringer’s 
solution  0.9% NaCl Ringer’s 

solution  0.9% NaCl Ringer’s 
solution  0.9% NaCl 

OCP -0.34 -0.38 -0.23 -0.36 -0.28 -0.39 

Ekor [mV] -345.40 -394.06 -236.30 -373.03 -291.48 -407.02 

jkor [µA/cm2] 108.51 83.73 127.35 289.75 377.78 264.67 

Rp [Ω] 1.91 1.10 3.62 0.80 1.61 0.88 

 

Fig. 4  The polarization curves in the 0.9% NaCl solution for the steel covered with ZrN, DLC COMP a-C:H 
and MULTICOMP TiN/TiAlN coatings 
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4.  BACTERIOLGICAL RESERCH  

The samples made of DC01 steel covered with coatings such as ZrN, DLC COMP a-C:H and MULTICOMP 
TiN/TiAlN were assessed. The Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus ATCC 
29213 bacteria were cultured on a medium of agar and blood agar (Fig. 5 ). The incubation period equaled 24 
hours, and the temperature was 36 oC. The cultured bacteria strains were covered with samples for the 
incubation time.  

 

Fig. 5  The image of the medium with samples applied: a - ZrN coating, Blood agar, Staphylococcus aureus, 
b - DLC COMP a-C:H coating, Agar, Pseudomonas aeruginosa 

When the incubation period finished, the samples were removed and the macroscopic surface was evaluated. 
All the coatings proved to be bacteriostatic (Fig. 6 ).  

A small area of inhibition around the samples was observed in case of Pseudomonas aeruginosa, especially 
when the MULTICOMP TiN/TiAlN coating was applied. It implies bactericidal properties. The reference point 
was other bacterial strain culture without the application of samples and with samples without coatings.  

In the first case, the bacteria growth was uninhibited. The samples presented only slight properties hindering 
bacteria growth.  

 

Fig. 6  The image of the medium without samples applied: a - MULTICOMP TiN/TiAlN , Agar, Pseudomonas 
aeruginosa, b - ZrN, Agar, Pseudomonas aeruginosa, c - DLC COMP a-C:H, Blood agar, Staphylococus 

aureus, d - MULTICOMP TiN/TiAlN, Blood agar, Staphylococus aureus 

5.  THE SUMMARY AND FINDINGS 

5.1.  Corrosion resistance research  

The value of open circuit potential OCP, depending on the corrosive environment, equals from -0.34 to -0.38 
in case of ZrN coating, from -0.23 to -0.36 for the DLC COMP A-C:H  coating, and from -0.28 to -0.39 for 
MULTICOMP TiN/TiAlN coating. The most positive OCP value was observed in case of DLC COMP A-C:H 

a b 

a b c d 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

940 

coating, both in Ringer’s solution and in 0.9% NaCl solution. The lowest OCP value in Ringer’s solution was 
achieved for ZrN coating, and in 0.9% NaCl solution it was the lowest for MULTICOMP TiN/TiAlN coating. It 
may be assumed that the DLC COMP A-C:H coating has the best stability, in both corrosion environments, 
and provides the best corrosion protection for DC01 steel, out of all researched coatings.  

The corrosion potential Ekor, depending on the environment, ranged from -345.40 to -394,06 mV for ZrN coating, 
from -236.30 to -373.03 mV for DLC COMP A-C:H coating and from -291.28 to -407.02 mV for MULTICOMP 
TiN/TiAlN coating. The highest value of corrosion potential was obtained for DLC COMP  
A-C:H coating, both in Ringer’s solution and 0.9% NaCl solution. It may be stated that the coating is the most 
resistant to corrosion processes in examined environments. 

The density of corrosion current varies from 83.73 to 108.51 µA/cm2 for ZrN coating, from 127.34 to  
289.75 µA/cm2 for DLC COMP A-C:H coating and from 264.67 to 377.78 µA/cm2 for  MULTICOMP TiN/TiAlN 
coating. The highest density was reported in Ringer’s solution in case of MULTICOMP TiN/TiAlN coating, the 
lowest in 0.9% NaCl solution for ZrN coating. According to these values it may be supposed that the most 
aggressive corrosion environment is Ringer’s solution for MULTICOMP TiN/TiAlN coating, and the least 
aggressive is NaCl solution for ZrN coating, similarly to Ringer’s solution for the coating.  

The achieved values of polarization resistance Rp range from 1.10 to 1.91 Ω for ZrN coating, from 0.80 to 3.62 
Ω for DLC COMP A-C:H coating, and from 0.88 to 1.61 Ω for MULTICOMP TiN/TiAlN coating. The highest 
corrosion resistance was observed in steel samples with the DLC COMP A-C:H coating in Ringer’s solution, 
and the lowest in 0.9% NaCl solution. 

5.2.  Bacteriological research 

All examined coating proved to have bactericidal properties in macroscopic evaluation. After standard 
incubation, the growth of Staphylococcus aureus and Pseudomonas aeruginosa, placed under the samples 
was not observed.   

6. CONCLUSION 

Accelerated corrosion examination of DC01 steel, covered with ZrN, DLC COMP a-C:H and  
MULTICOMP TiN/TiAlN coatings proved that DLC COMP a-C:H coating states good protective properties and 
significantly delays corrosion and that it way it may be utilized in human body. 

Bacteriologic examination confirmed all coatings to be bacteriostatic and on that basis, the possibility of using 
them in dentistry, prosthetics and orthodontics occurred.  

Summarizing all the above findings, it may be stated that DLC POMP a-C:H coating is the best one since it 
meets the requirements of corrosion and bacteriological criteria, and it is possible to be used inside human 
body. 
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Abstract   

In this paper, protective properties of polymer films on the metal surface are analyzed. The simulation is 
performed by means of the Monte-Carlo method on the basis of three-dimensional lattice model of polymer 
system with orientational interactions [1]. Initially, configuration of polymer system is calculated by the 
Metropolis algorithm taking into account the characteristics of the internal structure (constants of intermolecular 
interactions etc.), temperature regime and metal quality. Further, for the study of conductivity, the motion of 
charged particles within the proposed lattice model is investigated on the basis of the calculated configuration. 
The interaction energy of the oxygen atom with eight neighboring links of polymer chains and electric double 
layer on the metallic surface  is accounted. The direction of movement of charged particles is calculated by 
the Monte-Carlo method according to the energy advantage of its position. This method allows to calculate the 
number of charged particles passing through the polymer film and reaching the metal sheet surface. The 
dependences of conductivity on temperature, film thickness, and distance between molecular layers are 
obtained. It is shown that there is an optimum density for the given film thickness at which it possesses 
protective properties. The adequacy of the developed mathematical models and calculated dependences are 
verified by comparison with laboratory data and production testing. 

Keywords: Corrosion, polymer coatings, conductivity, Monte-Carlo method, electric double layer 

1. INTRODUCTION     

Currently, problem of corrosion is urgent in all civilized countries. One of the most effective methods of solving 
this problem is application of polymer coating upon steel sheets. Currently, significant advances are achieved 
in the field of corrosion protection. Mechanisms of development of cracks, electrical protection, different types 
of inhibitors, electrochemical protection, paints are usually investigated [2, 3].  

The protective polymer film is necessary to eliminate interaction of metal surface with external oxygen ions.  
As a rule it is assumed that a thick polymer film is an insulator. However, in recent years, the interest to 
investigation of transport properties of thin films has arisen [4-6]. It is shown that the change in electrical 
conductivity of polymer films occurs due to change in thickness, pressure, density, etc. Therefore, the study of 
the influence of these characteristics of polymer coatings of metal is also the topical problem for creation of 
protection against corrosion.  

2. MODEL     

Properties of polymers cannot be described by equations of continuum mechanics. Therefore, development 
of specialized discrete models which are based on molecular structure of polymers is necessary [7]. 
Peculiarities of macroscopic characteristics of different polymers are primarily related to geometric anisotropy 
of constituting macromolecules. The theory describing the behavior of macromolecules with different 
mechanisms of flexibility in ordered polymer systems of finite size (layers, domains, etc.) with developed 
segmental mobility should correctly take into account intermolecular interactions, particularly, of orientational 
type. For the study of this problem, the Gotlib - Maksimov’s models [8] of ordered polymer systems are used, 
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in which, on the one hand, an individual polymer chain with bending rigidity is chosen, and on the other hand, 
local interactions of the dipole type are taken into account. 

In these lattice models, the links of the polymer chains are localized in the nodes (n, m, l) of three-dimensional 
cubic “quasi-lattice”. Fig. 1a  shows one of the planes (n, m) of the model. The position of a node is 
characterized by the set of three numbers n, m and l. Every node is related to a dipole (flexible or rigid kinetic 
unit of polymer chain); its orientation is determined by angles in the spherical coordinate system.  

 

a                                                           b 

Fig. 1 a - the movement of oxygen ion within the polymer film:  - oxygen ion, 
→
p - dipole moment of a link of 

the polymer chain, 
→
E - strength of the external electrical field. b - the location of the ion within the unit cell 

 

The potential energy of interaction of dipole type in the lattice model of polymer system has the form [9]: 

1 , , , 1, , 2 , , , , 1, 2 , , , , , 1 , ,
, , , , , , , ,

cos( ) cos( ) cos( ) cos( )n m l n m l n m l n m l n m l n m l n m l
n m l n m l n m l n m l

V K K K pE φ+ + += − Φ − Φ − Φ +∑ ∑ ∑ ∑ ,            (1)      

where , , , ', ', 'n m l n m lΦ   is the spatial angle between the dipoles located in the neighboring nodes n,m, l and   n ', 

m', l ' of the lattice,  p is the module of the dipole moment of the polymer chain link, E is the strength of the 

external electric field, that creates an electric double layer of the metal surface, , ,n m lϕ  is the angle between 

the vectors 
→
p  and 

→
E . The energetic constant K1 along the longitudinal curved direction X of the “quasi-lattice” 

describes intrachain orientational interactions; it is related to the chain bending rigidity, which determines the 
persistence length. The constant K2 characterizes interchain orientational interactions in the “transverse” 
directions m and l of the “quasi-lattice”. Its value can be estimated, for example, from the multipolar expansion 
of the interaction energy of two identical dipoles p in neighboring chains:   

2

2 3
0

1
,

4
p

K
rπε

=                                                                                                                                                (2) 

where r is the mean distance between neighboring chains, ԑ0 is dielectric constant. 

The energetic constants are determined by the chemical structure of the polymer coating and its density. For 
example, by the density ρ = 1.78 x 103 kg•m-3 the constants for poly (vinylidene fluoride) (PVDF) are equal to 
K1 = 5.3 x 10-22J and K1 = 2.1 x 10-20J. 
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In the model developed in this paper, the oxygen ions are initially at the interface “polymer- air” (ion 1 in 
Fig. 1a ). It is assumed that the motion of the charged particles in this lattice model is carried by leaps in 
localized states in the centers of the cells (ions 2-4 in Fig. 1a ). Similar approach has been used previously in 
the ref. [10]. For example, it has attributed the increase of conductivity of the layer by increasing the 
temperature and the frequency of the external electric field. The number of oxygen ions that pass through the 
polymer film and reach the metal surface (ion 5 in Fig. 1a ) is calculated to determine the protective properties 
of the film. The interaction potential between the oxygen ion and the dipole is determined by the formula [11]: 

2
0

cos
4ion

qp
V

r
α

πε
⋅= − ,                                                                                                                                         (3) 

where q is the charge of oxygen ion (q = − 2e, where e is the charge of electron), p is the module of the dipole 

moment of the polymer chain link. The distance r and the angle α  are shown in Fig. 1b . The ion interactions 
with more than eight links of the polymer chains and the field of the electric double layer of metal are taken 
into account in the simulation process of corrosion-resistance. 

3. SIMULATION  METHOD  

The simulation algorithm of the full configuration of the polymer chains on the metal surface and the motion of 
charged particles, takes into account consists of two stages: 

Stage 1. The calculation of polymer chain links configuration depending on temperature, its inner structure 
(energetic constant of intermolecular interactions), and influence of the metal substrate is performed by the 

Monte Carlo method. The calculated values of the orientational order parameter (
, ,cos( )i j kµ φ= ) coincide 

with the experimental data on the investigation of thermal depolarization of the poly (vinylidene fluoride) [12]. 
Calculations of heat capacity, susceptibility and other macroscopic characteristics of polymer systems show 
that all of them have abnormal behavior at the same temperature, namely in the point of phase transition [1]. 

Stage 2. The study of the movement of oxygen ions within the simulated polymer system is also carried also 
by the Monte Carlo method. The selection criterion of the direction of the ions motion is based on checking the 
energy advantage of its position in each of six neighboring lattice places. The new position of the ion is 
determined by the following algorithm: 
1) The ion energy Vion0 is determined if it is located at the point O. 
2) The virtual displacement of the ion into each of the points Os (s = 1, 2...6), i.e. in six neighboring cells, 

is produced. The energy of the ion is calculated in each of these positions by the formula (3). 
3) The transition probability of the ion from the point O to each of the points Os is calculated by the formula: 

0exp ion s ion
s

B

V V
W

k T

− 
= − 

 
.                                                                                                                               (4) 

4. A unit segment is divided into six parts. The length of each segment is equal to the value
6

1

/s s
s

W W
=
∑ . Further, 

a random number R in the interval [0; 1] is selected by a uniform distribution. Its number determines the new 
position of the ion.  

To characterize the anticorrosive properties of the coating, the corrosion parameter is introduced as 

cor

MC

N

N
σ = ,                                                                                                                                                       (5) 

where 
corN − the number of ions reached the metal surface and trapped by it, 

MCN is the number of Monte 

Carlo steps. The calculations show that the value σ does not depend on the simulation parameters (initial 
conditions and the number of Monte Carlo steps). At sufficiently large number of steps, the corrosion parameter 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

944 

is determined only by the constants of the interaction potential and the value of the electrical field of double 
layer on the metal surface.  Therefore, in this paper, the criterion σ = 0 (when corrosion is absent) is accepted 
as the main indicator of the polymer coating quality.  

4. THE SIMULATION RESULTS  

Fig. 2a demonstrates the dependences of parameter of corrosion σ on the renormalized temperature (the 
value

1/Bk T K ) at different values of the distance d1 between the layers of the polymer coating. It is shown, that 

the number of the oxygen ions that have passed through the polymer film and have reached the metal surface, 
increases with the rise of temperature up to a certain critical one. The same behavior of the conductivity of 
polymers has also been observed experimentally, for example, in ref. [13].  The comparison of the simulation 
results with the data obtained in the ref. [1] show, that the temperature at which the value σ reaches its peak, 
is the point of structural phase transition. Beyond it all properties of the coating dramatically change (e.g., 
strength and hardness reduce). However, it should be noted, that this model has great restrictions for the study 
of macromolecular systems at temperatures above the phase transition point Tc , because the mobility of  
segments of sufficiently large chains cannot be considered in this model.   

Fig. 2b  shows the dependences of the corrosion parameter σ on the polymer film thickness N at different 
values of the distance d1 between the layers of the polymer coating. The value of the parameter σ drops till 
zero with the increase of the polymer film thickness. At every value of the distance d1, there exist the minimum 
number Nmin of the coating layers, at which the oxygen ions stop to penetrate to the metal surface. In this case, 
the polymer film with thickness N > Nmin becomes a corrosion protective barrier.  

 
 

a b 
Fig.  2 The parameter of corrosion σ vs. the renormalized temperature 

1/Bk T K  (а) and the number of layers in 

the polymer film N (b) at different values of the distance d1 between the layers 

5. RESULTS OF EXPERIMENTAL STUDY 

The test samples were selected to investigate the corrosion properties of the coated metal (polyester 
enamel). Two incisions at 90 °C were made on each test sample. Further, the test samples were placed 
into saline mist chamber for a certain time. The results of corrosion resistance of the coating after 240, 360 
and 500 hours are shown in Fig. 5 . 

a) 
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The test sample № 1. The 
coating thickness is 18.3 
mkm. Result: the polymer 
film is a protective coating. 

The test sample № 2. The 
coating thickness also is 
18.3 mkm, but the density 
of the polymer film is 
decreased by 1.5% (the 
distance between the 
molecular layers is slightly 
increased). According to 
computer simulation, this 
value of density of the 
polymer film is optimal. 
Result: at further 
decrease of the polymer 
film density it is not a 
protective cover. 

The test sample № 3. The 
coatings thickness is 18.7 
mkm. The density is 
decreased by 3 %, i.e. it is 
less than the optimal one. 
Therefore, though this 
coating is thicker, it is not 
a protective coating. 

6. CONCLUSION 

The thickness of the 
polymer coating can be 
increased by its drying 
temperature. This 
reduces the cost of 
production. However, 
anti-corrosion properties 
of the polymer coating 
decrease if the 
temperature or the 
distance between the 
molecular layers 
increases. Simulation 
model is developed that 
allows to calculate the 
number of oxygen ions 
that penetrate through the 
protective film. For the 

b) 

c) 

Fig. 3  The images of the samples №1 (a), № 2 (b) and №3 (c) after the 
experiment on saline mist 
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given value of intermolecular distance there is an optimal number of layers, by which the film becomes a 
protective coating.  
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Abstract   

The technology of Laser Surface Re-melting (LSR) is used to modify the surface layer of bulk materials or 
coatings in order to improve their surface properties, usually wear resistance. In the case of thermally sprayed 
coating, its application leads to elimination of porosity and internal oxides on the coating splat boundaries. The 
increase of corrosion resistance and inner cohesion strength of the coating is expected as a result of laser 
post-treatment. In the paper, the Co-Cr-W HVOF sprayed coating was subjected to the series of LSR 
procedures with varying laser parameters to study their influence on the thickness of remelted layer. The laser 
power and processing speed was the main studied parameters. The optimal parameters for LSR of coating 
with given thickness were found. Besides the laser parameters, the influence of spraying procedure, namely 
the procedure of grit blasting, on the creation of cavities in the remelted coating is discussed. 

Keywords: Co-Cr-W, Stellite 6, coating, HVOF, laser surface remelting 

1. INTRODUCTION    

The CoCrWC alloy, well known as Stellite Alloy 6, is the most widely used alloy in the Co-based group of 
alloys. It has an excellent resistance to many forms of wear and corrosion over a wide range in temperature. 
The hardness of bulk Stellite 6 ranges from 36 to 54 HRC or from 380 to 490 HV. Its microstructure composes 
from Co fcc dendrites surrounded by Co phases and carbides. Cr content ensures resistance to oxidation and 
corrosion and strength thanks to the formation of M7C3 and M23C6 carbides [1].  

The superior Stellite 6 properties are widely used in surface engineering for coating of the surfaces of highly 
stressed components in many branches of industry. They are deposited by welding [2], laser cladding [3, 4] or 
thermal spraying [5,6] technologies. While welding and laser cladding offer the well adhered coatings with 
minor porosity, but suffers from the high thermal and residual stress, thermally sprayed coatings are more 
beneficial from the stress point of view, but on the other hand are less adhered to the parts surface and can 
include some amount of pores and oxides.  

The microstructure defects, unfavorably influencing the thermally sprayed coatings corrosion resistance and 
cohesion strength, such as pores, oxides and intersplat boundaries, can be removed by various post-treatment 
processes. The flame, furnace or laser surface treatment can be applied to remelt the coating [7-9]. The 
successful attempt was realized to increase the hot corrosion resistance of plasma-sprayed Stellite-6 coating 
by remelting it using high-power laser [10].    

In presented work, the Laser Surface Re-melting (LSR) process was applied onto the Stellite coating, 
deposited by High Velocity Oxygen Fuel (HVOF) spraying technology. The attention was paid to the process 
of laser parameters optimization. The aim of optimization was to find laser parameters, suitable for remelting 
of the coating to the coating-substrate boundary and to the half of the thickness and compare the properties 
of remelted coatings with the HVOF as-sprayed coating. During remelting, the problems related to the creation 
of cavities in the coating emerged and had to be analyzed.  
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2. EXPERIMENTAL 

2.1. Coatings preparation 

The Stellite 6 coating was sprayed by HP/HVOF TAFA JP5000 spraying equipment in VZU Plzen onto grit 
blasted 11 523 substrate. For spraying, FST 484.33 powder was used. Its nominal chemical composition is: 
28%Cr; 5%W; 1.2%C, 1%Si; Co rest. The grit blasting was realized by Al2O3, F22 (with a grain size 0,8-1 mm). 
The optimized spraying parameters were set, based on the previous studies [11]. The dimensions of substrate 
(200 x 100 x 10 mm) were chosen to ensure sufficient heat dissipation during re-melting process. Two series 
of experiments were done - first the samples were grit blasted by commonly used Al2O3 abrasives, the second 
by Al2O3 dried for 8 hours at 100°C in the air furnace to reduce the moisture contained in the abrasive particles. 

The HPDD 4kW laser Coherent HighLight ISL-4000L; 808 ± 10 nm wave length was used for laser re-melting. 
Based on previous experiences [12] the set of laser processing parameters was designed. By variation of laser 
power and speed of the laser spot movement, the different values of specific energy (SE) [J/mm2] were 
obtained and used for remelting. As a consequence, SE varied from 13 to 43 J/mm2. Constant spot size (12 x 
1 mm) and the overlap 2 mm was used.  To prevent the high thermal gradient and connected coating cracking, 
the substrate was pre-heated up to 350°C.  

2.2. Sample Analyses 

The microstructure of the as-sprayed and remelted coatings were evaluated on the cross sections (grinded 
and polished using automatic Leco grinding and polishing equipment) by optical microscope Nicon Epiphot 
200, by digital optical 3D microscope Hirox KH7700, and SEM Quanta 200 from FEI equipped by EDAX NEW 
XL-30 Silicon doped by Lithium detector. 

The surface hardness HR15N was measured on the as-sprayed coatings surfaces using hardness tester 
Rockwell HT 8003. The reported values are average from at least 5 measurements. The coating 
microhardness HV1 was measured on the coatings cross-sections, in varying distance from the surface, to 
evaluate the microhardness profile.  

3. RESULTS AND DISCUSSION 

The Stellite 6 HVOF sprayed coatings was remelted using laser parameters, providing 6 different levels of SE. 
The coatings cross sections, corresponding to each used SE, can be seen in the Fig. 1 . With increasing SE, 
the thickness of remelted layer increased almost linearly (see the graph in the Fig. 2 ). Using low values of SE 
(13-18 J/mm2), the cracking occurred in the area of laser tracks overlap. Increasing SE, the cracking tends to 
be less pronounced, but the cavities, originated on the coating/surface boundaries, started to take place (Fig. 1 
c-f ). 

On the coating/substrate boundary, the Al2O3 particles are embedded on some places, as a residual from the 
foregoing grit blasting of the substrate. In as-sprayed coatings, the embedded Al2O3 particles usually don’t 
cause big difficulties. Their negative influence can be observe in relation with fatigue loading, where they can 
play their role as stress concentrator and can initiate the grow of fatigue crack in both directions - to the coating 
or to the substrate, or can cause the loss of coating-substrate adhesion and following coating spallation [13]. 

In the Fig. 1 , the progressive changes of coating/substrate boundary influenced by the increasing SE can be 
observed. In the Fig. 1e)  the coating/substrate boundary did not yet change its morphology - the roughness 
created during grit blasting is still recognizable, but significantly higher amount of cavities with various size 
range is located near the coating / substrate boundary. In some of them, the impurities were observed (Fig. 4). 

To determine the origin of the created cavities, the deeper analyses by means of SEM combined with EDX 
was done. The cavity observed in the coating almost half-thickness remelted is shown in the Fig. 3 . It can be 
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said, that the cavities originated nearby the Al2O3 particles embedded in the coating/substrate boundary. The 
EXD analyses of cavity inner surface (Fig. 3b ) proved the 5% content of oxygen. No other composition 
changes were registered. Also the cavities containing the impurities (Fig. 4 ) were evaluated. The impurities 
contained in most cases the high amount of Al and O2 (e.g. Fig. 4b ), and Fe in one case (Fig. 4a ). It indicates 
the presence of destroyed or deformed Al2O3 particles from coating / substrate boundaries. The occurrence of 
Fe can be related to the substrate material, torn out from the surface during grit blasting. 

 

Fig. 1 The micrographs of remelted coatings cross sections in dependence on laser specific from the 
lowest (a) to the highest (f) 

The connection of cavities occurrence with Al2O3 particles led to the hypothesis that the Al2O3 abrasives, used 
during spraying, were contaminated with moisture, coming from the air. The Al2O3 sand is stored in the job 
shop without any particular prevention against moisten. The possibly moisture absorbed in The Al2O3 particles 
can change its state due to the heat related to coating remelting process, increase its volume and creates 
pressure leading to the cavities formation.  

The above mentioned hypothesis was proved by preparing another set of samples, grit blasted by Al2O3, which 
was previously dried in the hot air for 8 hours. The usage of dried Al2O3 has led to a significant decrease of 
the amount and size of the cavities, created in the coating after remelting - compare Fig. 5  vs 5b. 

Nevertheless, the presence of embedded Al2O3 particles on the coating/substrate boundaries is unfavorable, 
even if the attention is paid to its moisture condition, and should be eliminated by optimization of substrate pre-
treatment process.         

For further analyses, the coatings remelted the half-thickness remelted coating and fully remelted coating was 
chosen to study the influence of LSR post treatment on the coatings mechanical properties. The microhardness 
measured on the as-sprayed, half-remelted and fully remelted coating was measured across the coatings 
thickness (Fig. 6 ). The as-sprayed coating reached in average the highest hardness, but the scatter of the 
microhardness values is the highest due to the non-uniform microstructure, typical for TS coatings. The 
microhardness in the remelted part of the half-remelted coating is lower compare to as-sprayed part. The 
thickness of both coating is the same, the coating/substrate boundary was not influenced by LSR. The 
microhardness of the fully remelted coating is the lowest, but very homogenous across the coating thickness. 
The boundary of fully remelted coating was moved towards to the substrates. A certain amount of dilution can 
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be observed. The average hardness trend is confirmed by measurement of superficial Rockwell hardness 
HR15N - 82.82HR15N for as-sprayed coating, 75.67 HR15N for half-remelted coating and 73.52 for the fully 
remelted coating (corresponding to 45, 31 and 27 HRC values, resp.) and its in agreement with results 
published previously [12].    

 

Fig. 2 The dependence of ration between remelted coatings thickness to the original coatings thickness in 
dependence on laser specific energy 

 

Fig. 3 SEM of cavity formed on the coating/substrate boundary  

 

Fig. 4 SEM of cavity formed on the coating/substrate boundary with contamination 
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Fig. 5 SEM of cavity half-thickness remelted coating cross section a) grit blasted by usual Al2O3;  
b) grit blasted by dried Al2O3  

 

Fig. 6 The coatings Vickers microhardness HV1 measured on coatings cross section 

4. CONCLUSION 

The technology of Laser Surface Re-melting was successfully applied onto the HVOF sprayed Co-based 
coating. Varying laser parameters, namely laser power and velocity of laser spot movement, increasing specific 
energy was used to remelt the surface of Stellite 6 HVOF sprayed coating. In dependence on the used specific 
energy, increasing depth of coating was re-melted. The dependence between the specific energy and the 
remelted depth is can be considered as linear and can be used for estimation of specific energy necessary for 
remelting of defined coating layer thickness. To obtain the crack-free coating, higher specific energy should 
be used. At higher specific energies, the cavities occurred in the remelted coatings near the coating / substrate 
boundary. The moisture, absorbed in Al2O3 particles, embedded in the substrate after the grit blasting, was 
identified as a cause of the cavities occurrence. To avoid them, the alternative methods of substrate pre-
treatment should be developed. The hardness of remelted coating is lower compare to the as-sprayed coating. 
The reason can be found in different state of inner stress in the coatings- compressive stress in the as-sprayed 
coating vs. tensile stress in the remelted coatings.  
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Abstract  

In the study the research findings, regarding the application of innovative solutions from the field of the material 
science and medicine in the interior of modern ambulances, are described. VentureShield VS 7510 E film  
(I and II grade) was evaluated from the point of view of high sterility level of the interior of an ambulance. The 
examinations were divided into two stages. Firstly, a degree of the adhesion of chosen kinds of the bacterium 
e.g. Enterococcus faecalis and Pseudomonas aeruginosa was evaluated. In the second stage, samples toxicity 
tests were conducted using the normal human dermal fibroblasts (NHDF). It has been proved that 
VentureShield VS 7510 E film (I and II grade) effectively protects against bacterial adhesion and it is not toxic 
to living cells, such as NHDF. We can assumed that the film will fulfil its protective function in sanitary 
ambulances. 

Keywords: Bacteria, fibroblasts, adhesion, ambulance, films 

1. INTRODUCTION 

The interior of an ambulance encourages microorganism adhesion. Many educational institutes conduct 
experiments in order to prevent pathogens growth and to eliminate them completely. Each unit using 
ambulances should obey some rules which aim at keeping a proper sanitary and epidemiological conditions.    

The disinfection of the ambulance interior and the medical equipment used in it, is not always maintained on 
a high level.  Despite the efforts and implementation of further guidelines it is still a current global issue. 
The conducted research has proved the presence of pathogens causing illnesses inside ambulances [1, 2]. 
The bacteria isolated from the interior sheathing of an ambulance may threat patients suffering from low 
immunity or during immunosuppressive therapy, especially Enterococcus faecalis, Pseudomonas aeruginosa, 
Staphylococcus haemoliticus. This fact should influence the selection of disinfectants and materials covering 
the interior of medical vehicles [3-6]. 

One method of protecting varnished surfaces against damage is using protective films. It is common 
in automotive industry. Films are applied on the cars elements, especially threatened by mechanical damage, 
i.e. bumpers, inner wheel arches, doors. Films are wear and scratch resistant, and are not damaged by 
chemical factors (roads salinisation). Their use allows for the increase of the functionality of protected surfaces 
and it aids to retain esthetical appearance for a long period of time [7].     

Literature presents surveys on the behaviour of microorganisms on different surfaces, among others, on films, 
to begin with the commonly used aluminum foil [8], through the research on copper foil [9], which presented 
antibacterial properties. The application of films inside ambulances and steel surface in medical units is worth 
considering. 
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2. THE AIM AND THE SCOPE OF RESEARCH 

The study is the continuation of the previous research on the selection of the material and anticorrosion 
coatings which would be the best to maintain antiseptic properties inside an ambulance. The study presents 
the results of effectiveness evaluation of VentureShield VS 7510 E film used inside an ambulance. The results 
which were achieved confirm that the film poses a corrosion protection of DC01 steel, in contact with 
physiologic solutions and ethanol based disinfectants. It helped to prove the protection effectiveness of the 
film when used in hospital conditions. However, it would be necessary to prove its corrosion protection 
properties. Owing to that, the study was divided into two parts. The first one concerned the adhesion of selected 
bacteria strains, i.e. Enterococcus faecalis and Pseudomonas aeruginosa on the examined surfaced, covered 
with the film. The second part was focused on its cytotoxic properties, in terms of mouse fibroblasts tested in 
direct in vitro way.  

3. MATERIALS AND METHODS 

3.1. Sample preparation 

The DC01 steel was selected for the research in form of cold-rolled sheet-metal, commonly used for medical 
equipment production. The samples, size 100 x 100 mm, were cut out of accidentally chosen sheet metal 
areas, and then they were ground and polished. The samples prepared in this way were covered 
by thermoplastic polyurethane VentureShield VS 7510 E film, which size depended on the stage of 
the research. Two types film were selected for the research - grade I and II (the grades specification was 
restricted by the producer). Acrylic adhesive of high resistance was selected by the film manufacturer. 
Isopropyl alcohol was used as the solvent, and gelatin as a thickener. The initial thickness of the film and 
adhesive was 210 μm, specific weight 240 g/m2, tensile strength and elongation 5400 N/cm2, 460 %.  

3.2. The growth of bacteria 

The research consisted in the incubation of selected bacteria species - Pseudomonas aeruginosa ATCC 27853 
and Enterococcus faecalis ATCC 29212 (density 0.5, 2 and 4 McF) in the 3 ml of physiological saline solution 
(0.9 % NaCl) on metal plates with a film of 7mm diameter.    

Before culturing the bacteria, the samples were subjected to surface sterilization under exposure to UV light 
for 24 hours. In the next step, plate asepsis was controlled. Finally, selected bacteria species were cultured 
on given surfaces and incubated for 24 hours in room temperature of 25 oC. After the incubation period, the 
plates covered with the film were cleaned three times by a solution of physiological saline (0.9 % NaCl) and 
left until they dried.  

Pressure-sensitive substrate, type Coun-Tact® media (bioMerieux, Fr) was applied to the dry surface of plates 
in order to check surface asepsis of them. The number of bacterial colonies on the contact plates was counted 
after 24 hours. The results are presented by number of bacterial colonies per surface square centimeter 
(CFU/cm2 - colony forming unit/cm2).          

3.3. Cell culture  

NHDF were isolated from plastic surgery skin sections with approval from the Ethical Committee of the 
University Hospital Olomouc and the patient’s consent. The study was performed in accordance with the Code 
of Ethics of the World Medical Association. The morphology and origin of the cells were authenticated in the 
Histology Department, University Hospital Olomouc. 

NHDF were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum (FBS) 
and 1 % penicillin-streptomycin under standard culture conditions (5 % CO2, 37 °C). Cells were used between 
the 2nd and 3rd passages.  
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The cytotoxicity of VentureShield VS 7510 E film was observed by the examination of direct contact. The circle 
samples of 3.5 cm diameter and square samples (its side of 1 cm) were cut out of the film. Next, the film was 
applied on the bottom of the Petri dishes and sterilized in 70 % ethanol for 15 minutes and exposed to UV 
radiation for 15 minutes also. The cells were seeded on Petri dishes with the film and incubated for  
24 h. The morphology and viability of the cells were examined by microscope. 

4. ANALYSIS OF RESULTS    

4.1.   Adhesion test 

The results of adhesion examination of selected bacteria strain on the steel covered by the film, grade I and II 
were presented, by showing the amount of bacteria colonies per surface square centimeter (CFU/cm2 - colony 
forming unit/cm2), in Table 1 . Due to the temperature variability in a medical vehicle, the research was 
conducted in the temperature: 25 °C and 37 °C. 

Table 1 The amount of bacterial colonies subjected to adhesion on the surface of the researched material  
             [CFU/cm2] in selected temperature  

Density of 
the bacteria 

solution 
[McF] 

Grade I Grade II 

Pseudomonas 
aeruginosa 

ATCC 27853 

Enterococcus faecalis 
ATCC 29212 

Pseudomonas 
aeruginosa 

ATCC 27853 

Enterococcus faecalis 
ATCC 29212 

25°C 37°C 25°C 37°C 25°C 37°C 25°C 37°C 

0,5 0 0 3 5 0 0 0 0 

2 0 0 4 10 0 0 0 20 

4 0 0 10 17 0 2 0 20 

The growth of the selected pathogens was low or it was not observed at all on the examined surfaces, 
especially in room temperature, i.e. 25 °C. The film grade II presented lower level of contamination by 
Enterococcus feacali in 25 °C. The samples covered by lacquer coatings restrained the microorganism growth 
(Table 2 ) - mainly the RAL 9003 coatings. It was proved in the previous studied [3, 4] that the increase of 
surface roughness influences the growth of the examined bacteria adhesion. It is also confirmed by the 
smoothing effect of the film applied on a surface [9]. 

Table 2  Bacteria colonies on the tested surfaces Amount of bacterial colony [CFU/cm2] [3] 

Density of 
bacterial 

cells 
[McF] 

Pseudomonas aeruginosa ATCC 27853 Enterococcus faecalis ATCC 29212 

Varnish antibacterial 
coating 

RAL 9003, gloss of 60% 

Varnish standard 
coating 

RAL 9002, gloss 90% 

Varnish antibacterial 
coating 

RAL 9003, gloss of 60% 

Varnish standard 
coating 

RAL 9002, gloss 90% 

0.5 - 0 - 0 

1 0 0 0 0 

3 0 - 0 - 

5 0 > 150 1 > 180 

7 1 - 1 - 
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Density of 
bacterial 

cells 
[McF] 

Plate of plastic 
- smooth 

Plate of plastic 
- plexi 

(organic glass) 

Plate of 
plastic 

- chattered 

Plate of plastic 
- smooth 

Plate of plastic 
- plexi 

(organic glass) 

Plate of 
plastic 

- chattered 

0.05 > 10 >10 - >10 >10 - 

0.5 > 250 >100 0 > 150 >100 0 

1 - - 0 - - 0 

5 > 300 >150 >500 >250 >150 >600 

4.2. Toxicity test  

The results of the NHDF observation after the incubation period are shown in Fig. 1 .  

a)  b) 

 

  

 

 

 

Fig. 1  The image of the edge of the sample - cell culture: 
a - NHDF grown with a film of 1x1 cm size, b - NHDF grown directly on a film 

The cells were cultivated with the film for 24 h and it was not detected any morphological changes. It may be 
assumed that the examined films are not toxic for living cells (Fig. 1a ). In order to assess if the cells may be 
grown on the film surface (Fig. 1b ), NHDF were cultivated directly on the surface of Petri dishes cover with 
film. The test proved their anti-adhesive properties, which prevents growing cells on them.  

5.  CONCLUSION 

On the basis of conducted laboratory examinations and results discussion the following conclusion can be 
formulated: 

• the surface covered by the film, grade I and II is effectively protected against adhesion of Pseudomonas 
aeruginosa in the examined range of culture density, 

• the film, grade II presented lower contamination level of  Enterococcus feacalis, 

• the film do not have a toxic effect on the cell growth. 

Modern techniques of sterilization and disinfection of medical vehicles interior are not sufficient to eliminate 
the risk of infection occurrence. Our study shows new possibilities in terms of surface antibacterial protection.  

The results confirm that VentureShield VS 7510 E films may be used for the protection of ambulances interior, 
as well as in hospital environment. Taking into consideration the previous results, it may be concluded which 
materials are the best for antibacterial protection, in case of possible film damage. However, some further 
study is necessary.  
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Abstract 

The paper describes the corrosion resistance comparison of hot-dip zinc galvanized cast iron with flake 
graphite in relations to bronze. The practical application of investigated cast iron is planned as a materials for 
fitting elements working in corroding medium of sea water. The surface of cast iron was prepared in different 
way: crude, turned, sandblasted and oxidized. Oxidation effect was evaluated by optical microscopic tests, 
surface roughness measurements and corrosion resistance potentio-dynamic tests. It was stated that oxidation 
process influence both on the level of surface development as well as the zinc coating structure and zinc 
diffusion depth in cast iron matrix. The observed influence causes the essential cast iron corrosion resistance 
increase which level reaches value characteristic to bronze. Structure of coating layers - alloyed and zinc and 
their thickness is in direct correlation with a kind of surface preparation and in consequence corrosion 
resistance. Examination presented in the elaboration confirmed the thesis that in analysed case high 
temperature oxidation is not a corrosion process but rather a kind of surface treatment that makes wider the 
cast iron application range. 

Keywords: Cast iron, oxidation, surface preparation, corrosion resistance, zinc coating  

1. INTRODUCTION 

There are a million metal machinery parts and devices withdrawn from the use of every year because of 
wearing them out by oxidizing [1, 2]. The most susceptible to atmospheric corrosion (oxygen and humidity) are 
parts made of iron alloys. i.e. steel and cast iron. In industrial practice there are a lot of methods protecting 
against the corrosion. To the most popular belong: painting and varnishing, aluminizing, zinc coating or 
application of aluminium zinc alloys coating [3]. Zinc-coatings are the most effective and economic way of iron 
alloys protection against the corrosion. Apart from the high resistance to the atmospheric corrosion this kind 
of coating demonstrates also the high resistance to the tribologic wear, i.e. caused by the friction. Many 
machinery parts are exposed during the application to sliding friction, e.g. elements of industrial fittings. The 
coating protecting machinery parts surfaces against corrosion that are additionally exposed to the friction 
should possess very special properties. Therefore the zinc coating put on parts of fittings should be 
characterized by a small friction coefficient what makes easier the regulation of the working medium flow and 
reduce the consumption during the long-term using. 
Although zinc-coatings are universally used for many years, these are still conducted the examinations to 
improve their properties [4-9]. The galvanizing process of the grey cast iron performed in industrial conditions 
is encountering difficulties, caused by subsurface graphite particles and the higher silicon content which is a 
main reason of zinc-coating defects [7-9]. Etching applied before steel galvanizing in the hydrochloric or 
sulphuric acid isn't such useful with reference to the cast-iron castings. Worsening of the quality of the created 
zinc coating is the a result of the acids reactions products precipitating in this process. The cleaning of the 
cast-iron casting surface before galvanizing is a very difficult treatment [7-9]. 
It follows from the above that universally technologies used normally in steel galvanizing process can’t be 
automatically transferred to cast iron castings and especially to the surfaces after mechanical working. The 
presented problems can be solved by surface decarburising of the cast iron in the process of high-temperature 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

959 

oxidation. The influence of high-temperature decarburising of the grey cast iron on properties of hot dip zinc 
coatings will be discussed in this article.  

2. OWN RESEARCH 

During the tests a grey cast iron GJL-250 was used with flake graphite and typical chemical composition 
determined in the PN-EN 1560: 2001 standard and B555 bronze with chemical composition according the 
EN573-1 standard (Table 1 ). Test samples were taken from parts applied for the production of checks valve, 
as one-way valves. They are used to protect pipelines and devices against the backward flow of the medium 
substance and are installed on pipelines and containers where we should prevent the stream withdrawal of 
the flowing medium. Checks valve are destined to flow of: water, steam, oil and other natural liquid and gases 
mediums and the work in sea conditions (Fig. 1 ).  

Table 1  Chemical composition 

C
as

t i
ro

n Chemical composition [%] 

C Si Mn P S Mg Ce Ni Cu Al 

3.25 2.00 0.55 0.065 0.035 0 0 0 0 0 

B
ro

nz
e Chemical composition [%] 

Cu Sn Zn Pb Al Fe Mn Si P Ni 

83-87 4-6 4-6 4-6 ≤0.01 ≤0.3 ≤0.2 ≤0.01 ≤0.1 ≤2 

  

Fig. 1  Check valves 

3. TEST RESULTS 

To analyze the cross-sectional structure of the created zinc coating the metallographic specimens were 
prepared. For metallographic observation an optical microscope Axiovert A - 100 and scanning microscope 
Joel - J7 were used. Results of samples observations are shown in Fig. 2 . 
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a        b 

 
c 

Fig. 2  The cross-section of zinc coating: a) the sandblasted surface, b) crude surface, c) the surface after 
oxidation 

Based on microscopic observation and results of roughness profiles measurements (3D) an influence of 
oxidizing on the cast iron microstructure and the state of the surface before galvanizing was determined. The 
average values of roughness measurements - the sRa parameter is presented in the form of graph (Fig. 3 ). 
Chosen roughness profiles of the studied materials surfaces are presented in Figs. 4-6 . 

 

Fig. 3  The average values of measured roughness parameter sRa 
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a        b 

Fig. 4  Isometric surface image and roughness profile after sandblasting 3D(a) i 2D (b) 

  

a        b 

Fig. 5  Isometric surface image and roughness profile after oxidation 3D(a) i 2D (b) 

  

a        b 

Fig. 6  Isometric surface image and roughness profile after galvanizing 3D(a) i 2D (b) 

To determine the corrosion resistance of the tested parts the potentiodynamic tests were performed in 
accordance with PN-76/H-04601 standard in the aerated solution simulating sea water of 3.5% NaCl. These 
studies were performed with application of a potentiostat Solartron SI 1286, and the measuring cell in the 
three-electrode system. The device was computer-controlled and equipped with modern control software 
(CorrWare, ZPlot) and software to results analyze (CorrView, Yawn), allowing conducting repeatable 
experiments with the elimination of interference. The test results are shown in Table 2  and Fig. 7 . During the 
study the potential of anodic-cathodic transition EK-A and the corrosion current ikor has been measured. 

Table 2  The results of measurements of corrosion potential and corrosion current 

Kind of surface E K-A [mV] i corr  [A/cm 2] Corrosion rate 
[mm/year] 

crude -1255 1.34×10-5 0.156 

sandblasted -698 8.28×10-6 0.097 

oxidized -644 3.36×10-6 0.039 

bronze -242 6.73×10-6 0.079 
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Fig. 7  Registered potentio-dynamic polarization curves - hot-dip  zinc galvanized GJL-250 cast iron  
- 1) crude surface, 2) sand-blasted surface, 3) oxidized surface, 4) bronze 

4. RESULTS ANALYSIS 

Basing on the conducted tests it was stated that the corrosion resistance of the zinc coating put on the cast 
iron after the oxidation process was similar to this one which was determined on investigated bronze.  It results 
among others from the fact that the structure of coatings created on cast iron the surfaces with high-
temperature oxidation is similar to the model structure and is free from graphite precipitations decreasing 
coating tightness - Fig. 2 . The coating created on oxidized base is composed of clearly visible diffusion layer 
and outside pure zinc layer. In internal layer it is possible to distinguish phases: Γ, δ1 and ζ, however outside 
layer consists of phase η. After putting zinc coating on cast-iron surface which wasn't oxidised it was observed 
that graphite particles penetrate inside coating decreasing layer continuity. It proves that graphite particles 
could be the main reason of zinc coating anticorrosion properties decreasing. It results from coatings thickness 
measurements made by optical microscope application that the smallest thickness of the zinc coating - 60-65 
μm was achieved on the crude cast iron surface.  For the surface after sandblasting the thickness of the coating 
was in the range of 69-77 μm. The greatest coating thickness - 85-90 μm fulfilling the requirements of PN-EN-
ISO 1461 standard was created on cast iron after high temperature oxidation. 

The reason of such the coating thickness differentiation could be the surface roughness - level of surface 
development - before zinc galvanizing. The smallest measured roughness values (sRa = 4.3 µm, sRp = 19.9 
µm, sRv = 24.8 µm) were determined for cast iron crude surface. After mechanical cleaning surface  roughness 
increased to: sRa = 9.7 µm, sRp = 24.9 µm, sRv = 25.5 µm. After oxidation and the scale removal the average 
roughness values reached the level sRa = 11.5 µm, sRp = 21.9 µm, sRv = 18.6 µm. It was observed that the 
level of surface development influence on the thickness of internal zinc coating sublayers: alloyed layer and 
pure zinc layer thickness. Moreover, removal in the process of oxidation the graphite remains prevents theirs 
further diffusion deep into of zinc coating. On the other hand filling the post graphite emptiness with zinc can 
contribute to increase the corrosion resistance of earlier oxidised surfaces (Fig. 2c ). 

The results achieved in the form of polarizations curves/graphs can be divided to two fundamental parts: the 
cathodic and anodic polarization. From the point of view of conducted examinations the part describing the 
anodic polarization is more important. Observing of the anodic course it is possible to determine material’s 
behaviour in corrosion environment. The most important points of the graph are corrosion potential Ecorr  and 
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corrosion current icorr. On the basis of potentio-dynamic measurements of polarization of the hot-dip galvanized 
cast-iron electrode important differences were stated in the potential of zinc coatings. For the cast iron crude 
surface the potential was -1255 mV. The reduction of the potential by the half to the value -698 mV was 
recorded for the surface after sandblasting. Further potential decreasing to -644 mV was recorded for oxidised 
surfaces. Lowering the potential was combined with decreasing the corrosion current about one order of 
magnitude (3.36 × of 10-6 A/cm2), and in the process with slowing down the corrosion. For parts made of bronze 
the corrosion potential was -242mV, and corrosion current 6.73 × of 10-6 A/cm2. 

5. SUMMARY AND CONCLUSIONS 

On the basis of preliminary tests the following conclusions can be formulated:  

• The high temperature oxidation of cast iron surface exerts the influence in three directions: increases 
the level of surface development, eliminates graphite particles from the zinc coating structure and allows 
for deeper zinc diffusion inside the cast iron matrix. 

• The achieved results confirm that the high temperature treatment (oxidation) of gray cast iron castings 
surface, allows for hot-dip zinc coatings creation with the correct structure and thickness.  

• The zinc coating created on the surface after oxidation reveal the structure in accordance with Fe-Zn 
system. 

• The enrichment of the metal matrix and “after graphite” voids in zinc may be the reason of  the corrosion 
resistance increase of the materials previously oxidized. 

• The corrosion resistance of oxidized and hot-dip zinc galvanized cast iron is similar to the bronze 
resistance tested in the same conditions. 
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Abstract   

Metals and their alloys are often used in the production of implants or stents, and are applied to a living 
organism. For this application it is necessary to provide for biocompatibility, i.e. determine the likely response 
of the organism to the embedded metal material. Reactions of cell populations in vitro or ex vivo are primary 
biocompatibility tests. Determination of cytotoxicity is inefficient for these purposes; it is necessary to find out 
the degree of tolerance of the cell population to the implanted metallic material before the subsequent tests 
are conducted on experimental animals. Special test trials in patients with allergy to some of the components 
of the selected alloy are the peak of the pyramid. In the statement we deal with reaction of animal cell lines to 
certain metals and alloys used in medicine that are examined in the system of time lapse 
cinephotomicrography of live cell populations in vitro. Cell lines are scanned in the direct contact with a metal, 
possibly metal alloy for 72 hours, and subsequently the direct reaction of biocompatibility is evaluated. 

Keywords:  Metals, metal alloys, cell line, biocompatibility  

1. INTRODUCTION 

Metals, their alloys, or composites of various materials, as well as a number of other materials are significant 
in health care. They are used for production of implants, either dental or orthopedic, and also for production of 
stents. In dentistry are also used as an alloy for making dentures. Their use in health care is extensive. 
Biocompatibility is their key feature. Naturally, materials for health care are carefully monitored by state 
authorities [1]. On the other hand, it is necessary to point out that even though the material for dental implants 
is recognized as biocompatible and non-toxic, it does not say anything about tolerance of the cells of a 
particular tissue to the material. Cell tolerance of material is a property that significantly determines 
convenience of e.g. osseointegration of such implant. The content of the present communication is the way 
the cell tolerance towards material can be expressed by testing it in on living cells in vitro, or ex vivo. The term 
"bio-tolerance" was used by professor Půža in the seventies [2]. As it turned out, this term is a much better 
replacement of the term "toxicity" or "biocompatibility" for materials intended for implantation into the body that 
must be non-toxic. This applies mainly to scaffolds when the material is listed as non-toxic by previous tests 
and is also tolerated by cells. In this case, there is an additional parameter, namely the way the cells behave 
on the accepted material in the three-dimensional shape. In any case, it is inevitable to evaluate several basic 
parameters of cells and materials interaction. It is the growth potential and its reduction or acceleration, then 
the ability of the cell population to adhere and reconstruct the cytoskeleton; determination of mitotic activity 
and mitotic atypia, and the capacity to colonize the surface of the material. To achieve this, a number of 
methods can be used. We are going to present these in response to the results based on them. It should be 
noted that the techniques of the extracts are not only used for materials in health care, but are useful in general. 

2. METHOD DESCRIPTION 

The basic method is "live cell imaging", which with the help of collecting cinephotomicrography, enables faster 
and more precise analysis of the ongoing action. Additionally, it leaves pictorial record of the action, which can 
be re-analyzed. The video recording is captured by a camera, which is connected to the optical output of a 
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microscope. The camera is controlled by a timer. This allows to make images at selected intervals. The 
microscope itself is equipped with one of the optical contrast [3]. An object, which is the material sample and 
the cell, is placed in a way that enables us to ensure cultivation conditions of the used cell line or the explanted 
tissue. Sophisticated microscopes include all these features, moreover it is possible to record several fields of 
vision from a single dish. It facilitates the quantification assessment of cell behavior. The temperature in the 
culture device of the microscope is 37 ° C with humidity of 90% with admixture of 5% CO 2, which are 
necessary conditions for culturing cell lines.   

2.1. Extract Method 

The first method is a method for displaying the behavior of cells in the environment of an extract of the tested 
material. It has two variants. Either the cell suspension is inoculated with a mixture of the extract; or the extract 
is added to the grown cell population. We prefer the first option because the adherence of the cells to the 
bottom of the culture dish can be deducted. This is the basis for evaluation of cell expansion (spreading) [2] 
thus also for assessment of the speed at which restitution of the cell cytoskeleton and full function of the cell 
population continues. 

2.2. Method of Direct Contact 

The second method allows the cell reaction at the current exposure of the sample material. It again has two 
variants. The first inoculates the cells to the sample material, and the time response of the cell population in 
the vicinity of the material is recorded. The second one places material sample on the grown cell layer. Again, 
we prefer the first variant, which reveals the dynamics of cell adhesion, followed by either toxic or stimulatory 
reactions.  

2.3. Method of cell colonization of substrates  

The third method is a display of the cell population on the surface of the tested sample material. There are 
again two options. The first is stationary, it does not use collection cinephotomicrography, but offers insight 
into the variability of the sample surface colonization. [4] It consists of culturing the cells on the sample surface 
usually for three days, or rather for three consecutive cell divisions of the cell. Then, the culture is interrupted, 
cells are fixed, stained and the area occupied by cells is determined. The second option is based on the 
cinematographic cell scanning on the surface of the sample. This method is more suitable for qualitative image 
analysis - that is, to assess how the cell reacts to the surface of the structured surface. It is suitable for research 
on cell action on scaffolds or reaction of the tissue ex vivo. 

Quantification of records allows both parametric statistical tests, as well as non-parametric. 

3. METHOD RESULTS AND DISCUSSION  

Here are examples of the results of these methods, carried out in an accredited laboratory. 

3.1. Exctract Method 

The method is based on culturing the cell line in the obtained extracts, which results in relationship between 
the dose and effect. Extracts for this method were made of four metal alloys Fig. 1. The used cell line was 
L929 cultured in DMEM medium (with Earle's salts, without L-glutamine, GE Healthcare company, with the 
addition of 10% fetal bovine serum, PAA company). The cell line was inoculated into samples of the extracts 
and recorded at given intervals for 72 hours. Simultaneously with extracts, a control was prepared, which was 
the L929 cell line cultured in DMEM medium with its appendages. Dilatation ability in the given extracts Fig. 1 
was observed for a determined period of time. 
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Fig. 1  Graph of expansion curves - comparison of extract samples following monitoring period 

Dilation of L929 cell line in three of given extract samples was almost identical with the control extract an hour 
after inoculation. These observed values demonstrated a quick reconstruction of the cytoskeleton. CrCoMn 
sample extract revealed lower values at the same observed time.  

Another indicator of this method was the ability of mitotic activity expressed as specific growth rate observed 
for 72 hours Fig. 2 . This indicator shows us the link with the timeline and increase in the cell population. 
Thirteen extracts from samples of alloys have been made, while the last fourteenth one was control. Extracts 
from samples manifested very different values of mitotic activity and thus different specific growth rate. 

 

Fig. 2  Graph of specific growth rate for individual extract samples including control. 

3.2. The Direct Contact Method 

This method is based on culturing cell lines together with the sample material so that the cell reactions are 
photographed sequentially and are evaluated from an image record by determining the dead zone or otherwise 
by contacting the cells with the test material in the specified time interval. For results comparison   copper (Cu) 
Fig. 3 , alloy TiGr2 (pure titanium) with a polished surface Fig. 4  and aluminum sample (Al) Fig. 5  were used 
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as samples. The samples were placed in a petri dish and subsequently the cell line in the culture medium was 
inoculated. In this case heteroploid cell line MG63 was chosen (originated from the human osteosarcoma) 
cultured in MEM (minimum essential medium with Eare salts, without L-glutamine, GE Healthcare company, 
with the addition of 10% fetal bovine serum, PAA company). MEM culture medium is still most frequently used, 
even for the specific cell types, differentiating in culture conditions [5]. Samples were read in a special culture 
microscope, with a supply of 90% air humidity with addition of 5% CO2 and temperature-controlled at 37 DEG 
C., at a size of 10 x objective lens for the period of 24 and 72 hours. From the following records the level of 
cytotoxicity could be determined. In Cu sample dead zone of the cell line was found for the recorded scanning 
tome of 24 hours, which confirmed the cytotoxicity of the sample. By contrast, evaluated sample TiGr 2 showed 
a direct contact of live cells and therefore it was classified as a non-cytotoxic. For Al sample, zone of dead 
cells in close contact with the material was observed, wherein with increasing distance zone of live cells was 
recorded. 

      

Fig. 3  Cu sample after the inoculation of the cell lines and subsequent cytotoxic reaction after 24 hours 

     

Fig. 4  TiGr2 sample after the cell line inoculation, state after 24 and 72 hours of culturing 

 
Fig. 5  Dead cells zone in direct contact with the Al specimen together with living cells zone further from the 

sample itself 
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3.3. Method of Cell Substrates Colonization  

This method is applicable for testing the tolerance of the cell lines to the material surface in direct contact with 
the sample. The structure of the material may be of metal and non-metal nature; composites with shiny 
surfaces and different structure. The method is based on culturing cell lines together with the sample material. 
(6) The method determines a quantitative assessment of cell tolerance to a given material. To evaluate cell 
tolerance metal alloys with shiny surface TiGr 2 (pure titanium), TiGr 5 (Ti6Al4V) and TNT (Ti36Nb4Ta), TNT 
further sample of 120 with a rough surface were selected for this method. As a control sample TiGr 2 (pure 
titanium) was used in this case. The cell line used for this experiment was MG63 (human osteosarcoma). Cell 
line with a density of 3500 cells / cm2 in culture medium [6] was inoculated to the horizontal surface of the 
sample. Exposure time was 48 hours in sterile culture device with 90% air humidity blended with 5% CO2 at 
37 ° C. After exposure, the cell line was fixed, stained with appropriate conventional fluorescent staining 
method, and the cell response was photographed [7]. 32 image records of the surface of each sample material 
were acquired. The values obtained were processed statistically [8] and occupation of the material surface by 
the cells, expressed as a percentage of colonization, which gives us the quantity of permissiveness, was 
assessed from the photo records. Fig. 6. On the chart below a higher percentage of colonization in metal alloys 
TNT with a shiny surface compared to the same metal alloy TNT 120 with a rough surface is visible.  The latter 
showed a similar percentage of colonization as a sample TiGr2. The lowest percentage of colonization was 
found in the sample TiGr 5 with a shiny surface. 

 

Fig. 6  Colonization of the surface of the material by the cell line on individual material samples stated in 
percentage 

4. CONCLUSION 

Live cell imaging is a method, which reveals cell reaction to the material under examination in a way that 
enables us to know the dynamic responses of the cells to the material as well as the dynamic behavior of the 
cells or tissues. Dynamics is quantifiable and in conjunction with the ex vivo procedure it is possible to evaluate 
responses of a specific entity prior to clinical intervention. 
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Abstract 

The purpose of protective coatings is not only to provide the protected material a new, attractive design, 
but also new properties, longer durability, corrosion resistance, resistance to specific environments etc. These 
advantages of protective coatings are used in various branches of engineering, for various corrosivity of the 
environments, for different types of substrates, etc. The subject of this paper is on the type of substrate, which 
researched protective properties of the innovative thin coating applied to the non-ferrous substrate. 
Transparent waterborne coating containing nanoparticles was used for experimental work, which was applied 
to two types of non-ferrous materials. These non-ferrous materials are the most widespread in technical 
practice and in conjunction with the advanced technology of protective coatings containing nanoparticles 
makes this issue very topical. Present experimental results show us a significant potential for industrial use. 

Keywords: Protective coating, corrosivity of the environments, non-ferrous material, coating, nanoparticles 

1. INTRODUCTION 

The paper explores the study of innovative thin coatings applied to the non-ferrous materials. Non-ferrous 
materials are specific areas in surface treatments requiring specific conditions not only in the process of 
preparing the surface, but they are placed on the paint itself in high volume. In the area of surface preparation 
is always better to create height of profile to effect maximum adhesion to the substrate and thereby also 
maximum durability of the coating. Non-ferrous materials are often prepared by chemical pre-treatment. And 
this chemical pre-treatment has been the basis for research and experimental works in the corrosion protection 
of non-ferrous materials with the use of innovative coating containing nanoparticles. 

2. SPECIFICATION OF EXPERIMENTAL MATERIALS 

The detailed description of the experimental materials cannot be disclosed due to the ongoing patent 
proceedings.  

We used the following materials: 

• non-ferrous substrate materials:  
TYP A - dimension 152 x 102 x 0.64 mm; TYP B - dimension 150 x 100 x 3 mm, 

• coating: transparent waterborne coating containing nanoparti cles.  

3. EXPERIMENTAL MEASUREMENTS 

The experimental works have been focused on laboratory testing of innovative paint system applied to non-
ferrous materials with the evaluation of mechanical properties and corrosion resistance: 

Surface evaluation of the substrate 
• The measurement of surface roughness according to EN ISO 4287, we used a measuring equipment 

Mitutoyo Surftest SJ-301. 
Surface pre-treatment before the paint application 
• Selecting degreasing agent; technological process of degreasing. 
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• Surface tension measurement of the substrate using test inks - the test ink is applied by brush onto the 
substrate. If the line of ink will remain "unchanged" on surface of the material for about 2 seconds, then 
the surface is suitable for application of the coating system. For example if the drops were not formed. 
The surface suitable for application of the coating has a value of surface tension in the range from 35 to 
40 mN·m-1. The larger value of surface tension means the rigorous measurement. For this particular 
measurement the test ink with a value 38 mN·m-1 was used. 

• The assessment of dust on the surface according to ISO 8502-3 - this standard describes a method for 
rating dust residues on cleaned surface prepared for painting. [1] Measurement consists of bonding of 
adhesive tape to the surface of material prepared for painting. The tape with entrapped dust is removed, 
placed on a contrasting background and performs visual evaluation. 

• The measurement of surface roughness after degreasing in accordance with EN ISO 4287, where we 
used a measuring equipment Mitutoyo Surftest SJ-301. 

Application of transparent waterborne coating, tech nological process 
• Measuring of wet film thickness (WFT) and dry film thickness (DFT). The wet film thickness (WFT) was 

measured using a stainless steel wet film comb; dry film thickness was measured by a digital thickness 
gauge ELCOMETER 456 with the FNF probe. 

Adhesion tests of coating system, corrosion test 
• Pull of test according to EN ISO 16276-1 - the standard defines how to perform pull-off test on paint 

system. The test result is the minimum tensile stresses that must be expend to tear the weakest 
interphase (adhesive fracture) or weakest component (cohesive fracture) test arrangement. For the 
measurements was used measuring device - ELCOMETER F106 (working range 0-22 MPa). 

• Cross-cut test and X-cut test according to EN ISO 16276-2 - the standard describes the procedure to 
evaluate the resistance of coating systems which is cut in the form of a right-angled grid (cross cut test) 
or in the X-form (cross section) so that the cut penetrate through to the substrate. [2] The measuring 
sets used for these parts were ELCOMETER 141 PIG for cross-cut test and SP3000 for X-cut test. 

• The corrosion tests in artificial atmospheres - Salt spray tests according to EN ISO 9227 - salt spray 
corrosion test was carried out by NSS method (in neutral sodium chloride salt spray). The test period 
was set at 100 hours. The assessment of the test was performed visually according to EN ISO 4628. 
The corrosion test was performed in the corrosion chamber LIEBISCH S400 M-TR. 

4. RESULTS OF EXPERIMENTAL MEASUREMENTS 

4.1. Assessment of substrate surface 

Table 1 The measurement of substrate surface roughness 

Type of substrate Ra (µm) Rz (µm) 

Direction along Direction cross Direction along Direction cross 

TYP A 0.16 0.45 1.05 2.72 

TYP B 5.54 5.79 28.98 30.68 

4.2. Surface pre-treatment 

The surface pre-treatment was performed by chemical cleaning - degreasing. We used waterborne degreaser 
SIMPLE GREEN. Technological conditions of degreasing are stated in Table 2 . After degreasing followed 
tests with the aim of assess the condition of the surface before application of the coating system. The results 
of the tests are stated in Tables 3, 4 and 5 . 
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Table 2 Technological conditions of degreasing 

Degreaser SIMPLE GREEN 

Mixing ratio 1:10 (SIMPLE GREEN : water) 

pH of degreaser 11.32 

Temperature of degreaser 23.1°C 

Time of degreasing 10 min. 

Method of degreasing Dip 

Rinse Rinse with cold water (temperature of rinse water 18-
23°C), rinsing method: dip, time of rinse: 5 min 

Drying 100°C, time of drying 10 min, electric drying oven type 
SN30/4 

Table 3 Surface tension measurement - test ink 38 mN·m-1 

Number of 
measurements 

Result Photographs 

1 
Surface suitable for coating 

application 

 

2 
Surface suitable for coating 

application 

 

3 
Surface suitable for coating 

application 

 

Table 4 Assessment of dust on substrate according to ISO 8502-3 

Type of 
substrate 

The size of dust 
particles 

The degree of dust 
Max. permissible 

degree 
Result 

TYP A 2 2 2/2 * Suitable 

TYP B 0 1 2/2 * Suitable 

* The size of dust particles/the degree of dust 

Table 5 Measurement of surface roughness after degreasing 

Type of substrate 
Ra (µm) Rz (µm) 

Direction along Direction cross Direction along Direction cross 

TYP A 0.29 0.41 1.68 2.14 

TYP B 4.21 4.88 21.92 25.04 

Following the degreasing test, an increase of the surface roughness parameter was Ra on the sample TYP A. 
Increased surface roughness values may positively affect the final adhesion of the coating system to the 
substrate. The opposite phenomenon, thus reducing surface roughness value was found in the sample TYP 
B. 
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4.3. Application of transparent waterborne coating 

Table 6 Technological process of applying coating system 

Method of application Brush 

Thinning the paint 10%, water 

Temperature of the 
environment 

22.9°C 

Temperature of the substrate 23.4°C 

Relative humidity 27.4% 

Dew point temperature 3.5°C 

Table 7 The results of measurements of wet film thickness (WFT) 

Type of substrate WFT (µm) 

TYP A 150 to 200 

TYP B 150 to 200 

Table 8 The results of measurements of dry film thickness (DFT) 

Type of substrate 
DFT (µm) 

n (-) DFT (µm) Min. DFT (µm) Max. DFT (µm) 

TYP A 12 51.30 39.30 69.60 

TYP B 12 75.62 36.70 106.00 

n - number of measurements, DFT - dry film thickness, Min. DFT - minimum value of dry film thickness, Max. 
DFT - maximum value of dry film thickness 

4.4. Adhesion tests of coating system 

Table 9 Results of adhesion tests 

Type of 
substrate 

Pull of test Cross-cut 
test 

X-cut test 

Photographs Adhesive 
strength 

Characteristics of 
the fracture 

surface 
Degree Degree 

(MPa) (%) (-) (-) 

TYP A - * - 0 0 - 

 
 

TYP B 6.7 100% B/Y ** 0 0 

 
 

* Due to inadequate thickness of the substrate TYP A, it was not possible to carry out the pull of test 

** B/Y - adhesion fracture between coating (B) and glue (Y) 
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4.5. Corrosion tests in artificial atmospheres - Sa lt spray tests according to EN ISO 9227 

The samples were cut before testing; the length of scribe was 50 mm. The scribe simulates damage to the 
coating in real conditions. The test period was set at 100 hours with a continuous evaluating after 24 hours. 
The test was evaluated visually according to EN ISO 4628, parts 2, 3, 4, 5 and 8. 

Table 10 The evaluation of corrosion tests in artificial atmosphere according to EN ISO 4628 

Type of 
substrate 

Test 
period 

Degree of 
rusting acc. to 
EN ISO 4628-3 

Degree of 
blistering 
acc. to 

EN ISO 4628-2 

Degree of 
cracking acc. to 
EN ISO 4628-4 

Degree of 
flacking acc. to 
EN ISO 4628-5 

Degree of 
delamination 
and corrosion 

around a scribe 
EN ISO 4628-8 

(Hours) (Degree) (Degree) (Degree) (Degree) (Degree) 

TYP A 
24 Ri 0 0 (S0) 0 (S0) 0 (S0) 0 

100 Ri 0 0 (S0) 0 (S0) 0 (S0) 0 

TYP B 
24 Ri 0 0 (S0) 0 (S0) 0 (S0) 0 

100 Ri 0 5 (S2) 0 (S0) 0 (S0) 0 

Notes: 

Degree Ri 0 - area of corrosion is equal to 0%;  

Degree 0 (S0) - surface without blistering, cracking, flacking, delamination and corrosion around a scribe; 

Degree 5 (S2) - surface is densely covered with blisters, blisters size are already visible to the naked eye or 
with the correction of visual defects. [3] 

5. CONCLUSION 

The non-ferrous materials are still widespread in technical praxis. The development brings stronger demands 
placed on them and these requirements are related to the area of corrosion resistance. This paper is focused 
on surface treatment of non-ferrous materials by using modern waterborne transparent coating containing 
nanoparticles. Combining the existing excellent experimental results, nanotechnology and application of the 
paint in thin layers give this technology a significant potential for industrial use, not only for short term but also 
for long term corrosion protection of non-ferrous materials. 
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Abstract 

This research deals with the influence of thermally sprayed HVOF (High Velocity Oxygen Fuel) coatings  
on fatigue life of components. HVOF coatings are now a widespread technology commonly used  
for additional treatment of component surfaces. The advantages particularly consist in achieving of low coating 
porosity, high adhesion to the base material and residual compressive stress in the surface coating layer. The 
main application areas of HVOF coatings are applications requiring high surface hardness and wear resistance 
(pistons, rods, cylinder presses, etc.). Two coatings were evaluated in this study - carbide based coating 
(Cr3C2-NiCr) and alloy based coating (Stellite 6). The tests were carried out at room temperature and at 600 
°C. The main contribution of this paper is to evaluate the coating influence on fatigue properties of coating-
substrate system in comparison with the fatigue properties of the substrate itself.  
In particular, it was examined whether and how the increase or decrease of fatigue properties occurs in this 
system. The obtained results prove that both evaluated coatings reduce overall fatigue resistance; however, 
by Stellite 6 coating the reduction of fatigue properties is not so noticeable. 

Keywords: Coatings, HVOF, fatigue, axial fatigue testing 

1. INTRODUCTION 

Thermal spraying of ceramic and other coatings are now widely used in highly stressed structural elements 
including equipment components designed for the aerospace industry, energy industry and space applications 
where it is necessary to ensure a high degree of abrasive, erosive, corrosive and thermal resistance. These 
coatings are widely used in many industrial applications as replacement of hard chrome plating. Proper 
application and selection of the coating, can increase component life and reduce risks of failure which also 
leads to reduction of maintenance expenses in the long term [1]. It is very important to clarify the fatigue 
behavior of components with coatings/substrate system because there is still little information concerning this 
problematic. 

Speaking about the mechanisms of fatigue or fatigue breaking of coated system, we can say that it is still very 
little explored area. There are several studies [2], [3] which deal with comparing factors affecting fatigue 
behavior of coating as CoNiCrAlY, NiCrBSi and WC-Co. Majority of studies generally agree that application of 
thermal spray coatings leads to deterioration of fatigue resistance of the whole system, but there are also 
studies that point to a small percentage of coatings which can increase fatigue properties [4]. 

Recent research shows that the fatigue characteristics are very sensitive to changes in parameters of 
deposition process [5]. Understanding the mechanisms of crack formation is critical for optimization of  
the basic parameters and requirements for spray process. From earlier studies is known (e.g. [6]) that  
the formation of fatigue cracks is caused by four different mechanisms (abrasion, delamination failure of  
the base material, and peeling). These mechanisms are mutually combined during cyclic loading and  
the resulting fracture of the coating may be caused by single mechanism or combination of several of them. 
Factors like thickness of the coating, material of the substrate, spraying conditions and properties of the 
substrate before coating application have the most significant impact on the fatigue behavior of the resulting 
system. As already mentioned, the fatigue characteristics are affected by many parameters, whether the pre-
spraying, spraying or after spraying-processing parameters. Evaluation of parameters of individual operations 
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in relation to the resulting fatigue properties of the coted system is essential for a deeper understanding to 
mechanisms of fatigue fracture. Another factor influencing the fatigue properties is residual stress which is 
present in both the substrate and the thermally sprayed coatings [6]. 

The current problem is the lack of publicly available information comprehensively characterizing this issue [6]. 
However during the last few years the number of research studies aimed at determining the effect of different 
deposition parameters on the fatigue behavior of components using HVOF technology has increased 
considerably [7]. From the above information is clear that these failure mechanisms are interlinked and 
intensively interacting. The intensity of their occurrence depends on their joint variables, which makes 
impossible to completely optimize the spraying process for all kinds of limitations of fatigue mechanisms. The 
reason is that by change of one parameter and followed-up increase in resistance to one specific failure 
mechanism leads to a decrease of resistance against other failure mechanisms. For this reason it is important 
that the optimization of thermal spray process against fatigue fracture was performed with respect to all kinds 
of mechanisms of fracture and was sought as a compromise complying with required final properties [6]. 

Furthermore, the purpose of the study was to obtain new results that will be possible to compare with other 
studies. The requirement for increased operating temperature was based on future application of these 
coatings in the energy industry. 

2. EXPERIMENT 

Experimental samples were prepared using HVOF technology. Preparation of samples, and subsequent 
testing was performed in laboratories of Research and testing institute Plzen (VZU). W.Nr 1.4923 
(X22CrMoV12) steel was selected as substrate material because it will be used in final parts in energy industry. 
Two materials ware selected as material for coating (namely Cr3C2-NiCr and Stellite 6).  
The selection was based on previous research and their good mechanical and corrosion characteristics. 
Standard optimized parameters were used for preparing the samples by HVOF technology. The substrate 
surface was degreased and grit blasted before spraying (brown corundum F22 grit 0.8 to 1.0mm was used as 
an abrasive medium). 

2.1. Measurement conditions 

High surface roughness of the coating is highly undesirable because they act as a large amount of stress 
initiators which result in decrease of fatigue life of the system. For this reason the surface of the samples was 
polished to gain roughness Ra 0.2. 

Substrate/coating system was tested using a capillary nondestructive testing. Test was carried out on broken 
samples and also on samples which achieved the fatigue limit without breaking. The reason for this test was 
to determine whether the induced stress may cause formation of micro-cracks along entire length  
of the sample. This test was carried out using a contrast agent and the developer 280 Pfinder 870. 

Optical evaluation of the coating was performed using a portable microscope Dino-Lite AM7013MZT.  
The samples were first cleaned and degreased. After that the surface and integrity of the coating was evaluated 
in terms of micro-cracks and other damage caused due to axial fatigue tests. This device was also used to 
document individual fatigue fractures. All captured images were captured at magnifications of 50 and 230. 

2.2. Fatigue testing 

Measurements were carried out at room temperature of 23 °C and 600 °C according to ASTM E466 - 07 [8]. 
Measurements at elevated temperatures were performed on equipment MTS 500kN in the VZU Plzen. Axial 
fatigue test at 20 ° C was performed on device Kraftaufnehmer Schneck 400M. The measurement conditions 
were as follows: frequency 50Hz, loading module R = 0.1. The samples were tested to full failure or 107 cycles. 
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The shape of the sample was chosen according to ASTM E466 - 07. Minimum of 8 samples was used for the 
preparation of SN curves from each set. 

3. RESULTS AND DISCUSSION 

3.1. Axial fatigue testing results 

This section presents the results of axial fatigue testing. The results are presented as comparative chart  
of the measurements. Table 1  presents numeric average values of fatigue life for each system and  
the substrate individually. For calculation of the fatigue life limit was used equation N=ασb, which could be 
rewritten in form of logN=a+blogσ. Final S-N curves can be clearly seen in Fig. 1 , which includes the results 
for the system of coating/substrate and for the substrate itself. All S-N curves are assembled in dependence 
on stress amplitude, not on the maximum stress. 

 

Fig. 1 S-N curves representing all tested sample sets 

Table 1 Average numeric values of fatigue life 

Coating and Substrate Fatigue life limit 20 °C [MPa ] Fatigue life limit 600 °C [MPa] 

Substrate 300 167 

Stellite 6 161 123 

Cr3C2-NiCr 56 99 

3.2. Capillary test and optical evaluation 

Specimens were evaluated by capillary testing in terms of micro-cracks formation in the coating structure due 
to exposure to axial fatigue test. 
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Stellite 6: 

The first photograph (Fig. 2 ) displays a sample of Stellite 6. It is obvious that there was no formation  
of micro-cracks during axial fatigue tests. It was confirmed that near the fatigue limit there is no degradation of 
the coating and the system is able to operate safely under these conditions. 

The sample coated with Stellite 6 and tested by stress above fatigue limit is shown in Fig. 2 . During these 
loads the standard fatigue fracture occurs. Capillary test showed that even at such conditions, the system  
of coating/substrate is able to retain their mechanical properties and surface integrity. The surface  
of the sample (coating) does not degrade over its entire length during progression to fatigue crack, and can 
meet the protection requirements until a complete destruction of the component. 

  

Fig. 2 Capillary testing of Stellite 6 coating at 20 °C (Left - sample with load under the fatigue life limit, right - 
sample above fatigue life limit) 

From the result of capillary tests is apparent that destruction of the coating occurs only in the close vicinity  
of the fracture, where are localized strong plastic deformations. Capillary test of sample exposed to fatigue 
testing at 600 ° C showed that in case of load under fatigue life stress limit there is also no degradation present. 
These results prove that the coating of Stellite 6 is able to protect the component at elevated temperatures 
without loss of its protective properties. Test of Stellite 6 after axial fatigue test at elevated temperature stress 
above fatigue life limit confirms once again that in this case the Stellite 6 coating is able to protect the part until 
complete part failure. It is obvious that the coating retains its mechanical properties and adhesion to the 
substrate along the entire length. Mechanical damage of the coating is located only in fracture area. 

Cr3C2-NiCr: 

Below the stress of fatigue life limit the system coated by Cr3C2-NiCr powder at 20 °C showed that it can fully 
withstand fatigue damage and there is no formation of micro-cracks along whole length of the sample. 
Illustrative photograph of the sample is shown in Fig. 3 . In the case of a stress above the fatigue life limit  
the system coated by Cr3C2-NiCr showed formation of micro-cracks along the entire length of the sample. 
Micro-cracks indicated by capillary test are shown on the following figure (Fig. 3 ). It has been shown that the 
coating Cr3C2-NiCr is not able to resist the stress conditions and relaxes in form of segmentation into annular 
shapes. It means that coating is not able to effectively protect the part above the fatigue life limit. Samples 
coated by Cr3C2-NiCr subjected to axial fatigue test at 600 °C shown that under these conditions the coating 
is capable of fully withstanding the conditions of the test and exhibits no micro-crack formation or other 
degradation. Samples coated by Cr3C2-NiCr at elevated temperature and at higher stress load revealed a 
surprising result. Unlike the same conditions at 20 °C samples at 600 °C withstand those conditions and 
capillary test demonstrated that the fatigue damage does not support formation of micro-cracks followed by 
segmentation of the coating. The results prove that Cr3C2-NiCr coating is better able to operate and protects 
the substrate at elevated temperatures up to a stress load 50% higher than the fatigue life limit. 
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Fig. 3 Capillary testing of Cr3C2-NiCr coating at 20 °C (Left - sample with load under the fatigue life limit, right 
- sample above fatigue life limit) 

3.3. Fracture evaluation 

Fracture of each sample exhibits normal fatigue characteristics. In most cases the fatigue fracture initiate from 
only one or two localized points, which are clearly visible in the following figure (Fig. 4 ). The probable cause 
of the localization of these initialization sites is pre-spray operation of grit blasting. This operation results in 
anchoring corundum grains on the substrate surface and subsequently act as stress concentrators and 
accelerates the fatigue damage [5]. Following figure (Fig. 4 ) also presents the segmentation of the coating due 
to stress relaxation. 

   

Fig. 4 Left side - example of fatigue cracking, right side - example of coating segmentation 

4. CONCLUSION 

We can state that conducted research corresponds with the trends mentioned in [2] and [9]. Based  
on the results of fatigue tests it is possible to say that coated systems exhibit decreased fatigue properties 
than substrate itself. This fact is very well confirmed by the image (Fig. 1 ), which compares the different 
systems at different temperatures along with the substrate material. 

Looking on the fatigue life of the substrate itself, it is clear that at 600 °C there is a decrease of almost 50%. 
This effect is associated with the change of mechanical properties, which corresponds with change in the slope 
of S-N curve. 

As it has already been confirmed greater reduction in fatigue properties occur particularly in a system with 
Cr3C2-NiCr coating. At higher temperature (600 °C) the fatigue strength was reduced by 37%, which 
corresponds with our assumptions and is consistent with the findings about carbide coatings (see [2]).  
An interesting fact is that this system showed a superior reduction in fatigue properties at 20 °C.  
This reduction in fatigue properties achieved 80% compared with the substrate material at the same 
temperature. This phenomenon is probably caused by following mechanisms. Cr3C2-NiCr coating exhibits 
relatively fragile properties. At 20 °C the delamination mechanism applies and begins cracking of the coating 
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located near stress initiators presented as corundum grains anchored in the substrate. At this temperature, the 
coating does not have enough ability to absorb the stress and transform it in to the plastic deformation. This 
leads to rapid progress of delamination processes. There are new cracks forming in the coating, which further 
acts as new stress concentrators, and the coating thus quickly degrades [9]. On the contrary, this coating at 
elevated temperature is better able to absorb the induced stress because of reduction of its brittle-fracture 
characteristics. 

System with Stellite 6 coating showed significantly better results than competing carbide coating. This is the 
expected result because the Stellite 6 is alloy coating which is capable of larger plastic deformations.  
At 20 °C, the coating showed 45% reduction in fatigue strength compared to the substrate itself.  
At the temperature of 600 °C the reduction of fatigue properties was only around 25% against the base 
material. This is a very positive result, which was not expected. Capillary test showed that this type of coating 
is capable of protecting a substrate and retain their functional mechanical properties together with cohesion to 
the substrate during all kinds of fatigue stress load. Furthermore, it was proven that in the case of this coating 
the formation of localized micro-cracks is only located in close vicinity of main fatigue breach. 

Essential finding is that both coatings have demonstrated the ability to fulfill their function at stress load under 
the fatigue life limit at 20 °C and at 600 °C. This result is very positive finding as it demonstrates that under 
these conditions the coatings are capable to protect the substrate along the entire length of its fatigue life 
without causing micro-cracks formation, or other degradation of the coating, which could otherwise cause 
destruction of the system and thus the entire component. 
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Abstract 

In this paper, were determined the effects of cutting tool coating material and cutting speed on cutting forces 
and surface roughness based on Taguchi Experimental Design Method. Main cutting force, Fz is considered 
to be cutting force as a criterion. In the experiments, depending on the tool coating material, lowest main cutting 
force is found to be 548 N with KC9240 CVD coated cemented carbide and lowest average surface roughness 
(0.812 μm) with KT313 uncoated cemented carbide insert both at 100 m/min. The effects of machining 
parameters were investigated using Taguchi L18 orthogonal array. Optimal cutting conditions were determined 
using the signal-to-noise (S/N) ratio which is calculated for average surface roughness and cutting force 
according to the "the smaller is better" approach. Using results of analysis of variance (ANOVA) and signal-to-
noise (S/N) ratio, effects of parameters on both average surface roughness and cutting forces were statistically 
investigated. It was observed that while cutting speed and cutting tool has higher effect on the cutting force, 
the cutting tool  and cutting speed has higher effect on average surface roughness. The results obtained, 
indicated that CVD cutting tools performed better than PVD and uncoated cutting tools according to cutting 
forces, but in terms of surface quality was observed poor performance with KC 9240 and KT315 by current 
parameters. 

Keywords:  Machinability, Taguchi Experimental Design Method,  Inconel 625, Surface roughness, Cutting  
        force 

 

 

 

 

 

1. INTRODUCTION 

Inconel 625 has long been used in aqueous corrosive environments due to its excellent overall corrosion 
resistance [1]. Inconel 625 (Alloy 625) is a nickel-based superalloy strengthened  mainly by the solid-solution 
hardening effect of the refractory metals, niobium and molybdenum, in a nickel-chromium matrix [2]. Alloy 625 
was originally developed as a solid-solution strengthened material. It was soon determined that the alloy is 
somewhat precipitation (age) hardenable [3-6].  Inconel 625 exhibits precipitation hardening mainly due to the 
precipitation of fine metastable phase [Ni3Nb] after annealing over a long period in the temperature range 550-
850 ◦C [4,5]. Moreover, various forms of carbides (MC,M6C and M23C6) can also precipitate depending upon 
the time and temperature of ageing. Alloy 625 has found extensive use in many industries for diverse 
applications over a wide temperature range from cryogenic conditions to ultra hot environments over 1000 ◦C 
[6-9].  The alloy is endowed with good combination of yield strength, creep strength, fatigue strength and 
excellent oxidation and corrosion resistance in aggressive environments. Moreover, its good weldability and 
fabricability have made it the choice for many diverse applications. Thus, over 50 years, alloy 625 has been 
widely used in aerospace, chemical, petrochemical and marine applications. However, many of the Inconel 

Nomenclature 
v              cutting speed in m/min 
f               feed in mm/tooth 
da            axial depth in mm 
y              tool life in min 
Fm          feed in mm per min 
TL           total length 
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625 components are highly complex shapes that are very expensive to produce due to extensive machining 
[10.11]. Cutting forces and surface roughness are two important issues in the machining of Super alloys. In 
the last decades, different types of dynamometers have been used in industry and research laboratories for 
understanding the principles of chip formation [12], for developing cutting force models [13], as well as for 
cutting process control [14], tool geometry optimization [15], tool condition monitoring [16-19] and for detection 
and suppression of chatter vibrations [20-21]. Cutting forces have a direct influence on specific cutting pressure 
and power consumption, For this reason, a commercially available Kistler piezoelectric dynamometer have 
been used for cutting force monitoring during machining [22,23].  With the increasing demand for reduced 
product tool wear and heat generation. Surface roughness is an important characteristic that describes the 
quality of the machined surface being, in most cases, a technical requirement for machined products. In 
addition, the surface roughness affects several attributes of machined parts like friction, wear, and heat 
transmission [24].  

2. MATERIALS AND METHOD 

2.1. Experiment Specimens  

Specimens of Inconel 625, which has an industrial usage, are prepared as the dimension of diameter Ø 2’’x40’’ 
then used for the experiments. The chemical composition and mechanical properties of specimens are given 
in Table 1  and Table 2  respectively.  

Table 1  Chemical composition of Inconel 625 workpiece material 

Ni Cr Mo Fe Co Nb+Ta Mn Al P Ti Si 

58% 22% 9.1% 4.73% 0.08% 5.325% 0.11% 0.21% 0.015% 0.33% 0.1% 

Table 2 Mechanical properties of Inconel 625 

Hardness 

(RB) 

Tensile 
strength 

(MPa) 

Yield 
strength 

(MPa) 

breaking 
extension 

(5do) 

Thermal   
Conductivity 

(W/mK) 

young’s 
mod. E 
[GPa] 

97 885 758 60-30 9.8 206 

2.2. Machine Tool and Measuring Instrument of Cutti ng Forces 

In the experimental study machining tests are carried out on JOHNFORD T35 industrial type CNC lathe max. 
power of which is 10 kW and has revolution number between 50 and 3500 rev/min. during dry cutting process, 
Kistler brand 9257 B-type three-component piezoelectric dynamometer under tool holder with the appropriate 
load amplifier is used for measuring three orthogonal cutting forces (Fx, Fy, Fz). This allows direct and 
continuous recording and simultaneous graphical visualization of the three cutting forces.  

2.3. Cutting Parameters, Cutting Tool and Tool Hold er 

During cutting process, the machining tests were conducted with three different cemented carbide tools namely  
Physical Vapor Deposition (PVD) coated with layers of TiN / TiCN / TiN; Chemical Vapor Deposition (CVD) 
coated with layers of TİN+AL2O3-TİCN+TİN; and WC/CO respectively. The cutting speeds (50, 65, 80 and 
100 m/min) were chosen by taking into consideration of ISO 3685 standard as recommended by manufacturing 
companies. The depth of cut (1.5 mm) and feed rate (0.10-0.15 mm/rev.) were chosen constant.  The 
dimension of test specimens were chosen 2’’x40’’ in terms of diameter and long. Properties of cutting tools 
and level of independent variables are given in Table 3 and Table 4 . Surtrasonic 3-P measuring equipment is 
used for the measurement of surface roughness. The inserts is mounted on PCLNR 2525 M12 type tool holders 
with 75° approaching. 
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Table 3  Properties of cutting tools 

Coating 
material(top 

layer) 

Coating method and 
layers 

ISO grade of 
material   
(grade) 

Geometric form Manufacturer 
and code 

TiN CVD (TiN, AL2O3, 
TiCN TiN, Wc) 

P25-P40, M20-
M30 

CNMG120412R Kennametal 
KC9240 

TiN PVD (TiN,  TiCN, TiN, 
Wc) 

P25-P40, M20-
M30 

CNMG120412FN Kennametal 
KT315 

WC-CO Uncoated P25-P40, M20-
M30 

CNMG120412MS Kennametal 
K313 

Table 4 Level of independent variables 

Variables Level of variables 

 Lower Low Medium High 

Cutting force ,v 
(m/min.) 

50 65 80 100 

Feed rate, f 
(mm/rev.) 

0.1-0.15 0.1-0.15 0.1-0.15 0.1-0.15 

Depth of cut, ( mm) 1.5 1.5 1.5 1.5 

3 RESULTS AND DISCUSSION 

3.1. The Change of Main Cutting Force Depending on Cutting Speed and Coating Material of 
Cutting Tool 

After prepared test specimens were cut for experimental purposes, they were measured with a three-
component piezoelectric dynamometer to obtain the main cutting force. According to Fig. 1 , increasing cutting 
speed decreases the main cutting force, excluding the area between 50 m/min and 80 m/min for K313. The 
obtained lowest main cutting force values at the cutting speeds of 50 m/min 577 N, 65 m/min 560 N, 80 m/min 
550 N, and 100 m/min 548 N on 0.1 mm/rev. constant feed rate respectively. The lowest main cutting force is 
observed at 100 m/min cutting speed as 548 N. In Fig. 1 , the main cutting force depending on cutting speed 
and uncoating material of cutting tool were changed in all experiments.  Decrement of cutting force depends 
on material type, working conditions and cutting speed range [25]. High temperature at flow region and 
decreasing contact area and chip thickness cause cutting force to decrease depending on cutting speed [25-
27]. As widely known, cutting speed must be decreased to improve average surface roughness [25]. The 
scatter plot between surface roughness and cutting speed as shown in Fig. 2 , here indicated that there is 
linear relationship between surface roughness and cutting speed. The results of Fig. 2  show that average 
surface roughness decreases 368 % with increasing cutting speed from 50 m/min. to 100 m/min. by KC9240 

(0.15 mm/rev. constant). The main cutting force decreases in spite of increasing the cutting speed from 50 to 

100 m/min. As a result of experimental data, an increase of 100 % in cutting speed (from 50 to 100 m/min) an 
increase has found in the main cutting force with K313 (0.01 %), a decrease with KT315 (0.015 %) and KC9240 
(11%). 

3.2. Optimization with the Taguchi Method 

In this section, optimization of turning parameters was carried out in terms of cutting forces with the Taguchi 
analysis. The importance order of the effects of each control factor on turning forces was identified. For this 
purpose, the factors selected in the Taguchi experimental design and the levels of these factors are shown in 
Table 5 . Taguchi’s L18 2*1 3*2 mixed design was used. In the Taguchi method, there are three categories 
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such as "the smallest is better", "The biggest is better" and "the nominal is better" for the calculation of the 
signal/noise (S/N) ratio. In the ith experiment, the S/N ratio _i can be calculated using the following equation 
[25].   

ηi=-10 log10               (1) 

n is the number of replications and Yi is the measured characteristic.  

3.3. Confirmation Experiments 

Empirical relations between cutting forces and machining parameters are modelled in exponential form as 
follow: 

e = c1(Fc)c2 (Ff)c3 (Fr)c4 (L)c5 (2)            (2) 

where e is the diametral error (_m), c1, c2, c3, c4 and c5 are constants, Fc the main cutting (tangential) force, 
Ff the feed (axial) force, Fr the radial force (N) and L is the distance from the chuck (mm). The final step of the 
Taguchi experimental design process includes confirmation experiments [19, 20]. For this aim, the results of 
the experiments were compared with the predicted values with the Taguchi method and the error rates were 
obtained. S/N ratios were predicted using the following model Moreover, the main cutting force or Fz were 

calculated using the following equation [21], �t�<M�ðÁ = �Ô + ∑ (�� − ηÔ)äZ`¿Q            (3) 

where Y predict is the main cutting force or Fz  with regard to the S/N ratio. 

Ypredict=                     (4) 

 
(a)                                                                                  (b) 

Fig. 1  The change of main cutting force in Inconel 625 material according to cutting speed  
(a) At f=0.1 mm/rev.; (b) At f=0.15 mm/rev 
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(a)                                                                                (b) 

Fig. 2  The change average surface roughness in Inconel 625 material according to cutting speed  
(a) At f=0.1 mm/rev.; (b) At f=0.15 mm/rev 

where Y predict is the main cutting force or Fz with regard to the S/N ratio. Fig. 3  and Fig. 4 shows mean 
response graphs of the cutting forces and surface roughness respectivelly. Obtained results average surface 
roughness Ra, (µm) and main cutting force Fz (N) in the experiments and (S/N) ratios are shown in Table 6 . 

Table 5 Cutting parameters and levels 

Control parameters Units Levels 

   1 2 3 

Cutting speed 
(m/min.) 

(A) m/min. 65 80 100 

Feed rate (mm/rev.) (B) (mm/rev.) 0.1 0.15  

Cutting tool ( C )  K313 KT315 KC9240 

3.4. Taguchi Analysis: FZ versus Feed rate; Cutting  Speed (m/min.); Cutting Tool  

3.4.1. Linear Model Analysis: SN ratios versus Feed  rate; Cutting Speed (m/min.); Cutting Tool 

In Fig. 2 , it is observed, the effect of feed rate, cutting speed and cutting tool material on the average surface 
roughness clearly. According to this figure, in order to obtain the smallest surface roughness, it is necessary 
to use KT 313 cutting tool at  low feed rate (0.10mm/rev.) and  high cutting speed (100 m / min). According to 
Table 7 , the effect of cutting tool on cutting force was obtained as 398 % and according to Table 8 , the effect 
of cutting speed on average surface roughness was obtained 237 % as in high levels. Confirmation tables for 
cutting force and average surface roughness showed in Table 9 and Table 10  respectively. 
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Table 6 Obtained results average surface roughness Ra, (µm) and main cutting force Fz (N) in the  
     experiments and S/N ratios 

Feedrate Cutting speed  Cutting 
tool 

Average surface 
roughness Ra(µm) 

Main cutting force 
Fz (N) 

S/N ratio 

For Ra 

S/N ratio 

For Fz 

0.10 65 K313 1.452 695 -3.2393 -56.8397 

0.10 65 KT315 3.179 560 -10.0458 -54.9638 

0.10 65 KC9240 0.725 505 2.7932 -54.0658 

0.10 80 K313 1.691 705 -4.5629 -56.9638 

0.10 80 KT315 1.235 550 -1.8333 -54.8073 

0.10 80 KC9240 0.576 508 4.7916 -54.1173 

0.10 100 K313 1.001 695 -0.0087 -56.8397 

0.10 100 KT315 1.027 568 -0.2314 -55.0870 

0.10 100 KC9240 0.755 483 2.4411 -53.6789 

0.15 65 K313 0.958 875 0.3727 -58.8402 

0.15 65 KT315 4,785 785 -13.5976 -57.8974 

0.15 65 KC9240 1.580 691 -3.9731 -56.7896 

0.15 80 K313 1.307 876 -62.3255 -58.8501 

0.15 80 KT315 1.533 707 -3.7108 -56.9884 

0.15 80 KC9240 1.476 555 -3.3817 -54.8859 

0.15 100 K313 0.812 887 -58.1911 -58.9585 

0.15 100 KT315 0.950 724 0.4455 -57.1948 

0.15 100 KC9240 1.380 1.511 -2.7976 -63.5853 

Table 7 ANOVA results for primary cutting force, Fz (for S/N ratios) 

Source Degrees of 
freedom (DoF) 

Sequential sumof 
squares (SS) 

Mean sum of 
squares (MS) 

F-test P-coefficient 
(%) 

Cutting tool 1 39.388 39.388 11.51 0.398 

Feed rate 2 6.631 3.316 0.97 0.067 

Cutting speed 2 11.702 5.851 1.71 0.118 

Residual error 12 41.063 3.422  0.415 

Total 17 98.784    

Table 8 ANOVA results for surface roughness, Ra (μm) (for S/N ratios) 

Source Degrees of 
freedom (DoF) 

Sequential sumof 
squares (SS) 

Mean sum of 
squares (MS) 

F-test P-coefficient 
(%) 

Cutting tool 1 1046.7 1046.74 3.49 0.165 

Feed rate 2 165.4 82.72 0.28 0.026 

Cutting speed 2 1498.3 749.15 2.50 0.237 

Residual error 12 3596.3 299.69  0.570 

Total 17 6306.7    
According to Fz(N) 
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Fig. 3 . Mean response graphs of  the cutting forces according to feed rate, cutting speed and cutting tool 

According to Ra (μm) 

 
Fig. 4 Mean response graphs of  surface roughness according to feed rate, cutting speed and cutting tool 

Table 9 Results of confirmation tests for Cutting force (N) 

 Starting cutting 

parameters 

Optimal cutting parameters 

 Prediction Experimental 

Level A1B1C2 A1B2C2 A1B2C2 

Cutting force (N) 505 453.5 550 

S/N ratio (dB) -54.0658 -54.0374 -57.8072 

Improvement of S/N ratio 3.7414dB   

Prediction error (dB) 3.7698   

Table 10 Results of confirmation tests for surface roughness, Ra (µm) 

 Starting cutting 

parameters 

Optimal cutting parameters 

 Prediction Experimental 

Level A1B2C3 A1B1C3 A1B1C3 

Cutting force (N) 1.027 11.7149 0.725 

S/N ratio (dB) -0.2314 -233.656 -2.7932 

Improvement of S/N ratio 2.5618 dB   

Prediction error (dB) 230.8628   
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CONCLUSIONS  

The experimental design described herein was used to develop a main cutting force and surface roughness 
prediction model roughness using analysis of Taguchi for turning Inconel 625. Results of this experimental 
study can be summarized as follows: 

• Taguchi orthogonal array arrangement, it has seen appropriate to analyzed  the cutting force and 
average surface roughness defined in this article. 

• According to ANOVA results. The effect of cutting tool on cutting force was obtained as 398 % and the 
effect of cutting speed on average surface  roughness was obtained 237 % as in high levels.  

• According to turning   test results,  the  depth of cut and feed rate are two main parameters between 
four can be controlled factor (cutting tool, cutting speed, feed rate, depth of cut)  affecting average 
surface roughness and cutting forces. While cutting speed and cutting tool has higher effect on the 
cutting force, the cutting tool  and cutting speed has higher effect on the average surface roughness it 
has seen in this experiments on machining  Inconel 625. 

• It was obtained better cutting force and surface roughness at almost the same level of the testing range 
with the parameters listed in machining Inconel 625,  

• Maximum main cutting force 887N was found with uncoated cemented carbide inserts. 

• Minimum average surface roughness (0.812μm) is determined with K313 CNMG 120404MS uncoated 
carbide tools and maximum average surface roughness (4.785μm) is observed with CNMG 120404FN 
type multicoated PVD (TIN, TICN, TIN, WC) carbide tools 
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Abstract 

In surface treatment are often used coatings based on Ni. Their properties include signifiant corrosion 
resistance, hardness and abrasion resisant. In this paper we attempted to measure the shock resistence of 
these layers using the method of impact test. This method offers a simulation of very intensite local loads that 
occur mainly during overload and violations. 

Keywords: NI-P coatings, impact test, UDDG 

1. INTRODUCTION 

Ni surfaces offer promising opportunity for substitution of hard Cr in protecting against wear of machine parts 
(eg: bearings, piston rings). There must be solved a problem that such coatings have lower hardness and wear 
resistance compared to hard chromium, on the other hand, coatings can offer higher toughness. The aim of 
the experiment is to investigate how will content UDDG - Diamond-dispersed graphite powder on the 
resistance to shock loads. This often occurs in many technical applications. For the simulation of degradation 
was used impact test method.  

2. CHEMICAL NI-PLATING 

Ni is applied often to improving of corrosion protection. Principally it is cathodic coatings that form a barrier 
against atmospheric agents. Electroless nickel plating is an auto-catalytic reaction used to deposit an alloy of 
Ni and P on the substrate. Using this process can be easily made uniform thickness coating even on complex 
shaped parts. After the plating is material of coating in amorphous state. In this can achieve hardness 
according to the content of P (5 - 12%) to 400 to 650 HV. Abrasion by TWI unit reaches 14 to 24.After the heat 
treatment (annealing at 400 ° C for 60 minutes) is possible to obtain hardness to 800 - 1,100 and TWI abrasion 
resistance 8-15. The surfaces offer very good tribological properties in contact with steel parts, the coefficient 

of friction is typically 0.2 to 0.4 without lubricant. Thickness can be created till 80 µm [1].This method is 

demanding on energy - the reaction proceeds at 90 ° C and is difficult to clean and accuracy. This method can 
except NiP produce NiB, NiCoP, NiWP alloys too. Most used are NiP alloy is up to 98% [2]. Creating of the 
coating takes place according to the equations 1 and 2 

NiSO4+ 3 NaH2 PO2+ 3H 2 O= N i+ 2 H 2+ H2 SO4+ 3NaH2 PO3     (1) 4 2 2 2 2 2 4 2 3

3NaH2 PO2= NaH2 PO3+ 2 P+ 2NaOH+ H2 O
    (2) 

3. UDDG ADITIVE 

To improve the operating properties of Ni coatings, particularly abrasion resistance are added further 
substances, such as technologies NiKlad Ice Ultra, which incorporate to creating layer submicron particles of 
polytetrafluoroethylene (Teflone). In the extreme case it is possible with this technology to achieve a friction 
coefficient to 0.15 [3].In this test, the additive incorporated into the coating UDDG (highly disperse Diamond-
graphite powder). This is a cluster of particles based on graphite-diamond in a ratio of approx. 50:50. These 
ingredients are used in polishing and electrolytic coating. The particle size ranges from 2 to 10 nm. [4] 
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4. IMPACT TEST 

It is a progressive method for studying the surface properties of materials. It is based on the cumulative 
repeated impact loading surface layers of impact energy. The assumption is that the material under impact 
load acts in a characteristic way. The basic principle of the test is illustrated on Fig. 1a . The indenter made of 
a carbide ball repeatedly impacts sample of material in one place.Shock load involves surface characteristics 
very negative. Result of that is surface degradation named impact crater. Example is on Fig. 1b . The size of 
this degradation (impact crater) is mainly dependent on the impact energy, the number of strokes, state of the 
material etc.Treatment indenter occurs intensive compacting of the material in the immediate vicinity of impact. 
The layers, however, reinforce occurs irregularly and exhaustion of their strength for their delamination and 
destruction.The crater formed surface degradation phenomena such as cracking, cracking and peeling 
particles. 

a) b)  

Fig. 1  a) ordering of impact test; b) impact crater 

Impact crater grows in three phases: 

• in the first phase, when thesurface is not affected the reoccurs massive local plastic deformation hen 
the indenter acts on a relativem small area, and crater is expanding rapidly. 

• in the second phase, the junction area between the indenter and ball considerable, for this mason 
already increasing crater lower speed. Here it is mainly due to the depletion of plasticity Nera the walls 
of the crater formed. 

• in this third phase is to cracking and chipping hard parts. Further expansit of the crater is now possible 
thanks to this mechanism. 

In this test it is possible to mimic such conditions that produce damage to instruments or orbits rolling bearings 
which are formed later preventing their proper operation. One of the most important results obtainable from 
the impact test, the dimensions are formed crater. Each material is characterized by varying degrees of 
hardness, toughness, which is otherwise in violation of the surface occurs. Measurement is relative to the 
crater (tens to hundreds of micron) performed on metallographic microscope. The measurement accuracy is 
mainly influenced on the edge of the craters, because the extruded material flows outward from the crater. The 
result is depending on the development of fatigue damage, depending on the impact energy at a constant 
number of cycles, or increasing the number of cycles at constant energy. More information about this type of 
testing can be found in reference [5] 

4.1. Electronically controlled impact tester 

The apparatus - Fig. 2  used in this experiment is own construction and works on the following principle: The 
sample is attached to the table. Above the sample arm is positioned the indenter, in this case it is a carbide 
ball with a diameter of 6 mm. 
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The arm is alternately drawn by the electromagnet, and after 
the stroke, the force is turned off and the arm returns to its 
original position by springs. Below the sample is placed 
piezzoelectric strain sensor Kistler which records the peaks 
at a frequency of 17 kHz. The signal is then processed by a 
computer program LabView. Because is a problem to 
measure dynamic quantities, in this case is used unit daN - 
dynamic Newton. The instrument is calibrated to the static 
load by a weight, but is measured dynamical loading. 
Because of that is assumed that there can occur some 
deviation. It is important to observe particularly when testing 
constant loading conditions that help to influence the result of 
the nature of testing to maintain a constant size. It is therefore 
a ratiometric measurement. 

5. SAMPLES 

As a material for samples was used non-alloy structural steel C15 (CSN 412020). It is used mainly for steel 
hardening after cementation, the medium-strength in the core. It is suitable for the less strained machine 
components of medium density in the core, as they are less stressed gears, larger sprockets, bushings, guides, 
etc. In the annealed condition can be used for crane hooks. When using the sheet metal blank can also be 
cemented. 

Table 1 Chemical composition of steel C15 

C Mn Si Cr Ni Cu P S 
0.13 - 0.15 0.6 - 0.9 0.15 - 0.4 < 0.25 < 0.25 < 0.3 < 0.04 < 0.04 

Steel has been used in the annealed condition. In the Table 1  is representated chemical composition. Samples 
were produced in the form ofacylinder.Diameter was determined on25 mm and a height of 20mm.Samples 
were grounded and polished on metallographic papers 240 - 400 - 600 - 800 - 1200. Samples were coated 
with chemically excluded Ni - P coating thickness of 10 ± 1 microns. The coating thickness was verified by 
calotest. The aim of the test is to examine how the impact resistance of the surface reflected the content of the 
ingredients UDDG.  

Table 2 Samples 

group UDDG (g/l) 
Z 0 
W 0.5 
V 1 
K 1.5 

For the experiment were prepared four series of samples. Amount of UDDG is in the surface is illustrated in 
Table 2 . In the solution were dissolved nickeling appropriate amount of the aqueous emulsion UDDG for 
regular spacing in the resulting coating solution was stirred continuously. For each series of samples 2 were 
used. These were mounted on the measuring table, were formed in them impact craters. For each loading 
intensity were each formed two craters in one sample. Impact frequency was set to 8 Hz, the number of strokes 
in each test was for every crater 10 000. Force of the blow was always determined in a number 300-400-500-
600-700-800-900 N. 

Fig. 2 Electronically controlled impact 
tester 
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6. RESULTS 

Samples, which were created on impact craters were cleaned in ethanol and then measured diameters of 
craters using metallographic microscope. The following chart shows the development of the craters with 
increasing impact energy. Selected craters were subsequently documented using a scanning electron 
microscope. 

Graph 1 Growth of impact crater diameter in depends of load force 

a)  b)  

Fig. 3 Impact crater 800 daN 10 000 strokes sample V.  
a) Edge of the crater - radial microcracs in the rating; b) Detail of impact crater 
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a)  b)  

Fig. 4 Impact crater 800 daN 10 000 strokes sample K. 
a) Radial cracs in the same resolution allmost invisible at the edge of crater; b) In resolution 1000 small cracs 

a)  b) 

Fig. 5  a) Impact crater 800 daN 10 000 strokes sample W;  
b) Impact crater 800 daN 10 000 strokes sample Z 

7. DISCUSSION OF RESULTS 

From the results shown in Fig. 1 it can be seen that the addition UDDG has no significant effect on the growth 
of damage on a macro scale at shock loads. Size impact crater with growth additive content does not change 
much. The Graph 1  shows that the growth in the size of the impact crater after an initial growth retards, thus 
apparently allows finding an optimal size of the shock load on the durability of components, which coating will 
operate in optimum conditions, when the risk of surface fatigue (pitting) as low as possible. Eventually, the 
dynamics of the growth impact crater increases significantly. When examining craters, which is in the Fig. 3 
displayed  in samples V - 1 g UDDG were in all created craters found radial cracks in the surround. For craters 
on samples K - 1.5 g UDDG and W - 0.5 g UDDG radial cracks were detected only after a considerable bigger 
zoom, which is recorded on Fig. 4  and Fig. 5 . Samples from the free agents UDDG cracks were observed. 
This result was subsequently validated using so-Mercedes test. On the sample were detected in the vicinity of 
indentation cracks which mean reduced cohesive strength of the coating. In samples Z were not found cracks 
(Fig. 6 ). 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

995 

 

Fig. 6  Mercedes test - on sample V small cracks 

CONCLUSION 

Ni-P coatings are an interesting alternative for the future development of surface protection of steel 
components. In the future, they could partially replacing hard chrome plating, which is produced for a lower 
price and their technology is already very well known. These layers are characterized by their high hardness 
and abrasion resistance. Their problem is that for their creating are used highly toxic hexavalent chromium 
compounds which are also carcinogens. Because of that is building of new workplaces legislatively very 
demanding. Ni coatings show higher toughness but a lower hardness and abrasion resistance. This can be 
corrected by additives containing hard, or self-lubricating particles. Their problem is likely to affect the cohesive 
properties of the coating. With increasing content of non-homogeneous particle will probably raise susceptibility 
to breakage and decomposition layer and thus its destruction. Subject to further examination will check to find 
the optimal content of this hard component. In this contribution, it was found that, when increasing the content 
UDDG apparently increases susceptibility to decohezion.      
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Abstract 

In this study, glass surface is coated with thin films of TiO2 by using sol-gel route. TiO2 chemicals were used 
as precursors at the solutions prepared for film coating, and also methanol and acetyl acetone were used as 
solvent and chelating agent respectively. After the glass samples were dipped in to prepared solutions by using 
a special apparatus, they were taken into the preheated (500 °C) vertical furnace to dry, and then they were 
annealed at the same temperature. The thin films formed on the glass surface were characterized through the 
instrument of X-ray photoelectron spectrometer (XPS), thermogravimetric and differential thermal analysis 
(TG-DTA), Ellipsometer and Spectrometer test devices. Wet angles of thin films coated with different dipping 
number and annealed at different temperature, were measured by dropping 1 microliter distilled water (UP_ 
ultra-pure). The water contact angle between the droplet and the surface of the sample was measured. Wet 
angle did not change with the number of dipping number. However, the angle of contact change with the 
temperature of crystallization. Finally, the TiO2 thin film coated glass samples were subjected to soot with the 
flame of a candle with a special apparatus. After sooting, TiO2-coated glass samples were subjected to UV 
light for 24-48-72-96-120 hours. UV exposure samples were pictured with same conditions in every 24 hours. 
Cleaning effect of the surface was identified in a visible way. 

Keywords: Self cleaning, sol-gel method, glass surface coating, lotus effect 

1. INTRODUCTION 

There has been a great interest for self-cleaning surfaces for the last decade [1]. Self-cleaning thin film surfaces 
have been commercially used for optically transparent surfaces such as optical lenses, window glasses for 
cars and houses, architectural decoration products, shower cabins, solar panels, traffic signal lambs, mirrors 
in hospitals and green house glasses as well as textile products. Since 1969, it has been known that TiO2 
separates water into oxygen and hydrogen by illumination [1]. After this point, research about photocatalitic 
activity of TiO2 has been increasingly continued. TiO2 has three types of crystal structures: anatase, rutile and 
brookite [2]. Up to date, there has been an extensive researches performed on anatase and rutile structures 
[1].  

Coated film with nano sized thicknesses on glass does not destroy the transparency of glass while it gives self 
cleaning property. When TiO2 is exposed to the UV light, it produces free radicals by reacting with oxygen and 
water in the air. In addition to that, a photocatalytic reaction is occurred on its surface. Electrons move to 
conduction band from valance band to create electron (e-) - hole (h+) pairs. Electrons and holes that are 
diffused on to the surface of semiconductor interact with water and oxygen molecules are hanged on by 
emitting of light. During this interaction, electrons and holes act as acceptors and donors respectively. Holes 
provide hydroxyl (OH-) radicals by reacting with H2O. Electrons provide superoxide (O2¯  •) radicals by reacting 
with O2. Hydrogen ions (H+) that occur within the reaction of holes and H2O produces hydrogen peroxide by 
reacting with electrons. Photocatalytic processes of TiO2 include chemical steps that produce reactive products 
such as hydrogen radicals, hydrogen peroxide and superoxide. These reactive oxides damage the organic 
molecules and micro organisms [3-4].  
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Coating methods of TiO2 can be classified into two groups such as wet and dry coating methods [5].  Chemical 
vapor deposition, physical vapor deposition and direct deposition methods can be mentioned as dry while sol-
gel method can be remembered as wet [6].   

2. EXPERIMENTAL METHOD 

In this study, 18 x 18 x 0.5 mm sized silica glasses are coated. Four different Ti precursors are tried to prepare 
a coating solution. Titanium nitride is used first but it is not possible to dissolve it in solvent and chelating agent. 
Secondly, Titanium acetate is tried and a transparent solution is obtained. However a homogenous coating 
cannot be achieved. Titanium metoxide is successfully used as a precursor for sol-gel coating. In another work, 
It is also used as a precursor for the same purpose [7]. XPS and TG/DTA analyses are carried out on the 
samples that are coated with this solution.  Titanium di-isopropoxyde is also used as a precursor and a 
transparent solution is obtained by completely dissolving it in solvent and chelating agent mixture. However, a 
homogenous coating is not achieved by using this solution too. Finally Titanium butoxide is used and a 
successful coating is carried out by using this solution. This precursor is also used successfully in another 
work [8]. The thin films that are prepared with Titanium butoxide is used for characterizing by means of wetting 
angle, thickness measurement, optical transparency and UV exposure. The flowchart of the coating and 
characterizing process is given in Fig. 1 .  

 
Fig. 1  Solution preparation and film characterization process flowchart 
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3. RESULTS AND DISCUSSION 

3.1.  XPS Scanning 

Elemental bonding analyses of the coated film are carried out by using Termo - Xray photoelectron 

spectrometry device with Al Kα monochromatic radiation (1486.69 eV).  

XPS scanning of the titanium dioxide thin film is given in Figs. 2a, 2b and 2c . In these figures, the characteristic 
limits of titanium, growth parameters of oxygen and carbon can be seen easily. By using Ti2p, O1s and C1s 
peak variations, chemical ratios of the surface compositions can be detailed. Although there is no carbon in 
thin film, XPS scan gives some peaks belong to the carbon. It is probably due to the contamination of the 
surface. Similar carbon existence is indicated by a peak in another study, even though carbon is not included 
as one of the starting materials [9]. 

Fig. 2  XPS scanning graph of coated film. 
a) 3 times dipped then annealed at 400 °C for crystallization 

b) Ti2P and c) O1s scanning graphs of 3 times dipped and annealed at 500°C thin film 

XPS scan shows that plexy glass is coated with thin film TiO2. In Fig. 2a , for the peak of Ti2p3/2, bonding 
energy is found as 459.2 (eV) and the full width of the peak is 1.5° ±0.1. For the peak of Ti2p1/2, bonding 
energy is found as 464.7 ±0.1 (eV).  Distance between Ti2p3/2 and Ti2p3/2 peaks is 5.7 (eV). O1s bonding 
energy is 530.5 ± 0.1 (eV). Fig. 2c  shows the oxygen content of the scanned surface. O1s (Ti-O) at 529.7 eV 
is the characteristic TiO2 peak and that peak is the evidence for the existence of TiO2 phase. The joined peak 
at 532.0 eV of O1s may be attributed to different oxidized hydrocarbons (contamination). 

The composition and chemistry of the glass surface coated thin films of TiO2 is investigated by XPS. The 
photoelectron peak for Ti2p originates from the Ti-O bond in the form of TiO2 (IV) and Ti2O3 (III). Ti2p core 
level involves two main peaks which are Ti2P3/2 and Ti2P1/2.  Ti2P1/2 peak is located at 460 eV. 

The distance between Ti2p3/2 and Ti2p3/2 peaks is 5.7 (eV). O1 binding energy is 530.5 ± 0.1 (ev) [9]. Fig. 2c  
shows the oxygen content of the coating material. O1s (Ti-O) component of the resulting peak value of 530 eV 
is the peak of TiO2 and this peak indicates the presence of TiO2 phase. O1s (-OH) which is the second 
component of 532 eV peak shows the percentage of oxygenon the surface of -OH and this result shows the 
improvement in the photocatalytic process. The highest point of this value (O1s) corresponds to 533.0 eV [10]. 
XPS measurements show that theplexy glass is homogeneously coated with TiO2 thin film.  
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3.2.  Thermogravimetry and Differential Thermal Ana lysis (TG-DTA) 

Coating material is also analyzed by means of TG and DTA. Solution is dried at 60 °C for 24 hours to powder 
then TG and DTA are applied between 50 °C - 800 °C with a heating rate of 10 °C/min. Thermal tests are 
carried out under Argon atmosphere with a flow rate of 130 ml/min.  

Fig. 3  shows the TG-DTA graph of TiO2 powder received by drying TiO2 coating solution. As it is seen from 
the graph, analysis gives 3 exothermic and 1 endothermic reaction peaks. The graph starts with an 
endothermic reaction coming from the water evaporation in the beginning. The first exothermic reaction occurs 
at temperature between 250-280 °C. Weight loss increases during these temperatures and transformation 
from amorphous to crystalline structure starts. Amorphous TiO2 transforms into brookite structure. Second 
exothermic reaction occurs at temperature between 290 - 310 °C. At temperature interval of 440 - 460 °C, third 
exothermic reaction takes place. The last exothermic reaction is relatively a small one. The last two reactions 
are indicating the transformations of brookite structure into first anatase and then rutile structure respectively. 

 
Fig. 3 TG/DTA graph of TiO2 powder received by drying TiO2 solution 

During the endothermic reaction, %5 of weight loss occurs due to residual humidity inside the dried TiO2 
powder. 32% weight loss is also occurred during the first exothermic reaction at temperature between 250 - 
280 °C. Total weight loss is about %65 during TG analysis. TG analysis indicates that dried powder has still 
both some amount of residual humidity and non TiO2 content. Peaks in DTA analysis are the evidence of 
transformation from amorphous to crystalline structure [11]. 

3.3.  Thickness measurement 

Thickness of the coated films is measured by using a V-VASE HS190 WoollamEllipsometer. Five samples 
with five different thicknesses are measured. Samples are heat treated at 400 °C for 30 minutes for 
crystallization after coated by 1 to 5 times dipping. 

As it can be observed from Fig. 4 , the increase in thickness is proportional to the dipping number. Thickness 
achieved per dip is nearly the same for the first three dips while 4th and 5th dipping increments are different. 
Such variation could be expected in sol-gel dip-coating method because of the non-balanced coating 
conditions [7].   
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Fig. 4 Film thickness variation with dipping numbers 

As it is seen on Landau-Levich equation (eq. 1), the film thickness is directly proportional to viscosity, drawing 
speed and inversely proportional to liquid-gas interface, gravity and liquid density. These factors are effective 
on the film thickness:  

h = 0.94⋅ (η ⋅V)
2
3

(γ
1

6
LV (ρ ⋅ g)

1

2

           (1) 

where h is the coating thickness, η is viscosity, V is drawing speed, γLV is the liquid-vapour surface tension, g 

is gravity and ρ is density. 

3.4.  Optical transparency  

Transparency and reflection characteristics of coated film are measured using a Varian Cary 5000 
Spectrophotometer. Two groups of coated samples are studied: first group is not annealed and second group 
is annealed for crystallization. Each group has 8 samples that are coated with one to eight dipping.  

It can be seen from the figure that, 1 time-dipped coat is transparent for the wavelengths bigger than 350 nm 
meanwhile one single dip coat (approximately 60 nm thickness) leads a transparency lose of 20 %. This lose 
can be increased by increasing the film thickness (Figs. 5 and 6 ).  

 
Fig. 5  Optical transparency results of TiO2 films on glass. Films were annealed at 500 °C for two hours 
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Fig. 6  Optical transparency results of TiO2 films on glass. Films were not annealed 

After 8 dips, 400 nm thicknesses can be assumed approximately and 30% of the transparency still exists. 
While the transparency lost is very high and linear in the beginning (1-5 dips), proportion of the transparency 
lost decreases for later dips (6-8 dips). Transparency lost is changing with dip number in a similar way for both 
annealed and non-annealed coatings. Similar work has been done before and they get the similar result for 
transparency lost [12].    

As can be seen from the results, optical transparency lost is nearly 80% for 8 dip of non-annealed coatings.  
In annealed coatings, transparency lose increases to 70% after 8 dips. This shows that the annealing of TiO2 
coated glass decreases the optical transparency. These decrements can be attributed to the increased 
vacancies caused by crystallization annealing [8]. 

3.5. Wetting angle 

Wetting angles of samples are measured 
with a contact angle measurement system 
(OCA30) in National Nanotechnology 
Research Center (UNAM). The coating 
procedure is carried out for different number 
of coatings and crystallization temperatures. 
The measurement is repeated three times 
for each glass sample surface. Tables 1 and 
2 list the results of the average wetting 
angles.  

Wetting angle data cannot be obtained at 
300 °C due to the strong affinity of thin film 
surface to water. Superhydrophilic surface 
allows water to spread completely across the 
surface and it has a water contact angle of 
0°. Samples coated with TiO2 thin film by two dips and annealed at 300 °C show superhydrophilicbehaviour.  

The droplet spreads by wetting a large area of the surface, causes the wetting angle less than 90 degrees 
which the surface is considered hydrophilic or water-loving. As it is seen in Fig. 7a and b , two times coated 
TiO2 thin film shows good hydrophilic property with low wetting angle after heat treated at 500 °C. Decrease 
in water contact angle on TiO2 coated thin film is observed and this result is in agreement with data obtained 
by Karakas et al. [13]. 

Fig. 7a)  Wetting angles of annealed thin films two times 

dip-coated with TiO2 at 300 °C 
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Fig. 7b)  Wetting angles of annealed thin films two times dip-coated with TiO2 at 500 °C 

3.6. Exposing the Sample to Ultraviolet light 

Thin films to be subjected to this test are obtained with two times dip coating at 300°C and four times dip-
coating at 500°C by sol-gel method. TiO2 thin film coated glass samples are exposed to soot dirty in the light 
of the candle with a special apparatus. The surface of the TiO2 thin film glass samples subjected to soot dirty 
are exposed to UV light (8 W) for 24-48-72-96-120 hours. The self cleaning effect and changes in properties 
of these samples are examined. Two times dip coated thin films which are exposed to soot dirty show obvious 
self-cleaning effect under UV light for 120 hours (Figs. 8 and 9 ).  

Uncoated glasses are soothed and exposed to UV light (Fig. 10 ) to show the distinction from coated glasses. 
After 120 hours of exposure, there is no indication of cleaning throughout the surface. The comparison of TiO2 
coated thin film and uncoated glass samples after exposure to soot dirty results in the surface of TiO2 coated 
thin film has a clear self-cleaning effect property.  

 
a) 0 hour b) 24 hours c) 48 hours 

 
a) 72 hours b) 96 hours c) 120 hours 

Fig. 8 TiO2 thin film on glass is obtained with four times dip-coating at 500°C  by sol-gel method. The surface 
of the TiO2 thin film glass samples subjected to soot dirty were exposed to under UV light (8 W) for of  

0- 24-48-72-96-120 hours comparison 
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a) 0 hour b) 120 hours 

Fig. 9 TiO2 thin film on glass is obtained with four times dip-coating at 500°C by sol-gel method. The surface 
of the TiO2 thin film glass samples subjected to soot dirty were exposed to UV light (8 W) for 120 hours 

comparison. It is compared with non exposed one 

The UV excites electron and hole pairs and these photogenerated electrons react with molecular oxygen to 
produce radical anions (O2

-). The photogenerated holes react with water to produce hydroxyl radicals (OH). 
These two reactive radicals decompose organic compounds. The photocatalytic activity of TiO2 depends on 
crystal structure (anatase or rutile), surface area, size distribution, pore structure and density of hydroxide 
group [14]. These factors cause to form electron hole pairs affecting organic material. Finally, the 
contamination on the surface of TiO2 coated thin films is decomposed and disappears. 

 
a) 0 hours b) 24 hours c) 48 hours d) 72 hours e) 96 hours f) 120 hours 

Fig. 10 The surface of the uncoated glasses thin film glass samples subjected to soot dirty were exposed to 
under UV light (8 W) for of 24-48-72-96-120 hours. 

Electrons and holes that diffuse on to the surface of the semiconductor interact with water and oxygen 
molecules by emitting of light. During this interaction, electrons and holes act as acceptors and donors 
respectively. Holes provide hydroxyl (OH-) radicals by reacting with H2O and electrons provide superoxide 
(O2¯  •) radicals by reacting with O2. Hydrogen ion (H+) that occurs with the reaction of holes and H2O produces 
the hydrogen peroxide. Photocatalytic process of TiO2 includes chemical steps that produce reactive products 
such as hydrogen radicals, hydrogen peroxide and superoxide. These reactive oxides degrade organic 
molecules and micro organisms [3,4 ].  

4. RESULTS AND CONCLUSION 

• XPS analysis for annealed TiO2 coated thin film shows that the surface is completely coated by TiO2 
phase. As the number of dips increases, the thickness increases which results the decrease in 
transparency. 

• Samples coated with TiO2 thin films have superhydrophilic surfaces at 300 °C. It is observed that TiO2 
thin film on glass after exposing soot dirty show obvious self-cleaning effect under UV light. 

In this study, samples coated with TiO2 thin films by one dip has obvious superhydrophilic property after 
annealing at 300 °C for 30 minutes. Increasing both the number of dips and annealing temperature causes 
waste of time as well as in cost. 
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Abstract   

The high efficiency of the polymer coating is achieved only by the proper choice of thermal and other conditions 
during the formation of its structure. The aim the work is to study only the initial stage of physical and chemical 
processes by the formation of the structure of polymer coating, namely, the creation of a primer adhesive layer 
after the application of monomer paint solution on the steel sheet before to the polymerization. In this work, the 
dynamic Monte Carlo method for the modified lattice Langmuir’s model of adsorption was used. Time 

dependences of the sticking coefficient of monomers on the surface of the steel at the same and different heating 
rates of the metal sheet and the given values of the interaction constant of the monomers and the energy 
barrier are calculated. It’s shown that there is an optimum temperature regime at which the adhesion of 
monomer coating on the surface of the metal sheet is maximal. The simulation results are confirmed by 
experimental data on study of adhesion strength of the primer layer from the poly-vinyl-butyral on the surface 
of steel sheet.  

Keywords: Computer simulation, metals, polymer coatings, monomers, adhesion 

1. INTRODUCTION     
In recent years, the study of the surface physical-chemical properties of different polymer structures has 
acquired not only theoretical but also practical meaning due to their unique engineering characteristics. 
On the one hand, the solution of the adsorption problem of macromolecules at different interfaces creates the 
basis for the development of surface physical chemistry of polymers [1, 2]. On the other hand, the development 
of polymer coverings (polyvinylidene fluoride, polyurethane and etc.) is necessary, e.g., for the effective 
protection of metal production from corrosion. As it is known, the corrosion control of metals and other materials 
is one of the most important technical and economic problems of today’s society. 

The quality of polymer coating is determined, first of all, by its durability, adhesion and resistance to aggressive 
external environment and also by strength, which mainly depends on the degree of orientational order of 
macromolecules in the primer layer [3]. These properties of polymer coating depend on the method of its 
formation and its chemical modification [4]. High efficiency of polymer coating is achieved only by proper choice 
of thermal and other conditions of formation of its multilayer “sandwich” structure. Therefore, it is necessary to 
study in detail adhesion and orientational ordering of macromolecules in different layers of the coating.The 
process of formation of polymer coating on steel surface consists of the following stages: 

• formation of the adhesion primer layer (the monolayer structure) after application of the monomer 
solution to the steel sheet before polymerization; 

• polymerization of the monomer paint by special cross-linking agents; 

• formation of the multilayer (macromolecular) structure during the evaporation of the solvent after 
polymerization. 

Therefore, to predict the properties of polymer coating on the metal surface, both experimental and theoretical 
investigation of all the processes is necessary. In this paper, only the first stage of formation of polymer coating 
is under investigation. 
In physics of surface there is a whole class of problems associated with the study of adsorbed atom layers on 
a neutral substrate [1]. The adsorbent surface, which causes “sticking” of atoms, determines a periodic 
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potential, and thus some “lattice” consisting of nodes possible for filling. In this case, the characteristics of the 
adsorbed layer on the investigated surface of three-dimensional solid must correspond to similar 
characteristics of two-dimensional system. Therefore, in the theory of monolayer adsorption of low-molecular 
substances on the surface of homogeneous neutral surface, the Langmuir’s model of lattice gas [5] may be 
used, in which attraction forces between adsorbed molecules and the substrate and their mobility along its 
surface are neglected. Further development of the model was advanced in Brunauer, Emmett and Teller’s 
theory of polymolecular adsorption (the BET method [6]). Hill and J. de Boer developed the theory [7], which 
takes into account interactions between the adsorbed molecules in Langmuir’s model. 
There is a formal analogy between the model of lattice gas and the two-dimensional Ising’s model [8].  
This analogy is widely used to study surface properties of ferromagnetic and ferroelectric films [9, 10]. 
However, to study adhesion for various materials (metals, glasses and others), more complex models should 
be used, which take into account interactions of atoms of the adsorbed substance, both among themselves, 
and with the substrate surface, specified by periodic potential, determined by the type of the substrate. 
It becomes difficult to calculate surface properties of the coatings in such models using analytical methods of 
studying, and therefore it is necessary to use computer simulation methods, such as the Monte Carlo method 
[10]. 
The aim of this work is to study the first stage of formation of polymer coating on steel surface, namely the 
occurrence of adhesive contact at the interface between monomers and metal, which is necessary for creation 
of single-layer monomer structure before polymerization. For this purpose, the dynamic Monte - Carlo method 
for the modified version of Langmuir’s model will be developed, which takes into account interactions between 
the monomers themselves and the specific form of the potential interaction of monomers with the metal 
surface. 

2. MODEL     

Coupling of surfaces of the lower (primer) layer of the coating and the steel sheet occurs due to adhesion 
process, which is determined by intermolecular interactions. This adhesive layer can be considered as a set 
of monomers interacting with metal sheet surface. The dependence of potential energy of monomer on the 
distance to metal surface [11] is schematically represented in Fig. 1 . By physical absorption, monomers 

interact with metal by means of the Van der Waals forces, characterized by average energy . In this case, 

there is no charge transfer from the substrate to monomers or vice versa. 

 

Fig. 1 The potential energy of the monomer vs. the distance between it and the metal sheet surface 
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At higher temperatures monomers can reach metal surface (the bottom of the potential well with the depth Ec), 
overcoming some energy barrier Eb. Then, electron exchange between the monomers and the metal surface 
is possible, it leads to sufficiently strong chemical bonds between them (i.e. to chemical adsorption [11]). The 
sum of energies determines the energy required for the transition of the monomer from the adsorbed state (on 
the metal surface) to the free state, i.e.  A= Ec +Eb. 

In this paper, the degree of adhesion of monomers to metal is calculated by the dynamic Monte Carlo method 
for the modified Langmuir’s model of adsorption [5]. In this model, the steel sheet surface is represented as 
two-dimensional rectangular lattice consisting of N nodes (of adsorption) along the X axis and M nodes along 
the axis Y. The Langmuir’s model is based on the following assumptions: 

• all adsorption lattice nodes are equivalent; 

• only one particle (monomer) can occupy an adsorption node; 

• the influence of the adsorption forces exists only within the thickness of one monolayer. 

In this model, the interaction energy between the lattice sites (monomers) has the form: 
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where K is the interaction constant. In the calculations by the formula (1), the interactions only between the 
nearest nodes are taken into account. 

In this work at the initial moment (t = 0), it was assumed that the value was ni,j = 0 for all lattice nodes, i.e. the 
adsorption hasn’t occurred. The calculations were performed via the computer simulation by the dynamic 
Monte Carlo method [10, 12], in which a random process consisting of a set of consecutive configurations of 
the system was generated. At sufficiently large number of configurations in the ensemble of such system, the 
relative adhesion degree is defined as the ratio of number of the adsorbed monomers to total number of lattice 
nodes, i.e. 

.)1(
,

1,
,∑

=
=

MN

ji
jinNMθ                                                                                       (2) 

3. RESULTS AND DISCUSSION 

Fig. 2  shows the results of the calculation of time dependences of θ at equal heating rates of metal sheet 

tTg ∆∆= , but different values of constants of interaction of monomers ( TkБK 0 ) and barrier energy (

TkE Бb 0 ), where T0 = 300 K. It can be seen, that with the rise of interaction constant of monomers, its 
adhesion degree to the metal surface increases because of the growth of the cooperative adhesion process 
(Fig. 2a). On the other hand, with the increase of the barrier height  Eb the quantity θ reduces, that is, fewer 
and fewer monomers adhere to the metal surface (Fig. 2b ). 

Fig. 3  represents the results of the calculation of time dependence of adhesion degree θ at different heating 

rates g of the metal sheet for given values of the interaction constant of the monomers ( TkБK 0 ) and energy 

barrier ( TkE Бb 0 ). It is clear, that at slow heating rate of the steel sheet, the degree of adhesion of monomers 
to the metal surface is small (curve 1). At high heating rate and relatively high temperatures, there is some 

adhesion to the metal surface, but at its further heating the value of θ  decreases (curve 3). 

In this case (after the drying process) the primer layer may peel off from the metal surface that is one of the 
causes of various defects of polymer coatings. It can be seen, that the optimum temperature regime is 
determined by curve 2 in Fig. 3 , when the adhesion is maximal. 
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a 
 

  
 
b 

Fig. 2  The adhesion degree of monomers at equal rates of heating of the metal sheet vs. the reduced time τ: 

a - at different values of the interaction constants of monomers ( TkБK 0 = 0 (1), 1(2), 2(3)) for the given 

energy barrier ( TkE Бb 0 =1); b - at different values of the energy barrier TkE Бb 0 =0.5(1), 1(2), 2(3) for the 

given value of the interaction constant of monomers ( Tk БK 0 =1), where T0 = 300 0K 
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Fig. 3 The adhesion degree of monomers vs. the reduced time τ at different reduced heating rates of the 
metal sheet g0(1), 2g0(2), 3g0(3) for the given values of the interaction constant of monomers (K/kБT0= 1) and 

the barrier energy (Eb/kБT0 =3), where T0 = 300 К. 

Despite of well-known analogy of statistical properties of the lattice Langmuir’s model and the two-dimensional 
Ising’s model [9], the calculated temperature dependence of the adhesion degree, determining  the adhesive 
strength of the polymer coating is non-monotonic function (Fig. 2  and 3). Initial increase of the value θ in this 
model can be explained by the growth of kinetic energy of the monomers, it results in overcoming the energy 
barrier Eb (Fig. 1 ), that prevents the formation of absorbed state of monomers on the metal surface. At further 
rise of temperature, adhesion degree of the monomers, conversely, decreases as well as magnetization in the 
two-dimensional Ising’s model due to the growth of thermal fluctuations in the system. This result is consistent 
with the experimental data [13] from the study of temperature dependence of the adhesion strength of primer 
poly-vinyl-butiral adhesive layer on the steel surface (Fig. 4). 

 

Fig. 4  Adhesion strength of primer poly-vinyl-butiral film vs. temperature of its formation on the steel surface: 
solid curve - experimental data [13], symbols (о) - results of simulation by the dynamic Monte Carlo method 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1010 

4. CONCLUSION 
Thus, in this paper we propose the model of absorption of monomers for the study of one of the most important 
stages in the process of forming the polymer coating, namely, the formation of single-layer structure from 
monomers on the surface of the metal sheet. It is shown that there is an optimum temperature regime at which 
there is the greatest adhesion of monomers to metal sheet surface. 

ACKNOWLEDGEMENTS 

This work was supported by the Ministry of Educatio n and Science of the Russian Federation, 
project №1715 (contract № 2014/267)  

REFERENCES 

[1] KARIM A., KUMAR S. Polymer Surfaces, Interfaces and Thin Films. World Science: Singapore, 2000. 

[2] MAKSIMOV A.V., PAVLOV G.M. Molecular Orientational Order in Surface Layers of Polymer Films. Polymer 
Science, Vol. A49, No.7, 2007, pp. 828-836. 

[3] GOTLIB Yu.Ya., MAXIMOV A.V. A Theory of Orientational Ordering in Two-Dimemsional Multichain Polymer 
Systems with Dipole Interaction. Polymer Science, Vol. A 34, No.11, 1992, pp. 902- 907. 

[4] MALAY O., OGUZ O., KOSAK C., YILGOR E., YILGOR I., MENCELOGLU Y.Z. Polyurethaneurea-Silica Nano-
composites: Preparation and Investigation of the Structure-Property Behavior. Polymer, Vol. 54, No. 20, 2013,                  
pp. 5310-5320. 

[5] LANGMUIR I. Vapor pressures, evaporation, condensation and adsorbtion. J. Am. Chem. Soc., Vol. 54, No.7, 
1932, pp 2798-2832. 

[6] Brunauer S., Emmett P.H., and Teller E. Adsorption of Gases in Multimolecular Layers. J. Am. Chem. Soc.,                     
Vol. 60, No.2, 1938, pp. 309-319. 

[7] FRIDRIHSBERG D.A. Colloid chemistry course. Chemistry: Lenindrad, 1984. 

[8] LEE T.D., YANG C.N. Statistical theory of equations of state and Phase Transitions. II.Lattice Gas and Ising 
Model, Phys. Rev., Vol. 87, No.2, 1952, pp. 410-419. 

[9] FISHER M.E., FERDINAND A.E. Interfacial, boundary, and size effects at critical 
points. Phys.  Rev. Lett.,  Vol.19, 1967, pp.169-172. 

[10] Monte Carlo and Molecular Dynamics Simulations in Polymer Science.  Ed. K. BINDER. University Press:                  
Oxford, 1995. 

[11]  PRUTTON M. Introduction to Surface Physics. Clarendon Press: Oxford, 1994. 

[12] PETROVA T.O., MAKSIMOVA O.G., GERASIMOV R.A., and MAKSIMOV A.V. Application of Analytical and 
Numerical Methods to Simulation of Systems with Orientation Interactions. Solid State Physics, Vol. 54, No.5, 
2012, pp. 937-939. 

[13] YAKOVLEV A.D. Chemistry and technology of coatings. Himizdat: Saint-Petersburg, 2008. 
  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1011 

COAXIAL LASER CLADDING: INFLUENCE OF OVERLAP  

VOSTŘÁK Marek1, HRUŠKA Matěj1, SMAZALOVÁ Eva1, HOUDKOVÁ Šárka1 

University of West Bohemia, New Technology Research Centre, Pilsen, Czech Republic, EU, 
mvostrak@ntc.zcu.cz  

Abstract 

The paper summarizes the result of laser cladding experiments design to observe the influence of single track 
overlap. The system combining solid state disc laser with power up to 5,3 kW and cladding head with coaxial 
powder feeding was used. Powders used in experiment were stainless steel 316 L and Stellite 6. In previous 
work the single track geometry was discussed, now the different values of single track overlap were tested. 
The goal of the work is to determine the influence of overlap to coating properties and choose suitable overlap 
for further experiment. The geometry and mechanical properties of final coatings is discussed. 

Keywords: Laser cladding, stainless steel, Stellite 6, overlap, Clad geometry 

1. INTORUCTION 

Laser cladding is a modern technology capable of producing quality, metallurgically bonded coatings on variety 
of materials. The advantage of this method is minimal dilution, minimal distortion and low heat affecting of the 
substrate. There are many possibilities for applicability of this method: producing protective wear, resistant 
coatings, repair of worn out parts by adding the material or producing new structures for rapid prototyping [1]. 

Basically there are three possible methods of clad material delivery. The first is using pre-placed material 
on the substrate. This is usually time consuming process, it has small processing window and it can be applied 
on limited shapes of substrate [1, 2, 3]. Secondly the clad material can be delivered in the form of a wire, 
the advantage is lower cost of a wire than metal powders, but the drawback is lower surface quality, low 
bonding strength, etc. [1]. Finally laser cladding by powder injection is promising method and it is the subject 
of this study. 

In this method the powder is delivered by carrier gas and it is blown under the laser beam while it scans 
the processed surface generating a melt pool and thus creating the single clad bead. A complete dense coating 
is produced by overlapping the single clad tracks. The powder injection can be either off-axis, but it leads 
to more complicated cladding condition depending on direction of processing and higher powder consumption 
[1, 2, 3]. Or more efficient way is coaxial powder injection by ring nozzle or multiple discrete nozzles. 

Laser power suitable for cladding technology is usually in range from hundreds of watts to several kilowatts. 
The suitable lasers for claddings are high power diode lasers [3], solid state lasers [2, 4, 6] or CO2 lasers [5]. 
The continuous wave or pulse mode [4] can be used. There are many parameters which have influence 
on laser cladding process. The main parameters are laser power and laser beam characteristic, powder feed 
rate and process speed. Usually the first step in understanding the laser cladding process and influence 
of individual parameters is to produce single clad tracks and observe its geometry and mechanical properties 
[2, 3, 4, 6, 7]. In the process of creating the compact coating, the overlapping ratio (OR) plays the important 
role. The overlapping ratio is defined: 

== = (?− ý)/?                                                                                                                                              (1) 

where w is the width of single clad bead and D is the distance between the centers of neighboring tracks. The 
OR quantifies the fraction of the track that overlaps with its forerunner. 
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The overlap influences the final thickness of the coating, the dilution and thus the final functional properties of 
the coating. If the overlap is insufficient, the dilution is too high and excessive mixing of coating material with 
substrate occurs. This may lead to decreasing of functional properties of the coating such as wear and 
corrosion resistance [7]. Based on geometrical properties of single clad bead, the final coating thickness and 
other properties can be estimated for different values of clad overlaps [8]. The influence of process parameters 
on single clad bead geometry have been reported in previous work [9]. The goal of the work is to continue in 
research and observe the influence of overlap to geometry and mechanical properties of final coating. 

2. EXPERIMENTAL PROCEDURE 

The system for laser cladding consists of solid state disc laser Trumpf TruDisk 8002, which emits 
on wavelength 1030 nm and maximal available power is 5300 W. The laser radiation is coupled via 600 μm 
optical fiber to Precitec coaxial 4-way cladding head YC52. The cladding head is equipped with motorized 
collimator which allows changing of laser spot diameter in the range from 1.26 to 3.37 mm. The cladding head 
is mounted on industrial robot Fanuc M-710iC. Used powder feeder is the GTV PF 2/2 MH, the argon was 
used as a driving gas and also as a shielding gas. The laser cladding system is on the Fig. 1. 

The powders used for experiments 
were stainless steel 316L (MectoClad 
316-Si) and stellite 6 (MectoClad 6). 
The substrate was steel C45 (EN), the 
dimensions of the samples were 200 x 
100 x 10 mm to ensure sufficient heat 
dissipation during cladding process. 
For the stainless steel coating, four 
different combinations of process 
parameters were chosen and the 
overlapping ratio from 20 - 50 % was 
tested for each combination. Next, for 
stellite powder, two combinations of 
process parameters were tested: the 
powder feed rate f = 12 g/m and laser 
power P = 1000 W (process 
parameters 1); f = 16 g/m and 
P = 2000 W (process parameters 2). The overlapping ratio was 40 and 50 %. 

The clad geometry was evaluated on the cross sections by optical microscope Nicon Epiphot 200 and by digital 
optical 3D microscope Hirox KH7700. The geometrical characteristic of cladded coating were evaluated (clad 
width w, clad height h, molten depth b). The depth profile of hardness HV1 was measured on the coatings 
cross-sections using automatic hardness tester CETR - UMT3. 

3. RESULTS AND DISCUSSION 

3.1. The stainless steel 

On the Fig. 2  you can see cross section of stainless steel coatings created with different overlap ratio for one 
given combination of process parameters. It is clear that with increasing overlap, the height of clad coating 
is increasing and the molten depth is decreasing - this means that the dilution is decreasing. For the overlap 
ratio 20 % and 30 % the height of the coating is not significantly higher than for single pass and the dilution of 
the clad is still too high. Therefore, for the next experiments, the overlapping ratio higher than 30 % was 
chosen. 

 

Fig. 1  The cladding system 
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Fig. 2  Stainless steel coatings cladded with different overlapping ratio: 

a) 20 % b) 30 % c) 40 % d) 50 % 

3.2. Stellite 

The geometrical characteristics of stellite coating for two different sets of process parameters and for two 
values of overlapping ratio are in the Table 1. The Fig. 3  shows the cross section of stellite coating (for the 
process parameters 2). It is clear that higher overlapping ratio leads to lover dilution values and higher 
thickness of the coating.  

 
Fig. 3  Stellite 6 coatings cladded by process parameters 2 with different overlapping ratio: 

a) single clad bead, b) OR = 40 %, c) OR = 50 %, d) detail of OR = 50 % 
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The depth profile of HV1 hardness for stellite coating cladded by parameters 2 and for both overlapping ratio 
is presented on the Fig. 4 . You can see the example of hardness measurement on cross section on the Fig. 5 . 
The hardness is approximately 500 HV1 and it is nearly constant for whole thickness of the coating up to the 
boundary with the substrate. 

Table 1 Dimensions of cladded stellite 6 coatings 

Process parameters 1 Single clad OR = 40 % OR = 50 % 

Clad height [ μm] 214 330 419 

Molten depth [ μm] 370 286 267 

Clad width [ μm] 1655     

Dilution [%] 63 46 39 

    

Process parameters 2 Single clad OR = 40 % OR = 50 % 

Clad height [ μm] 520 905 1010 

Molten depth [ μm] 648 400 219 

Clad width [ μm] 2500     

Dilution [%] 55 31 18 

 
Fig. 4  Depth Profile of Hardness HV1 in stellite coating for different overlapping ratio 

 
Fig. 5  Hardness measurement on cross section of cladded stellite coating 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1015 

4. CONCLUSION 

The series of laser cladding experiments for observing the influence of overlapping ratio was performed. First 
experiments with stainless steel powder showed, that lower overlapping ratio - 20 and 30 % is insufficient and 
leads to high dilution values and low values of the clad height. The OR 40 and 50 % lead to thick coating with 
acceptable dilution. 

Next, the dimensions of stellite coating created with OR 40 and 50 % were presented. It showed that for higher 
overlapping ratio, the height of the coating is increasing and the dilution is decreasing. The depth profiles of 
the coating hardness were presented. The hardness for both values of OR reaches the 500 HV1 and it remains 
nearly constant with increasing depth up to the boundary with substrate material. This showed that there is not 
excessive mixing with the substrate material and the functional properties of the coating are not degraded. 

The experiments showed, that for creating the coating with acceptable thickness and suitable dilution values, 
it is necessary to choose overlapping ratio at least 40 %. The OR 50 % appears to be more convenient, 
regarding the dilution values, and it will be used in further work. 
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Abstract 

Laser surface texturing (LST) is an emerging effective method for forming surfaces with specific parameters: 
optical, electrical, tribological, hydrophobic or hydrophilic and so on. The LST is laser parameters and overlap 
sensitive process. The new shifted LST is introduced, where heat load by laser picosecond pulses is decreased 
by specific schedule of scanning. Moreover, the shifted LST gives possibility to increase scanning repetition 
rate without heat accumulation effect. In this paper we have compared results of application classical methods 
of LST with shifted LST on stainless steel AISI 304L, 2017 aluminum alloy and nickel-based superalloy AM1. 

Keywords: Shifted LST, laser processing, laser high speed texturing, overcoming heat accumulation effect 

1. INTRODUCTION 

Laser surface texturing (LST) is widely using technologies for decreasing of low friction bearings [1], formation 
hydrophobic or hydrophilic surfaces [2], anticorrosion processing [3], preparing substrates for thermal spray 
coating [4] and other. Complex of short pulse laser scanning parameters gives possibility to activate several 
processes of modification of material: ablation, melting, recrystallization, thermal stress involving and so on 
[5]. One important parameter it is time of laser beam influence, which depends not only from laser pulse 
duration, but from scanning speed and repetition rate too. It is because laser beam scanning speed and 
repetition rate provide overlapping of laser spots and as result thermal regime of laser processing. Correlation 
of overlap value gives possibility to approach smaller roughness of processed surface [6], but on the over hand 
the bigger overlap involves bigger heat accumulation effect [7]. Heat accumulation effect is undesirable for 
biggest applications, especially for high rate repetition processes [8].  One of possibilities for avoiding of the 
heat accumulation effect is to use low-repetitions rate regimes and higher speeds [5]. But at the same time 
need to keep in mind that smaller overlapping products higher roughness, especially of firm materials. The 
alternative way for decreasing the heat accumulation effect it is using shorter, or concrete femtosecond laser 
pulses. But need to consider nonlinear effects of femtosecond laser pulses processing [9]. The best solution 
will be a LST process, where nonlinear effects have not high influence, but overlapping and scanning speed 
is independent values. From this point of view lasers with picosecond pulse delay is more attractive tool for 
microprocessing of materials [10]. Of course, such aspects of laser micromachining still require further studies 
[5]. The next possibility for overcoming heat accumulation effect is shifted LST, when surface laser scanning 
has not sequentially ordering between next lines. In this case the time intervals and distance between 
overlapped lines will be enough for cooling surface, but scanning process is not stop between next scanning. 

The goal of this this work is comparative studies of application of classical LST vs. shifted LST with multiple-
shot laser ablation of surfaces with different thermal-mechanical properties. For both types of LST the 
picosecond laser pulses at frequency rates from 303 kHz till 20 MHz was applied. The basic parameters for 
shifted LST processing were analyzed by studies of structure changes of aluminum alloy surface. For stainless 
steel and super alloy the structure analyses and chemical components analyses are presented. The influence 
of the shifted LST with different number of repetition rate N on structure changes is analyzed. It is shown, that 
high speed shifted LST makes the heat accumulation effect neglected for polycrystalline materials. 
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2. EXPERIMENT 

Classical and shifted LST experiments were performed using slab laser PX25-2-G from EdgeWave GmbH 
based on the contact cooled crystal and a Pockel cell [11], delivering with a beam quality M2, pulse width 
10 ps, the maximum pulse energy is limited 600 μJ at lower repetition rates, while above 303 kHz, the 
maximum available average power is 10 W. An external Q-switcher allows the generation of bursts of any 
desired number of pulses. LST processing was controlled by Scanlab software in connection with scanhead 
intelliSCAN® III 14 [12]. There are two F-Theta objective, with 255 mm and 100 focal length. Fig. 1  shows the 
schematic layout of the experimental setup. 

 
Fig. 1 Experimental layout of the experimental setup 

Three types of microobjects were applied for laser engraving. The first one is a keyhole with cylindrical form 
and flat depth, and the second one is a keyhole with toroid form (Fig. 2a and b ). For aluminum alloy was 
applied the third type of texturing - one pass multi line sharp texturing (Fig. 2c ). Variable parameters of 
processing were: speed of laser beam scanning, frequency, Q-switcher timing and geometry of microobjects, 
like diameter or line width. Resulting structure of laser processed materials was studied by 3D optical 
microscope KH-7700. Microstructure analyses in the bottom of key holes and chemical components analyses 
of LST processed surfaces were provided by SEM with EDX. 

 
                           a                                                b                                                    c 

Fig. 2  Keyholes and stones graved by shifted LST 

The targets were 2-mm-thick stainless steel 304l AISI plates, 3-mm-thick aluminum alloy 2017 plates and 
1.5÷2 mm thickness nickel-based superalloy AM1. The sample surfaces were placed in the focal plane of the 
F-Theta objective and then irradiated with predefined repetition rate of LST. The different frequencies of laser 
pulses from 303 kHz to 20 MHz with Q-switcher were in use. Ablation experiments were carried out in ambient 
air without any gas shielding for constant pulse duration 10 ps. The spot diameter was assigned by set F-Theta 
objective. It is 20 μm or 10 μm for 255 mm or 100 mm accordingly. The number of shots of LST processing 
was in rage N from 1 to 350. On the Table 1  is whole range of experimental operating parameters. 
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Table 1 Experimental operating parameters range 

Speed (m/s) 0.1-1-1.2-1.5-2-3-4-5-6-7-8 

Frequency (kHz) 303-606-800-1000-1660-2000-2500-5000-10000-20000 

Repetition rate 1-10-40-100-350 

Q-switcher (kHz) 10-20-30-40-50-60-70-80-100 

Overlap value (μm) 1-2-3-4-5-6-7-8-9-10-15-20 

Before shifted LST processing the laser spot diameter was controlled by high speed scanning of aluminum 
surface by laser sequence dotted by Q-switcher. Obtained in this way data are important for overlapping setting 
in LST sequences and heat accumulation effect diminishes. After LST processing the part of samples were 
cleaned by laser plan ablation with removing away thing destructed surface layer (~1 μm). 

3. RESULTS AND DISCUSSION 

3.1. APPLication OF Classical LST 

At processing surface of stainless steel by classical LST methods there were two problems need to be solved 
- the precision of texturing and the heat accumulation effect. These both problems are in strong interrelation. 
For high precision better to use slow speed of laser scanning, but on the over hand low speed of scanning 
decreasing overlapping at high frequency laser pulse generation and as result increasing of heat accumulation 
effect. Where are two classical possibilities of LST - line by line hatching or by scaling. The first one is more 
attractive, because it is possible to scan surface through several texturing objects in one line. But in this case 
it is impossible to use specific texturing inside of microobjects, for example if it is need to apply more laser 
pulses in the regional area (like on Fig. 2b  or Fig. 2c ). Moreover, the precision and heat accumulation effect 
stay to be unsolved, because a lot of laser pulses in short line segment are applied and as result processes 
oxidation are activated already after N = 10 repetitions (Fig. 3a ).  

The second one type of LST has independently processing for every microobject and it is give possibility to 
use specific texturing parameters inside of each of them. But, for microobjects, when the diameter is about 
100 μm, it is become really problematical. In this case it is difficult to keep precision shape with high speed of 
processing. On Fig. 3, b is shown round microobject produced by one laser beam with scan speed 8 m/s. It is 
visible, that out line has gaps and internal rounds are not correctly processed. In the case, than speed smaller, 
the microobject geometrically processed correct, but the heat accumulation effect is too high (Fig. 3c ). As 
result the oxidation process are appearing inside of textured microobject (Fig. 4 ). 

             
                                     a                                    b                         c 

Fig. 3 Classical LST processing of microobjects with diameter 50, 100 and 100 μm respectively: a - high 
speed line by line hatching, b - high speed processing with scaling hatch, c - low speed scaling hatch 
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Fig. 4  EDX spectrum for clear and laser processed surfaces 304l AISI.  The solid line is a spectrum of clear 
surface and the dotted line it is spectrum from central area of textured object processed by classical LST 

method 

3.2. Application of shifted LST 

Whole mentioned problems it is possible to overcome by shifted LST method, when whole scans makes in 
disordered time sequence lines in hatched objects. Hatch, power distribution and timing become more 
independent parameters. The first important phase for shifted LST it is defining laser system parameters for 
processing surface by distant hatch lines. It means that need to define scanning speed, frequency of laser 
pulse generation and Q-switcher gate parameters when on surface will be forming non-overlapped lines. As 
model material was used 2017 aluminum alloy, because it has minimal thermal limit for laser ablation. On 
Fig. 5  it is shown surface 2017 aluminum alloy with one laser scan contains smallest destined objects. 

 

Fig. 5  Smallest objects on the surface of 2017 aluminum alloy processed by shifted LST (optical microscopy) 

It is possible to apply the same process for every planar geometry of microobjects by shifted LST. Selected 
planar geometry has no heat accumulation effect in the case of application shifted LST. Moreover, there is 
hybrid shifted LST processing of material. It means, that shifted LST gives possibility to combine parameters 
of classic laser scanning of surface with techniques involved by shifted LST. For example there are some 
parameters of laser scanning, for cleaning up material surface by short laser pulses [13]. For 304l AISI it is 
combination of high speed scanning and frequency, than thin layer of material is removed and as result only 
clear polycrystal surface is remained. In the shifted LST it is possible to include the same scanning speed 
parameters for softly drilling of this material. In this case the bottom of keyholes and surface of textured material 
have similar structure. There are no visible heat accumulation effect, in despite of high repetition value of 
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scanning equal to 350 times (Fig. 6 ). This structure has the same EDX spectrum without oxidation peak, as 
on start surface (Fig. 4 , solid line). 

 

Fig. 6  Soft-cleaned surface of 304l AISI. Surface, obtained by shifted LST processing, with the same 
parameters of keyholes drilling as for laser cleaning, but with 350 times repetition 

The shifted LST was applied for processing of superalloy surface. It is a specific material, which has stable 
mechanical parameters in the wide temperature range [14]. In our experiments we have defined, that this 
material is more sensitive for heat accumulation effect. This feature imposes a restriction on the choice of 
parameters of laser processing and classical methods of LST become inapplicable. The shifted LST 
processing gives possibility to use soft processing of material, but superalloy surface become more and more 
sensitive for laser scans, when depth of the microobjects becomes bigger from 30 μm. 

Of course, there are many factors which are influenced on application of shifted LST, like full field processing 
area size, Q-switcher power limitation and synchronization with main frequency. But shifted LST becomes an 
essential method for laser processing of surfaces, when heat influence of overlapping is extremely undesirable. 

4. CONCLUSION 

Comparative analysis of LST processing is presented. There are three types of classical LST processing 
applied for microobjects - line by line hatching, scaling and low speed scaling. It is shown, that the best classical 
LST method with line by line hatching has basic limitation in control of processing inside of keyholes and 
repetition rate. In the case of application of high precision low speed scaling hatch involved oxidation by heat 
accumulation effect. 

It is shown, that repeated application of shifted LST method on surface of AISI alloy is not involved heat 
accumulation effect. This difference between classical LST methods and shifted LST method makes the last 
one the most attractive alternative for high speed scanning technologies, where laser processing should to 
have high precision and low thermal influence.  

ACKNOWLEDGEMENTS   

The result was developed within the CENTEM project,  reg. no. CZ.1.05/2.1.00/03.0088, cofunded by 
the ERDF as part of the Ministry of Education, Yout h and Sports OP RDI programme and, in the 

follow-up sustainability stage, supported through C ENTEM PLUS (LO1402) by financial means from 
the Ministry of Education, Youth and Sports under t he ”National Sustainability Programme” and 

project no. SGS 2013-028. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1021 

REFERENCES 

[1] SCARAGGI M., MEZZAPESA F. P., CARBONE G., ANCONA A., SORGENTE D. and LUGARÀ P. M. Minimize 
Friction of Lubricated laser-Microtextured-Surfaces by Tuning Microholes Depth. Tribology International, 2014, pp. 
123 - 127. 

[2] TANG M., SHIM V., PAN Z. Y., CHOO Y. S. and HONG M. H.. Laser Ablation of Metal Substrates for Super-
hydrophobic Effect. JLMN-Journal of Laser Micro/Nanoengineering Vol. 6, No. 1, 2011, pp. 6 - 9. 

[3] VILAR R. 1 - Laser Surface Modification of Steel and Cast Iron for Corrosion Resistance. Laser Surface 
Modification of Alloys for Corrosion and Erosion Resistance, University of Macau, China, 2012, pp. 3 - 40. 

[4] COSTIL S., LAMRAOUI A., LANGLADE C., HEINTZ O., OLTRA R. Surface Modifications Induced by Pulsed-
laser Texturing-Influence of Laser Impact on the Surface Properties. Applied Surface Science, Volume 288, 2014, 
pp. 542 - 549.  

[5] CHENG J., PERRIE W., EDWARDSON S.P., FEARON E., DEARDEN G., WATKINS K.G.. Effects of Laser 
Operating Parameters on Metals Micromachining with Ultrafast lasers. Applied Surface Science 256, 2009, pp. 
1514 - 1520. 

[6] KIBRIA G., DOLOI B., BHATTACHARYYA B. Investigation into the effect of overlap factors and process 
parameters on surface roughness and machined depth during micro-turning process with Nd:YAG laser. Optics & 
Laser Technology. 60, 2014, pp. 90 - 98. 

[7] BAUER F, MICHALOWSKI A, KIEDROWSKI T, NOLTE S. Heat accumulation in ultra-short pulsed scanning laser 
ablation of metals. Opt Express. Jan 26; Vol. 23, No. 2, pp.1035 - 1043. doi: 10.1364/OE.23.001035.  

[8] DI NISOA F., GAUDIUSOA C., SIBILLANOA T., MEZZAPESA F.P., ANCONA A., LUGARÀ P.M. Influence of the 
Repetition Rate and Pulse Duration on the Incubation Effect in Multiple-shots Ultrafast Laser Ablation of Steel. 
Physics Procedia, Vol. 41, 2013, pp. 698 - 707. 

[9] ANCONA, A.; DÖRING, S.; HÄDRICH, S.; LIMPERT, J.; NOLTE, S.; TÜNNERMANN, A.QUELLE, LIU, X. Critical 
Performance Aspects of Ultrashort Pulse Laser Materials Processing at High Repetition rates and average 
powers. 29th International Congress on Applications of Lasers & Electro-Optics (ICALEO), Anaheim, CA, USA 
(2010). pp. 716-722. 

[10] CORBARI C., CHAMPION A., GECEVIČIUS M., BERESNA M., BELLOUARD Y. AND KAZANSKY P. G. 
Femtosecond versus picosecond laser machining of nano-gratings and micro-channels in silica glass", Opt. 
Express, Vol. 21, Feb, 2013, pp. 3946-3958. 

[11] http://www.edge-wave.de/web/en/technologie/innoslab/ (accessed 30 April 2015) 

[12] http://www.scanlab.de/link/en/6521296 (accessed 30 April 2015) 

[13] APOSTOL I., APOSTOL D., DAMIAN V., IORDACHE I.; GAROI F. et al. Laser removal of thin layers for surface 
cleaning. Proc. SPIE 7007, INDLAS 2007: Industrial Laser Applications, 70070I, 2008, pp.  70070I-1 - 70070I-5. 
doi:10.1117/12.801968 

[14] POLLOCK T. M., TIN S. Nickel-based superalloys for advanced turbine engines: chemistry, microstructure and 
properties. J. Propul. Power 22, 2006, pp. 361-374. 

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1022 

THE ASSESMENT OF CORROSION IMPACT ON MECHANICAL PRO PERTIES CHANGE OF 
STEEL FASTENERS PROTECTED BY DIFFERENT ZINC COATING S - STAGE 1 

SZŁAPA Ilona1,2, JĘDRZEJCZYK Dariusz2, SKOTNICKI Wojciech2  

1BISPOL SA, Bielsko-Biała, Poland, EU, iszlapa@bispol.com.pl  
 2University of Bielsko Biała, Bielsko - Biała, Poland, EU,  
djedrzejczyk@ath.bielsko.pl, wskotnicki@ath.bielsko.pl   

Abstract 

In the work fasteners - screws M8*80 made of carbon steel 23MnB4 were being examined that are 
conventionally protected against the corrosion by zinc galvanizing. The research aim was to compare the 
lifetime/effectiveness of different zinc coatings (galvanic, hot-dip and lamellar), as the anticorrosion protection 
of steel fasteners.  The first research stage consisted in determination a point of reference -   kinetic of the 
screws corrosion process without a protective coating in the climatic chamber, in neutral salt fog according to 
PN-EN ISO 9227. Both loss of mass and pitch diameter reduction were measured.  Next, a change of 
mechanical properties was determined performing the static tensile test using samples taken after the 
individual stages of experiment (0 h, 360 h, 624 h, 672 h, 744 h, 888 h, 1000 h). Additionally to enable the 
more detailed description of the kind and the mechanism of the corrosion from studied fragments of elements 
the metallographic micro-sections were prepared, on which microstructure and hardness changes were 
determined. The conducted tests showed that the examined corrosion process apart from essential changes 
of mass caused also the significant reduction of mechanical properties. In further research the influence of 
individual types of zinc coating on the kinetics of corrosion process will be presented. 

Keywords:  Fasteners, zinc coatings, corrosion kinetic 

1. INTRODUCTION    

Problems concerning durability of materials in natural and artificial environments are extremely important in 
designing steel structures and metal parts of machines. Corrosion damage is one of the main sources of 
material loss and a cause of environmental pollution. 

As far as the durability of steel constructions is concerned, corrosion has significant importance as it leads to 
changes in chemical composition of the material that is being affected by the atmosphere. Corrosion makes 
construction materials oxidation which in turn causes cracks, pits, etc. The combination of tensions with 
corrosion existed at the same time in fasteners make cracks and pits propagation more quickly. Internal 
tensions existing in the screw joint lead to fatigue corrosion. This kind of corrosion (trans crystalline process) 
is difficult to detect which makes impossible to prevent faults caused by such corrosion. Corrosion effects 
depend on the kind of material and how aggressive the environment is. They can cause lowering of mechanical 
properties even by 50%. This phenomenon is particularly dangerous for fasteners that have increased 
mechanical durability Rm > 1000 MPa [1].  

Problems with corrosion of steel constructions make multimillion losses every year, in the USA alone such 
losses cost amount to $276 billion per year, which is 3.1% GDP. Together with prevention cost, the losses are 
about 7% GDP. For economies like the Polish one, annual financial losses may even reach PLN 100 billion 
[2].  

In developed countries special programs are set up to limit corrosion in certain industry and infrastructure 
domains. In 2009 World Corrosion Organization (of which The Polish Corrosion Association is a general 
member) was established, and its aim is to combine effort and achievements in fighting corrosion and 
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spreading knowledge on this subject. That is why proper anticorrosion protection, which prolongs life and 
reduces the exploitation costs, is becoming a priority for each economy. 

There are many protection methods against corrosion, such as structural, material, electrochemical, inhibitor 
and coating protection. When it comes to protection of steel constructions, coating protection plays a key role. 
Modern anticorrosion systems must be durable, environment friendly, and economy oriented. Anticorrosion 
protection of steel constructions consumes huge costs [3]. 

Both fatigue and hydrogen corrosion is the causes of many building disasters [4]. In the available literature, 
we encounter studies regarding the influence of construction mistakes made at the stage of building 
construction designing. Incorrect choice of fasteners and the way of their fixing exerts essential influence on 
premature corrosion centres creation, and as a result mechanical durability of the whole construction is 
reduced [5]. Also Królikowska - member of the Polish Corrosion Association points out in her research papers 
that necessary is to pay attention to the importance of anticorrosion protection in building process. However, 
in the analysed literature, it is difficult to find detailed information concerning the influence of corrosion on 
mechanical durability of heat treated screws joints.  

There is also limited information available regarding the analysis of proper anti corrosion protection technology, 
where production parameters would not have a negative effect on the mechanical properties of fasteners. The 
assessment of the efficiency of anti-corrosion protection of zinc coatings applied with various techniques has 
been investigated by the authors before [11,12]. 

2. THE OWN INVESTIGATIONS 

2.1.  Research facility  

The investigation were conducted using as the object the bolts made of steel 23MnB4 (with chemical 
composition presented in Table 1 ), acc. to standard PN-EN ISO 989-1, with dimensions M8x80, subjected to 
heat treatment on class 8.8 inside the hardening furnace type of Band-Muffle with protective atmosphere  
N2 + 1%/vol C3H8. The temperature of heat treatment was 900 oC, the time treatment - 40 min., oil cooling rate 
80 oC/s, tempering temperature - 480 oC, the holding time 55 min.  

The results of bolts corrosion tests without anticorrosion zinc coating (galvanic, hot-dip, lamellar and thermo-
diffusion) are a point of reference for the assessment of protective zinc coatings effectiveness and will be the 
supplement to the database of the knowledge regarding the proper selection of galvanizing technology to the 
specific application.  

a)                                                     b)                                                   c)  

     

Fig. 1 The screws M8x80 appearance: a) - before corrosion test, b) - after corrosion test, c)- after cleaning 
the surface - removal of corrosion products 
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Table 1 Chemical composition of 23MnB4 steel  

ng* - not given 

2.2.  Preparation of test samples 

For research test 18 pcs. of bolts from one production batch were taken. Bolts were divided into  
6 groups of 3 pcs each and placed into a salt spray chamber (type ASCOT capacity 1000 l, the company 
laboratory of F.Ś. BISPOL S.A.). The corrosion test were performed acc. PN-EN 9227:2012 standard [7]. The 
tests parameters were as follows: test solution - NaCl 50 +/- 5g/dm3, solution density: 1.035 g/cm3, condensate 
density: 1.033 g/cm3, solution pH: 6.7, air pressure: 1 bar, temp. inside chamber: 35 oC. After taking out from 
the chamber bolts were cleaned (12 % HCl with 0.1 % corrosion inhibitor) and directed for the next 
investigations. 

3. METHODOLOGY AND THE RESEARCH RESULTS   

3.1. Samples physical parameters and mechanical pro perties  

The measurements were performed at the laboratory of F.S. BISPOL SA company, using tensile testing 
machine ZD-40 made by WMW. The bolts were tested in sets 3 pcs after the corrosion time: 360, 624, 672, 
744, 888 and 1000 h and the results were averaged [8]. Beside Rm, Rp 0.2 also Rockwell hardness was 
measured. The corresponding results are presented in Table 2  and Fig. 2 .  

Table 2 Mechanical properties of investigated screws 

BOLT -  grade 8.8 M 8X80, MATERIAL - 23MnB4 

Test/tolerance 
value  Measure unit Before test 

Time of corrosion process 

360 h 624 h 672 h 744 h 888 h 1000 h 

Rm  [800-1000] MPa  929 909 878 871 855 854 830 

Rp0,2  [min 640] MPa  776 825 811 805 741 792 761 
Rockwell hardness  

[22-32] HRC  29 28 28 29 27 27 27 

 

 

Fig. 2 Influence of corrosion on the tensile strength change 
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Additionally during the experiment the physical parameters describing the corrosion kinetic were measured: 
the weight of samples before and during the NSS test, pitch diameter measurement. Achieved results are 
presented in Figs. 3, 4 .  

 

Fig. 3 Weight change during the corrosion process 

 

Fig. 4 Pitch diameter change during the corrosion process 

Vc = Δm/S = 1049.9523 g/m 2 [9] 

Vc - unit of weight loss - weight loss expressed per 1 m2 of the test [g/m2] 

Δm - the difference in weight of the sample before and after the test corrosion [g] 

S -area of the samples [m2]  

3.2.  Metallographic investigations 

Metallographic investigation was conducted for all samples. Metallographic specimens were prepared in 
classic way. The observation was realized using optical - LM microscope. Results are presented in Fig. 5 . 
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Fig. 5  The cross section of corroded samples: a, b - after 1000 h, c, d - after 672 h 

            

 Ƭt = Q/S = 4Q/π d2 n ≤ k t 

 Fig. 6  The equation to screw joint shear strength calculation [6,8] 

4. RESULTS DISCUSSION 

The starting point to own investigation results analysis is screw joint presented in Fig. 6  which shows shear 
forces acting on a fastener where the minimum Q force causes rupture. Q force for the class 8.8 fastener is 
equal to 29 200 N [8].  

Considering the graph of the relationship of the pitch diameter change in time, it has been observed that after 
1000 h the sample pitch diameter decreased by 5% in relation to the sample diameter before the test, and 
after 1000 h the pitch diameter value is out of the acceptable tolerance for the construction of the fastener 
assessed in the NSS test [8]. Generally, basing upon the achieved corrosion kinetics (Figs. 2 - 4 ) two different 
stages of corrosion processes can be clearly distinguished. Up to 888 h the corrosion process runs uniformly, 
and after 888 h the rate of corrosion process increases drastically. This has also been confirmed by the results 
of measurement of screw weight loss, where the graph of the relationship of weight loss to the time of the test 
in the range from 0 to 88 h (R2 = 0.9225) satisfy a logarithmic dependence, whereas in the range from 888 to 
1000 h the relationship satisfy a linear dependence. This phenomenon is explained by the microscopic 
investigation of the cross-section Fig. 5a, b , where numerous pitting corrosion points have been observed in 
the range from 888-1000 h. Minimum tensile strength value - Rm measured in the sample before the test was 
927 MPa, and after 1000 h Rm decreased by 97 MPa, which is equal to 11% of the starting value, and means 
that the Rm value for the fastener is in the lower range of acceptance according to the constructors’ 
recommendations [8]. The decrease in Rm value satisfies a linear trend in entire experiment time range (R2 = 
0.9548), that is why we can assume, that further influence of the corrosion environment will decrease the Rm 
value below 800 MPa after 1300 h. Analysing the equation in Fig. 6  and taking into consideration the Rm and 
d - pitch diameter values measured during the test, it can be stated that there is a linear relationship between 
the pitch diameter and the shear stress value. The decrease in pitch diameter causes an increase in shear 
force leading to faster rupture.   

Ƭt - shear stress 

Q -  the force acting on the screw 

S -  the active screw area  
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5. CONCLUSIONS  

On the basis of conducted preliminary examinations it is possible to express the following conclusions: 

• For bolts made of low carbon alloyed steel and subjected to heat treatment, the corrosion environment 
has a significant influence on the strength of calculated joint  

• As a result of corrosion tests in salt chamber after 888 h, the pitch diameter of the analyzed bolts 
decreased below the lower tolerance limit, also tensile strength value Rm decreased essentially, which 
makes the shear forces more dangerous to the projected screw joint  

• Considering different zinc coating (galvanizing, hot-dip, lamellar, thermos-diffusion) as the anti-corrosion 
protective layers of screws joints only with reference to hot-dip zinc coating the special requirements can 
be formulated 

• Using the hot-dip zinc galvanizing it is necessary to remember about change the thread division tolerance 
because the thickness of hot-dip zinc coating is higher than  60 µm and in the case of normal tolerances 
will result in lack of assembly possibility 

• Hot-dip zinc galvanizing process should be conducted in max. 480 oC, because this parameter can’t be 
higher than screws tempering temperature 
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Abstract  

Research were focused to different zinc coatings quality put on iron alloys (cast iron, steel). In the paper the 
galvanic, hot-dip and lamellar zinc coatings were compared. The complex investigation method consisted in 
proper coating preparation (in industrial conditions) on specially prepared samples and evaluation of surface 
state/topography that has essential influence on other coatings specific properties, like corrosion resistance, 
wear resistance, resistance to mechanical damage, etc. Additionally also mechanical, tribological and 
anticorrosion properties were determined (in other paper). For surface/topography state evaluation three 
different methods were used: contact profile recording instrument  Perthometer Concept (MAHR) with 3D 
software, PhaseView optical assembly for 3D surface scanning and MarSurf WS 1 - the high-precision, non-
contact measurement of surface texture using the principle of white-light interferometry. During tests the basic 
parameters describing roughness and waviness together with isometric surface image were determined. 
Advantages and disadvantages of each method were compared. It was stated that although the most precise 
results are achieved by contact profilometer application also using the ZeeScan system enable the reliable 
surface evaluation but in much shorter time.   

Keywords:  Zinc coatings, surface topography, hot-dip zinc coating, galvanizing, lamellar zinc 

1. INTRODUCTION 

Zinc coatings are still the best and the most effective anticorrosion protection of Fe-C alloys [1]. The most 
important advantage of zinc as the steel and cast iron rustproofing is its protection mechanism that consist in 
providing on one hand a tight barrier on the other the cathodic protection for the underlying Fe-C alloy. The 
effectiveness of this cathodic protection is dependent on the type of coating, its structure and thickness and 
kind of the underlying alloy, as well as on the area of damage. Because the galvanized elements of 
constructions and machines very often undergo mechanical damages both during the assembly, as well as 
the operation apart from anticorrosion also tribological properties of coatings are very important. The most 
often parameters being characteristic for wear resistance zinc-coatings are friction coefficient and hardness 
[1]. Also surface state/topography exerts essential influence on coatings specific properties, like corrosion 
resistance, wear resistance, resistance to mechanical damage, etc. There is practically four zinc coating 
methods used in industrial conditions: the hot-dip zinc galvanizing, zinc electro-galvanizing; lamellar technique, 
sherardizing (thermo-diffusion) [2]. The essential difference between these coating regards lamellar zinc 
coating which does not demonstrate of cathodic protection, unlike the other three coatings, and behaves 
similarly to powder coating, where breaking the protective layer continuousness leads to quick occurrence of 
corrosion point. Moreover, the smoothest surface is usually created on the electro-galvanized materials that 
can be applied in the next step for a high quality paint finish - Fig. 1 . Despite the fact that the above methods 
are applied for many years a research on its’ technique improving and more precise describing the mechanism 
is still being conducted [3-5]. 

 

a)                                                         b)                                                        c) 
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Fig. 1 The cross section of different Zn coatings (scanning microscope): a - galvanic, b - hot-dip, c - lamellar 
(own investigation) 

Various instruments are available for the roughness measurement. Generally, the measurement technique 
can be divided into two broad categories: a contact type in which during measurement a component of the 
measurement instrument actually contacts the surface to be measured; and a noncontact type [6]. For 
surface/topography state evaluation of coatings investigated in presented paper three different methods were 
used: contact profile recording instrument  Perthometer Concept (MAHR) with 3D software, PhaseView 
ZeeScan optical assembly for 3D surface scanning and MarSurf WS 1 - the high-precision, non-contact 
measurement of surface texture using the principle of white-light interferometry. Mahr's Perthometer Concept 
is a popular measuring system for contact measuring surface roughness, waviness and form measurements 
[7]. ZeeScan device is advanced attachment to optical microscopes for fast and precise 3D acquisition. 
ZeeScan uses a proprietary PhaseView optical assembly for 3D scanning, integrating the advances of digital 
lens technology for accurate and highly repeaTable 3D acquisition. ZeeScan is supplied with GUI software 

GetPhase [8] that enables 2D/3D acquisition: 2D, Z-stack, 3D roughness, 3D shape. Multiple display modes: 
3D, phase contrast, DIC, darkfield, image fusion (extended depth of field) 2D/3D analysis tools : profiles, step 
height, roughness, etc. 3D roughness measurement: relies on proprietary wave-front technique, for measuring 
surface topography in reflection. The algorithm processes a set of 2 or more images acquired within objective 
depth of field. This method is particularly useful for measuring small surface variations, when sample features 
are all in-focus, within depth of field of the selected objective. The 3D reconstruction is determined by the 
maximum slope constraint; samples with steep slopes require high objective magnification as related to 
objective numerical aperture (NA). 3D Shape Measurement: relies on detecting local contrast on Z image 
series for measuring depth map of an object. The algorithm processes Z-stack images acquired beyond the 
objective depth of field. This method is well adapted to samples having surface variations beyond objective 
depth of field. 3D reconstruction is performed when samples exhibit some texture along the Z image planes.  

MarSurf WS 1 is recommended by producer because of the following advantages: short measuring times of 
only a few seconds, compact and simple design, accurate results achieved thanks to 0.1 nm vertical resolution, 
possibility of application both in the workshop and laboratory [7]. The design is similar to that of a traditional 
interferometer, but uses interferograms at various scan depths white light instead of coherent light. White light 
has a short coherence length and therefore shows excellent properties for measuring surface topographies. 
In contrast to traditional interferometry, height information can be clearly assigned in the case of height steps 
in the test specimen [7].  

The aim of presented investigation was to verify if the Phase View (Zee Scan) system can be used for 
roughness and waviness measurement of different zinc coatings. 
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2. EXPERIMENTAL 

2.1.  Investigation methodology 

The methodology of zinc coatings investigation applied in the investigation is presented in Fig. 2 , i.e. 
roughness parameters are measured twice: after base steel/cast iron surface preparation and after zinc coating 
creation. 

 

 

 

 

  

 

 

 

 

Fig. 2  The methodology of zinc coating investigations 

2.2.  Samples preparation technique  

The experiment regarded the grey cast iron grade EN-GJL-250 (3.28 %C, 1.72 %Si, 0.62 %Mn, 0.06 %P, 0.05 
%S) and DC01 steel (0.075 %C, 0.030 %P, 0.036 %S, 0.50 %Mn, 0.030 %Al, 0.055 %Si, 0.056 %Cu, 0.010 
%Cr, 0.028 %Ni, Fe - the rest). Samples were divided in three groups and directed to the galvanizing process 
(thick chromate coating was used), hot dip and lamellar. Zinc coating was conducted in industrial conditions. 
Electro-galvanizing acc. PN-EN ISO 4042 [9] - chemical degreasing, temp. 60 oC, etching in 18 % HCl and 10 
% H2SO4 with inhibitors, degreasing and electro-polishing, temp. 60 oC, 1000 A, galvanization in the weak acid 
chlorine Zn bath, temp. 35 oC, pH 5.1; deposition of conversion coating - jons Cr3+, Co2+, NO3-, temp. 45 oC, 

pH 1.9; Hot-dip acc. PN-EN ISO 10684 [10] - etching in 12 % HCl, fluxing, galvanizing in the bath: Zn with 
additions Al, Bi, Ni; temp. 460 oC, time 1.5 min, cooling in water. Lamellar acc. PN-EN ISO 10683 [11] - 
shotblasting 0.4 mm, triple painting (95 %Zn, 5 %Al), temperature holding in 120 oC, cooling to temp. 25 oC - 
air jet. Zinc plated samples were subjected to the following investigations: roughness measurement - the 
topography after coating creation (three different methods: contact profile recording instrument Perthometer 
Concept (MAHR) with 3D software, PhaseView ZeeScan optical assembly for 3D surface scanning and 
MarSurf WS 1); microscopic observations - optical microscope Axiovert 100A.   

3. ANALYSIS OF RESULTS 

Every three applied methods enable complex surface description/characterization by the parameters regarding 
both profile (Ra, Rq, Rsk, Rkv, Rv, Rp, Rt, Rz) as well as isometric surface image (Sx). Beside this ZeeScan 
system offer image acquisition in bright and dark field, phase contrast, DIC, step height, and histogram. The 
equipment possibilities are a function of applied objectives - see Table 1 . For other magnification and adapter 
parameters (standard magnification. is 1x), the following formulas can be applied: Z Range = 16mm / (ObjM • 

adaptM)2, Z Resolution = Objective depth of field / 4 (ObjM = Objective magnification; adaptM - adapter 
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magnification.  An examples of recorded images and surface topography are presented in Fig. 3 . Tested 
samples - steel after polishing and cast iron after turning reveals wide range of roughness values - 0,05- 4,89 

μm - Fig. 4 , Table 2 . 

Table 1 The optical parameters range of ZeeScan system  

Measurement 
parameters 
range, μm 

Objective magnification/numerical aperture 

5x/0.15 10x/0.30 20x/0.50 50x/0.75 100x/0.9 

X axis  1398 699 350 140 70 

Y axis  1136 568 284 114 57 

Z axis  728 182 45 7.3 1.8 

Min. Z interval  0.364 0.091 0.023 0.004 0.001 

Depth of field 35.43 7.47 3.08 1.27 0.84 

a)       b) 

 

 

 

 

 

c)       d) 

 

 

 

 

 

e)       f) 

 

 

 

 

 

g)       h) 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1032 

 

 

 

 

 

 

Fig. 3 The view of surface and isometric image of investigated coatings acquired by ZeeScan system:  
a, b - Zn galvanized steel; c, d - Zn galvanized cast iron; e, f - Zn hot-dip galvanized cast iron; g, h - lamellar 

Zn coating on cast iron 

a)       b) 

 

 

 

 

 

 

 
Fig. 4 Roughness values comparison measured on different Zn surfaces by different methods:  

a - Perthometer Conc., b - ZeeScan 

Table 2 The average roughness values determined during tests 

Method of measuring Average surface roughness Ra, μm 

Galvanic - steel Galvanic (CI) Lamellar (CI) Hot-dip (CI) 

Perthometer Conc. 0.05 1.02 1.94 4.89 

ZeeScan 0.05 1.07 2.01 3.86 

MarSurf WS 1 0.06 n.d. n.d n.d 
CI - means cast iron; n.d. - not determined 

The achieved results that describe/characterize surface state are an appendix/supplement to complex analysis 
of different zinc coatings: galvanizing, lamellar, hot-dip and thermo-diffusion (investigation in progress). The 
tested optical system is very sensitive and reproduces in details even small scratches visible on the Zn 
galvanized surface (see Fig. 3a, b ). Moreover the combination of microscopic observation with topography 
evaluation enables the proper coating characterization especially when on the surface exist traces of previous 
mechanical treatment, like turning - Fig. 3c, d . The Ra value measured for the entire surface of galvanized 

cast iron (1.02-1.07μm) is here much higher than typical value for galvanic coating because of the influence of 
the base cast iron surface quality and especially deep grooves and valleys remaining after turning. Ra values 

measured in right top corner of Fig. 3c  is about 0,5μm whereas roughness measured across grooves reaches 

value 2.5 μm. So, it means that although the contact profilometer gives appropriate information about surface 
quality in some cases such characterization is not adequate to coating parameters. There is no such problems 
regarding hot-dip Zn coating because the analyzed surface is more homogeneous - all the after-turning 
scratches and grooves are filled with Zn - Fig. 3e, f . The application of optical systems for surface evaluation 
requires the proper parameter fitting. If the objective focus depth is too small, the higher parts of valleys and 
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peaks will be cut and the measured parameters will be charged by the relatively high error - Fig. 3g, h  - lamellar 

coating, objective 50x, Ra = 1.4μm (instead of 2.01μm). The average roughness values presented in Table 2 

confirms that using optical system we can achieve reliable results regarding coatings surface topography. 
Roughness values are practically on the same level. A small differences can results from surface diversity. 
According to the supplier/producer specification ZeeScan system offers the following measuring possibilities: 
Ra, Rq range: 0.01-500 µm; measuring accuracy: ±10 %; repeatability: less than or equal to 6 % [7]. Roughness 
values presented in Fig. 4  and Table 2  confirms that the determined deviation is on the similar level. Moreover, 
a contact-type instrument may damage soft surfaces when a sharp stylus tip is used. On the other hand non-
contact measurement of surface texture using the principle of white-light interferometry can be used mainly to 
very smooth surfaces and also in this case the measurement deviation is about 10 %. 

4.  CONCLUSIONS 

1) The Zee Scan system enables getting the reliable results regarding the roughness and waviness of 
different zinc coating put on steel. At the correctly selected optical system parameters deviation from 
roughness values measured by contact profilometer is slight and doesn’t exceed 10%. 

2) The research possibilities of the Zee Scan system are limited by properties of applied optical systems, 
from the other side the recorded image enlarge research possibilities (image acquisition in bright and 
dark field, phase contrast, DIC, step height, and histogram). 

3) Additional advantage of the system is achieving the focused image in the whole range of depth of focus 
depending on the objective kind and illumination intensity. 

4) A next attribute of the system is the possibility of its adaptation to other kind of microscopes - e. g. 
stereoscopic, that essentially increase its application. 

5) The non-contact measurement of surface texture using the principle of white-light interferometry can be 
used mainly to very smooth surfaces and even in such case relatively high measure deviation is 
possible. 
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Abstract   

The inclusions size in context fatigue properties of plasma nitriding steel was studied. The size of inclusion, 
such as geometry and location, has remarkable influence to fatigue properties of steel 41CrAlMo7-10. The 
samples were shaped by turning operations and subsequently grinded to prescribe values of a standard test 
bars. Next technological operation was heat-treatment, such as normalizing, quenching and tempering. 
Plasma nitriding technology as a diffusion technology used to formation of nitrided layers on surface of heat-
treated steel. Plasma nitriding technology is effective method usage in practise especially due to increasing of 
surface hardness, corrosion resistance and fatigue strength. The samples were subjected to the fatigue 
bending rotation tests.  

Keywords: Plasma nitriding technology, fatigue test, inclusions 

1. INTRODUCTION     

Plasma nitriding technology is a thermo chemical procedure based on diffusion of nitrogen into the surface of 
steels. This diffusion process is based on the solubility of saturated nitrogen in crystal lattice [1]. The saturation 
of nitrogen cause the formation of positive nitrides on surface and or course the formation of diffusion layer. 
The thicknesses of nitride layers is dependent on chemical composition of nitride formed elements [2]. 

Nitriding equipment is essentially a vacuum container (recipient), where is the container wall connected as the 
anode, while the nitrided component must by plugged in the cathode. The largest voltage drop occurs in a few 
millimeters from the surface of the component, this fact is appeared as light emitting of glow discharge. The 
electric field creates around of surface of batch glow discharge which causes the ionization of gas or mixture 
of gases, a.g. N2, H2. Positive ions are accelerated towards the batch, impacting on it with high kinetic energy. 
Part of the incident ions is converted into heat, heating the batch evenly. Temperature of the component in the 
plasma nitridation furnace, as in the other the diffusion methods, is crucial because the diffusion coefficient 
heavily depends on [2]. 

The formation of the nitride layer on surface of material can be essentially controlled allows to ensure the 
changes of process parameter as voltage, temperature, surface current density, pressure, composition of 
atmosphere and nitriding time during plasma nitridation [2]. 

The experiments were focused on steel 41CrAlMo7-10. The samples were classified into two groups (A10 and 
A30). Two series of samples were heat treated and plasma nitrided under different environment conditions in 
the Rübig PN 60/60 furnace. The experiment proceeded testing in fatigue three-point bending rotation tests. 
The fatigue tests were performed on Instron R.R.Moore L2568 machine. Methodology of testing was in 
accordance with Czech standard [3] and statistical evaluation of fatigue test results was in accordance with 
Czech standard [4]. Fatigue fractures was documented and evaluated by using REM electron microscope 
Tescan Vega TS 5135. 
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2. EXPERIMENT DESCRIPTION 

The experiment work consisted of sample preparation, fatigue tests with statistical evaluations and fracture 
analysis. For experiment two series of samples (A10 and A30) were used. The differences between series of 
samples are evident in Table 2 . 

2.1. Sample preparation   

Standard test bars samples were made from steel rods of diameter 25 mm. The experimental samples were 
turned and grinded to prescribe values of a standard test bars. Diameter of fixture portion was 7,61 mm and 
diameter of experimental portion was 5,2 mm. Accuracy of production was 0,01 mm. 

Chemical analysis was performed by the optical emission spectrometry GDOES (Glow Discharge Optical 
Emission Spectrometry) on SA 2000 Leco instrument. Optical emission spectrometry is suitable for the 
analysis of all conductive metallic materials and is based on excitation of atoms sputtered from the surface of 
the sample material by the effect of glow discharge. The measured results are given in Table 1 . Calibration of 
the spectrometer was performed using CKD 150A up to 189A etalons. 

Table 1  Chemical composition of testing steel 41CrAlMo7-10 

Element  C Mn Cr Mo V Cu Si P S 

Wht % 0.31 0.38 2.25 0.21 0.28 0.05 0.25 0.007 0.009 

Experimental samples were heat-treated. The parameters and procedure of heat-treated operation are given 

in Table 2 . In case of plasma nitriding was an environment inverted.  

Standard DIN 50190 [5] was applied in the thickness measurement of nitrided layers. The microhardness and 
the depth of the nitrided layer was evaluated on automated testers LM247AT LECO with AMH43 software. 
Test load was set at 50 g. The particular microhardness values are plotted in the graph Fig. 1, from which can 
be effectively identified the limit hardness of the layer. Counted value express the hardness of the base material 
increased by 50 HV [1]. In accordance with DIN 50190 standard [5] was following equation used for calculation 
of nitrided layer thickness X (1). 

( )( ) 5010*1,0* += YX              (1) 

Where, X is nitrided layer thickness in mm, Y is the average microhardness number from five indentation´s 
patterns in HV 0.05 [kg].  Depth of the nitrided layer is practically determined by 20 indentations, the first of 
them starts closest to the edge of the sample. Spacing of individual indetations was set from 0.01 mm to 1 mm. 

Table 2 Samples heat treatment procedure  

Technology 
Series of 
samples 

Temperatur
e [°C] Time Environment U [V] Pressure 

[Pa] 
Pulse length 

[µs] 

Normalizing A10, A30 900 25 min air ----- ----- ----- 

Quenching  A10, A30 930 25 min oil ----- ----- ----- 

Tempering A10, A30 640 40 min oil ----- ----- ----- 

Nitriding  
A 10 500 10 h 8:24 (H2:N2) [l/h] 530 280 120 

A 30 500 10 h 24:8 (H2:N2) [l/h] 530 280 120 
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2.2. Fatigue tests 

Fatigue tests were done under the same conditions in a controlled environment in case of two series of samples 
marked as A10 and A30 according to the CSN 42 0363 standard [3]. Fatigue tests were performed on a Instron 
R. R. Moore L2568 test machine. Each serie included 15 samples and 3 samples were tested on each loading 
level with interval 15 MPa between loading levels [3]. 

2.3. Fracture analysis   

Fracture analysis were performed on a REM electron microscope Tescan Vega TS 5135. The analysis 
consisted of observation fracture and measuring an inclusions. An inclusion, such an initiation place, has a 
direct influence on the method and speed of propagation of fatigue cracks. Effects of inclusions to the fatigue 
limit were discussed mainly in works of Murakami [6]. For the value of stress intensity factor on the surface of  
ellipsoidal inclusion  KImax in [MPa.m0,5 ] he deduced the formula: 

p
A

ax
K ...65,0

Im
πσ∆≈∆  ,            (2) 

where Δσ [MPa] is the applied stress range and Ap [m] is the area of the inclusion projected on a plane 
perpendicular to the loading direction [7]. Based upon ΔK value is the driving factor for the crack growth rate, 
there is a tendency of dependence between applied stress range and fatigue live represented by numbers of 
cycles to fracture machine parts [8]. 

3. DISCUSSION OF RESULTS 

3.1. Sample preparation   

The surface microhardness value was measured on the cross-sectional samples at precisely defined distances 
from the surface. The obtained values are presented as a funciton of distance from the surface see Fig. 1. All 
measurements were done under the same conditions, including sample preparation. Microhardness 
measurement was done on every sample dependent on the distance from edge. According to DIN 50190 [5] 
was microhardness profile of the nitride diffusion layer evaluated. The microhardness value of serie A10 has 
390 HV0.05 in depth 264 μm below the surface and the microhardness value of serie A30 has 383 HV0.05 in 
depth 227 μm below the surface. The depth 264 μm (serie A10) and 227 μm (serie A30) expresses transition 
between diffusion layer and core of material.  

A thinner diffusion layer in case of A30 serie beside serie A10 was caused by an inverted the environment in 
the plasma nitriding process. According to Table 2  had serie A30 three times less nitrogen in plasma nitriding 
process than serie A10. 

3.2. Fatigue tests 

In accordance with CSN 42 0368 standard [4] two Wöhler`s S-N curves were created and results are given on 
Fig. 2 . The curves expressed the influence of the plasma nitriding on fatigue life. Wöhler`s curves show 
dependence between Stress amplitude σa in MPa and Number of cycles displayed in logarithmic coordinate. 

The Wöhler`s S-N curves were obtained after 15 tested samples for both of series of samples A10 and A30. 
The fatigue life value was for serie of samples A10 caltulated at level 665 MPa and for serie of samples A30 
at level 660 MPa. It can be concluded according to the principle of the fatigue life values calculation in 
accordance with Czech standard [4] the values of fatigue life of both series of samples A10 and A30 are equal. 
Not less important on Fig. 2  is area of fatigue strength for finite life. It is inclination part of Wöhler`s S-N curves. 
Area of fatigue strength for finite life of series A10 and A30 is equidistant. The distance between inclination 
parts of Wöhler`s curves is approximately 15 MPa of series A10 and A30. 
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Fig. 1 Avarage microhardness trend HV 0.05 serie of samples A10 and A30 

Fig. 2 Wöhler‘s S-N curves serie of samples A10 and A30 
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3.3. Fracture analysis   

Measuring and documenting of inclusions geometry was performed by REM electron microscope Tescan Vega 
TS 5135. Sample of inclusion series A10 see Fig. 3  and series A30 see Fig. 4  are displayed. Inclusions 
involves different geometry as a cubic or spherical. For calculation progress of stress intensity factor ΔK see 
Fig. 5 series of samples A10 and A30 is necessary to know value of inclusions area.  

         

Fig. 3  Inclusion serie A10, magnifiacation 4000x SE  Fig. 4  Inclusion serie A30, magnifiacation 2000x SE 

 

Fig. 5  Progress of stress intensity factor ΔK series of samples A10 and A30 

Values of stress intensity factor ΔK series of samples A10 and A30 were calculated according to the equation 

(2). The trend of dependence stress intensity factor ΔK is decreasing on increasing number of cycles see 
Fig. 5 . It follows dependence decreasing area of the initiation inclusions with decreasing stress on increasing 
number of cycles to fracture. Stress intensity factor ΔK trend is in accordance with Wöhler`s   S-N curves trend 
in Fig. 2 .  
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4. CONCLUSION 

The paper was focused on evaluation of fatigue of plasma nitrided samples. The samples were divided into 
two groups based on environment plasma nitriding conditions marked as A10 and A30. Each group had 15 
samples. Plasma nitriding process duration for series of samples A10 and A30 was 10 hours. 

The value of microhardness trend of series A10 and A30 were evaluated on automated testers LM247AT 
LECO with AMH43 software. The depth of diffusion layers equals 264 μm in case of series A10 and 227 μm 
in case of series A30. The fatigue tests series A10 and A30 were performed on Instron R.R.Moore L2568 
machine. Resulting Wöhler`s curves were equidistant. Values of fatigue life was for serie A10 determined at 
level 665 MPa and for serie A30 was value of fatigue life determined at level 660 MPa. Using a revers 
environment in plasma nitriding proces in case of serie A30, fatigue life is almost identical as in case of serie 
A10. In ratio 1N2 : 3H2 environment serie A30 were used three times less nitrogen then in case of serie A10. 

Fracture analysis were performed by REM electron microscope Tescan Vega TS 5135. Values of inclusions 
cross section were determined. Based on the cross section inclusion and Murakami`s formula were values of 
stress intensity factor ΔK series of samples A10 and A30 determined. Dependence ΔK - stress intensity factor 
and Fatigue life in cycles show in case of:  

• gas ratio 3H2 : 1N2 (serie A30) low content of nitrogen caused decreasing of critical geometry of initiation 
inclusion. The geometry of inclusion was observed smaller the in case of gas ratio 1H2 : 3N2 (serie A10). 
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Abstract 

The article deals with chemical composition and mechanical properties of plasma nitrided layers after plasma 
nitriding process. Experiments are focused on using of plasma nitriding process for surface treatment of 
cavities with diameter of 8 mm. Nitrided layers were applied to steel 32CrMoV12-10 which were subsequently 
evaluated by metallographic, GDOES, XRD microanalysis and microhardness methods. The results of 
measurement showed trends of chemical composition of alloying elements after chemical-heat treated process 
through the length of cavity. Plasma nitriding process is applied for increasing of surface hardness of material 
in deep cavities. Mechanical properties of tested material were significantly increased. Experimental work 
showed characteristics connection among alloying elements. Properties and thickness of nitrided layer are 
dependent on nitride formed elements contained in core of material. The diffusion coefficient should be addict 
on nitride formed elements as well.  

Keywords: Nitriding, chemical composition, alloying elements; nitride layer 

1. INTRODUCTION 

The plasma nitriding is usually applied to already heat-treated material, i.e. after heat-treatment process [1]. 
The aim is to achieve an enhanced surface hardness, better wear resistance, reduced friction coefficient, 
increase fatigue limit or corrosion resistance. The nitriding process developed nitrides of iron in the diffusion 
layer which caused low increase of microhardness. The main elements that caused increasing of properties 
are alloying elements as molybdenum, vanadium, aluminum or chrome. During plasma nitriding process, two 
layers can be created. On the surface of material established the compound layer consisted of ε-Fe2-3N and 
γ-Fe4N phase [2]. The proportion of individual phases is dependent on carbon concentration in steel [1]. This 
type of layer has been very hard and brittle with good friction and anticorrosion properties [2]. This layer can 
be very good evaluated by metallographic methods. Many experiments showed that GDOES evaluation of 
thickness of compound zone is not expedient. The thickness and hardness of γ´-Fe4N (diffusion layer) depends 
on quantity and quality of alloying elements [3]. The composition of diffusion layers can be effectively 
influenced by chemical composition of nitriding atmosphere [3]. This article describes the chemical and 
mechanical properties of nitrided layers which were created inside the cavities. Nht thickness of mentioned 
sample is subsequently compared with content of alloying elements and nitrogen. This study deals with 
chemical and mechanical properties of nitriding layers which were created by pressure of 400 Pa. Chemical 
composition of steel was verified for selected chemical elements by GDOES/Bulk method on LECO SA 2000 
spectrometer and local measurement of composition was carried out on SEM microscope with micro analyzer 
Philips Edax 9900. Microstructure was evaluated by laser confocal microscopy Olympus OLS 3000. Thickness 
and microhardness of plasma nitrided layers were measured by microhardness method in accordance with 
DIN 50190 standard on automatic microhardness tester LECO LM 247 AT. The thickness of compound layer 
was measured by optical microscope OLYMPUS GX 51 equipped software program ANALYSIS. 

2. MATERIAL AND METHOD 

Samples of 32CrMoV12-10 steel in untreated state were cylinder bored with diameter of 8 mm. Samples of 
length 500 mm were heat treated in accordance with Table 1 . The initial steel structure was evaluated by 
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confocal laser microscope Olympus OLS 3000. The results showed that the initial structure feature of steel 
was assessed as homogeneous which corresponded to a low-carbon tempered martensite (Fig. 1 ). 

Table 1 Temperatures of heat-treated steels 

Procedure Temperature [°C] 

Salt quenching 940 

Salt tempering 650  

A microhardness of heat-treated steel of samples was 550 HV0.05. Plasma nitriding was carried out in PN 
60/60 RÜBIG furnace according to Table 2 . The charge was consisted of 3 cylindrical samples (cavities with 
diameter 8 mm) which were plasma nitrided at the pressure of 400 Pa for 6 hours.  

 

Fig. 1  The chemically etched optical cross-sectional structure of heat-treated 32CrMoV12-10 steel; 

Plasma nitriding process was provided by automatized system RUBIG which allows one or two-stage process. 
The selection of suitable process depends on required layer properties (mechanical and corrosion). After 
plasma nitriding process, the samples with the diameters of 8 mm were cut. The length of the first sample was 
chosen greater of the safe nitriding of cavity surface over a length of 30 mm, the annular samples had a length 
of 12 mm. The lengths of next samples were following: 30, 42, 54, 66, 78, 90, 102, 114, 126, 138, 150, 162, 
174, 186, 198, 210, 222, 234, 246, 258 mm. All samples were labelled and again axially slit into halves so that 
the cutting plane passed though the axis of the cavity as accurately as possible (Fig. 2 ).  

All samples were wet grounded using silicon carbide paper with grit from 80 down to 2000 and subsequently 
polished. After nital etching, the confocal laser microscope LEXT OLS 3000 with outstanding resolution of 0.12 
µm and magnification range from 120x to 12400x was used for observation and cross-structure documentation 
(Fig. 1 ). 

Table 2 Parameters of plasma nitriding process 

Temperature [°C] 500 

Duration [h] 6 

Gas flow  H2/N2 [l.min-1] 24/8 

Bias [V] 530 

Pressure [Pa] 400 

Pulse length [µs] 100 
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The thickness of created compound zone was evaluated by optical microscope Olympus GX 51 equipped 
software Analysis (Table 4 ). As a part of the experiments the chemical composition of material was measured 
by GDOES/Bulk method on reference samples (Table 3 ). Glow discharge optical spectroscopy (GDOES) 
measurements were performed in LECO SA-2000, with argon glow discharge plasma excitation source, 
calibration of nitrogen: JK41-1N and NSC4A standards. The microhardness was measured by Vickers 
microhardness method on the automatic microhardness tester LM 247 AT LECO. Load set at 50 g and 10 s 
dwell time. The major Vickers microhardness numbers were derived from five measurements as an average 
value. The overview of results is displayed in Table 4 .  

Table 3 Chemical composition of 32CrMoV12-10 steel 

C Mn Si Cr Mo V P S 

GDOES/Bulk 

0.30 0.47 0.25 2.95 0.89 0.28 0.002 0.001 

DIN standard 

0.30 

0.35 

< 

0.60 

< 

0.35 

2.80 

3.20 

0.80 

1.20 

0.25 

0.35 

< 

0.025 

< 

0.010 

Following equation was used for calculation of Nht thickness X (1) in accordance with DIN 50190 standard [4]: 

X = [[Y * 0.1] *10] + 50.                 (1) 

Where, X is Nht thickness in mm, Y is the average microhardness number from five indentation´s patterns in 
HV 0.05 [kg].  

The local chemical compositions of plasma nitrided layers in length of cavity were observed by SEM method 
in combination with energy dispersive micro analyzer PHILIPS EDAX 9900. The results of measurements of 
nitrogen (N K), oxygen (O K), molybdenum (Mo L), chrome (Cr K), manganese (Mn K) and iron (Fe K) were 
performed from two local spaces by 25x magnification by method of surface analysis. Results are displayed in 
Table 4 , Fig. 2 . The measurement of clusters is performed in Fig. 5 . 

 

Fig. 2  Chemical analysis of alloying elements 
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Table 4 Selected results of microhardness measurements 

Length 
[mm] 

Nht 

thickness 
[mm] 

Compound 
layer 

thickness 
[µm] 

Cluster size [nm] Chemical composition [wt.%] 

N Mo V Cr Mn Fe 

30 0.10 1.9 118 4.06 1.37 0.49 4.12 0.85 82.52 

138 0.06 1.4 97 4.33 1.30 0.24 3.29 0.56 86.78 

222 0.04 0.9 90 4.23 1.35 0.32 3.32 0.56 85.84 

258 0.05 1.1 103 3.49 1.15 0.36 3.40 0.70 86.66 

The changes of the chemical composition of cavity surface were measured at an accelerating voltage of 20kV 
and exposure time 50 sec.  

3. RESULTS AND DISCUSSION 

The main effort of experimental work was aimed at analysis of chemical and mechanical properties along 
nitride cavities (cavity length). From previous experiments were known that diameter of cavity has remarkable 
influence on length of nitriding. This part of experiments is devoted to the description of effect of alloying 
elements to nitrogen concentration in mentioned steel after plasma nitriding. Heat-treated samples with 
diameter of 8 mm which were plasma nitrided at pressure of 400 Pa were investigated. Nht thickness of plasma 
nitrided layer was measured in accordance with DIN 50190 standard (1).  

The cavity attained Nht thickness 0.10 mm in length 30 mm. The value of microhardness corresponds to the 
value of surface hardness. By increasing length in cavity the nitriding gradient is going down what is shown in 
Fig. 3 . In the middle of length of cavity Nht thickness was decreased about 0.4 mm to value 0.06 mm. The last 
value (1) of measured microhardness was found in length 234 mm (Table 4 , Fig. 3 )  

The same progress is visible on trend of compound zone thickness. In length 30 mm was measured 1.9 µm 
but by increasing length in cavity, the thickness of compound zone is going down. The last value of thickness 
was measured in length 234 mm (Figs. 2, 3 ).  

The results data from measurement of mechanical and chemical analysis were arranged graphically, according 
to the position of plasma nitrided sample surface from the cavity side. The courses of them provided the basic 
information about process effectivity. Mentioned effectivity of nitriding process is given on Fig. 3 . 

 
Fig.  3 Thickness of nitrided layers in cavities with diameter of 8 mm  
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The thickness decreasing of nitrided layers in deep cavity is caused by capability of plasma nitrided process. 
It is technically very difficult to keep process of ionisation in the inner side of deep narrow cavity. The results 
show very close connection among alloying elements. Results show that many alloying elements have 
positive influence on plasma nitriding process. Unfortunately, many elements caused decreasing of plasma 
nitriding effect, what is visible in [3, 4, 5] Experimental results show very close link among concentration of 
chromium and nitrogen their influence on formation of nitrided layer. The surface morphology is influenced 
by sizes of clusters created on the surface of plasma nitrided steel (Fig. 4 ). 

 

 

Fig. 4  Clusters measurement on SEM, 10000x Fig. 5  The comparison of cluster sizes 

4. CONCLUSION 

Influence of diameter of cavity to length of nitriding was solved in previous works [3, 5, 6]. The focus of this 
work was to found connection between all alloying elements, clusters created on the nitrided surface and depth 
of nitriding. All showed results explain mutual bond among all elements which is shown in Figs. 2, 3 . Some 
elements as chromium, manganese and molybdenum keep hold saturation from surface to core of steel 
(Fig. 3 ). Fig. 3 confirmed the hypothesis that saturation and diffusion process is dependent on concentration 
and type of alloying elements in steel. On the surface of nitride material the clusters about changeable sizes 
were formed (Figs. 4, 5 ). Graphical representation was given the connectivity between diffusion of nitrogen 
and influence of selected alloying elements displayed in Figs. 3, 5 . Influence of nitrogen to compound zone 
thickness is undisputed. In case of cavity with inner diameter of 8 mm close connection is visible between 
compound zone and diffusion layer, and nitrogen concentration and created clusters. The presented trends 
are equidistant (Fig. 2 ). Fig. 2  shows that concentration of nitrogen has significant influence on the thickness 
of nitrided layers their trends are equidistant as well. The main significant to surface hardness has the content 
of nitrogen and nitride formed elements.  
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Abstract 

Hardening of contact surfaces of milling head is centerpiece of this study. The most important point is to 
maintain defined processed part geometry. This precise processing was performed using the scanning laser 
hardening method. The scanning method uses a small laser spot in combination with a scanning head. The 
method is based on a very fast laser beam sweeping perpendicularly to the main laser treatment trajectory, 
allows better control of energy distribution and optimization of treating pattern. Disk laser with maximum power 
of 5.3 kW was used for heat treatment. Surface hardness and depth of hardened layer were evaluated. 3D 
profiles of hardened parts were measured on 3D scanner Alicona before and after laser processing. 
Geometrical deformations were assessed using the method of differential analysis. 

Keywords: Laser hardening, laser quenching, laser scanning, surface treatment, deformation 

1. INTRODUCTION 

Laser hardening has proved to be a very competitive method of material heat treatment [1,2,3]. It differs 
significantly from the conventional methods of heat treatment. The important feature of the laser hardening is 
the absence of a cooling medium. Laser radiation acts as a heat source and it heats up rapidly the surface of 
a part under the laser spot during a short time of the laser-surface interaction [4]. Consequently, the heat 
absorbed in the surface layer is conduced immediately into a material bulk. The part can be hardened by the 
laser radiation only in a surface layer, approximately to one tenth of material thickness. The hardened surface 
can reach a very high hardness due to very rapid heat dissipation. The maximum achievable depth of hardened 
layer is about 2 mm without melting of the surface (in dependence on the treated material properties, geometry 
of the part and laser beam parameters) [5,6]. 

Laser hardening with scanner is a new method of laser processing, which is especially useful for processing 
of small parts or hardly reachable places [7,8]. Using laser beam scanning method makes possible to achieve 
a very precise and fast processing of 3D parts, it helps to achieve a minimal heat affected zones and it 
minimizes distortions. Gaussian spot with smaller size from hundreds of micrometers, to several millimeters in 
focus is used in contrast with a standard laser hardening beam profile [9,10]. It allows higher control over the 
process. Hardened area is heated rapidly by quick scanning of the laser beam. Even very complex regions of 
limited size can be processed as a whole piece. It is necessary to choose the right amplitude, oscillation 
frequency and traverse speed. Burns occur at the edges of the processed area (oscillation amplitude peaks) 
due to the limited dynamic of the scanning optics. The burns can be eliminated by switching off the laser on 
the edges or by the beam defocusing. 

The scanner is able to deflect a laser beam with speed above 20 m/s, Fig. 1a . High traversing speed is assured 
by rotating mirrors, with a very low mass and inertia. Only a slight rotational movement of mirrors is converted 
to very quick linear movement of laser beam on a treated surface, Fig. 1b . Difficult to reach areas can be 
treated thanks to a large working distance. These systems are used mainly in the automotive industry currently. 
Processes like remote laser cutting, welding or marking are executed by the scanners, which are often fixed 
to a wrist of an industrial robot for these applications [8]. 

 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1047 

 

Fig. 1  (a) Scanner mounted on the arm of industrial robot for remote processes; (b) Basic schema of a 
scanner system 

The scanning method is convenient especially for processing of complex parts. The scanner allows changing 
a width of the processed area easily during the process. Scanning software allows very precise control of 
energy distribution in the processing area and thus very complex treating patterns can be produced. Spot size 
can be modified using a varioscan (z-axis movement) [8]. 

Heat treatment results in geometrical deformations of processed part. Laser hardening is one of the least 
invasive techniques because the amount of the heat input is low. Subject of this study is to prove applicability 
for processing of precious parts with highly defined proportions. 

2. EXPERIMENTAL PROCEDURE 

2.1. Laser system  

Laser system for surface treatment consists of Trumpf disk laser Trudisk 8002 and 3D-scan system ScanLab 
intelliWELD 30 FC V (scan head - Fig. 1a ). The laser emits a beam of wavelength 1030 nm. Spot size 800 um 
was used for application tests. The maximum laser power is 5.3 kW. Working distance of the scanning optics 
is 544 mm and the focal length is 460 mm. The scan head is able to process an elliptical image field of 
dimensions 385 x 270 mm, the maximum laser beam deflection speed is 21.5 m/s. The scan system collimation 
in z-axis is allowed in range of ± 70 mm. The scanning procedure is controlled by SAMLight software. 
Positioning of the scanning head is realized by industrial robot Fanuc M-710iC. 

2.2. Laser process  

Laser scanning hardening method was applied to milling head processing [8]. Milling head has very complex 
geometry and cannot be processed using standard laser hardening method [10]. Material of the milling head 
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is 34CrNiMo6 (ČSN 16343, DIN 1.6582). Hardening process had to be preciously programmed because of 
inhomogeneous heat dissipation. The objective was to harden three bearing areas of the milling head. In the 
case of complex geometry it was necessary to divide heterogeneous area into several parts and process these 
parts separately, Fig. 3 . Notice 3D model of milling head and three contact areas which were laser hardened, 
Fig. 2 . The area A had to be divided into four parts, which were processed differently. The scanning amplitude 
of laser beam is an important factor for parameter selection. Areas 2 and 3 (Fig. 3 , Table 1 ) were processed 
using lower power in comparison with areas 1 and 4 (Fig. 3 , Table 1 ), where higher scanning amplitude can 
be used. Shape of processing patterns had to be optimized to achieve high-quality results and ensure 
homogeneous energy density over the entire hardened area. 

 

Fig. 2  Milling head and laser hardened areas 

 

Fig. 3  The area A and its modification for precious processing 

Process parameters are noted in Table 1 . From Table 1  it is obvious, that low laser power was applied, but 
short processing time was achieved. 
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Table 1 Parameters used for processing of milling head, size A is parallel to processing direction (laser  
              beam oscillates with an amplitude of size B) 

Area Power [W] Size A [mm] Size B [mm] Process speed [mm/s] Processing time [s] 

A 

1 580 1.7 5 4000 0.34 

2 260 2.3 2 4000 0.42 

3 260 2.3 2 4000 0.42 

4 480 1.9 5 4000 0.74 

B 640 3.2 8 4000 0.62 

C 480 3 5,5 4000 1.04 

2.3. Deformation measuring system  

Deformations were measured by stationary optical microscope Alicona InfiniteFocus. The system is applied to 
a high resolution surface metrology in 3D (a form and roughness measurement) and allows a vertical resolution 
of up to 10 nm. Alicona InfiniteFocus is used in industrial branches like machinery, papermaking, typography, 
medical technology or material science, forensic science and micro electronics. 

Method of differential analysis was used for comparison of milling tool 3D profile before and after processing. 

3. RESULTS AND DISCUSSION 

3.1. Hardness  

The surface hardness and the depth of the hardness profile were evaluated. Depth of hardened layer was 
measured from 50 um to 500 um, Table 2 . Surface hardness was measured in four points for all processed 
areas and last row in Table 2 shows average value for given area. High surface hardness has been achieved 
but the depth of hardened layer is not fully satisfying. Surface hardness was measured on the edges of 
hardened areas, because there is going to operate the maximum workload. Zone around the threaded hole 
was not hardened, to avoid its degradation.  

Table 2 Depth of hardened layer and surface hardness of three processed areas 

Depth of hardened layer 

A 

Surface Hardness 

Depth [µm] Area A [HV0,3] Area B [HV0,3] Area C [HV0,3] Area A [HV1] Area B [HV1] Area C [HV1] 

50 510 511 495 619 590 616 

100 511 526 467 632 706 611 

200 467 481 467 685 678 627 

300 454 269 467 728 622 634 

500 246 221 257 666 649 622 

3.2. Deformations 

Deformations could be caused by melting sharp edges or spatial deformations can be initiated by residual 
stresses. Melting could be inhibited by optimization of processing technology, but residual stresses cannot be 
totally avoided. Residual stresses are generated by two dominant mechanisms during laser hardening, phase 
transformation mechanism during part cooling and thermal deformation mechanism [11]. Phase transformation 
mechanism features compressive residual stress and thermal deformation mechanism result in tensile residual 
stress. These two mechanisms actuate one against the other. Consequent residual stress depends on 
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mechanism, which prevails. Laser hardening nearly always leads to compressive residual stress in hardened 
layer.  

Deformations are in this case on a very low level, Table 3. Shape differences were measured close to the 
corners of processed areas. 

Table 3 Measured deviations 

Deviation Area A [um] Area B [um] Area C [um] Average deviation [um] Maximal deviation [um] 

1 15.9 17.31 18.82 

from -19.8 to +27.9 from -19.8 to +106.3 
2 -19.79 3.21 16.71 

3 10.71 5.03 0.41 

4 56.27 106.29 52.71 

 

Fig. 4  3D profile measured by Alicona InfiniteFocus before processing (left side) and after processing 
with deviations (right side) 

4. CONCLUSION 

Contact surfaces of milling head were hardened. The processing results in required surface hardness values. 
Depth of the hardened layer is lower, because the most important factor was to achieve the lowest possible 
deformations of processed areas. The applicability of the hardened milling head can be approved only by 
setting in manufacturing process. The functional tests demonstrate if the depth of the hardened layer is wide 
enough. Manufacturing process can be partly simulated by some fretting tests. 

Measured deformations are on satisfying level. Selected technological procedure was optimized to reach the 
lowest affection of processed areas. Melting of edges had to be avoided. Process parameters had to be 
adjusted to harden edges adequately but do not melt them. The highest hardness was achieved around the 
edges inner hardened area is a little softer. But the highest workload is just applied around the edges, so the 
distribution of hardness is demanded. 

3D scanning hardening is an innovative technology with high potential, which is convenient especially for 
processing of complex parts like milling head. This paper proves that it is possible to reach satisfactory 
hardness with very low deformation, which does not create obstruction for part application. 
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Abstract  

Cathodic protection is applied especially to protection of coating fault on a buried pipe line in a soil. According 
to some authors, the mechanism of cathodic protection of carbon steel is a shift of open circuit potential into 
the immunity region or reducing of anodic reaction rate in the active state. The importance of change of pH and 
soil electrolyte composition during applying cathodic protection is sometime ignored.  

The study deals with influence of cathodic protection on pH change and anions migration in soil electrolyte 
close to protected carbon steel surface. Concentration of chlorides, sulphates and hydrogen carbonates 
decreased about two orders of magnitude during applying cathodic protection. The migration rate of hydroxides 
during cathodic polarization is lower than their production by cathodic reduction of oxygen. As a result of 
cathodic reduction of oxygen, the pH of soil electrolyte close to protected surface gradually increases up to 12. 

The final pH of soil electrolyte close to protected surface depends on the migration rate of anions, the diffusion 
rate of oxygen into soil electrolyte and neutralizing capacity of soil. 

Keywords: Cathodic protection, soil electrolyte, migration 

1. INTRODUCTION 

The corrosion of metals has mainly electrochemical character in aqueous electrolytes (natural and industrial 
or soil electrolytes). The corrosion rate of metals could be decreased by polarization of metal surface in either 
positive or negative direction from their open circuit potential (anodic or cathodic protection) [1]. 

A direct current is used for electrochemical protection of metals. Carbon steel is material, which is the most 
often electrochemically protected in aqueous and soil electrolytes. Cathodic protection is very often used as a 
protection of defects in insulating coating of buried carbon steel structures. 

The principle of cathodic protection is explained relatively often inaccurately even though cathodic protection 
of carbon steel structures has been used for almost one hundred years. The existing explanation is based on 
a movement of open circuit potential to immunity region of metal or as a decrease of corrosion rate of metal in 
active state [2-4]. The change of pH and chemical composition of soil electrolyte close to the cathodically 
protected surface due to cathodic polarization is often ignored.  

An increase of pH close to the cathodically protected surface is given by cathodic reduction of oxygen in soil 
electrolyte (1) and electrolysis of wather (2). The high alkalinity of soil electrolyte leads to cathodic passivation 
of protected carbon steel and it´s corrosion rate significantly decreases. 

H2O + ½ O2 + 2 e- → 2 OH-                                                                                                                             (1) 

2 H2O + 2e- → 2 OH- + H2                                                                                                                               (2) 

An observed presence of Fe3O4 adherent layer on the surface of buried carbon steel structures confirms that 
long time cathodic protection leads to cathodic passivation of protected carbon steel [5].     
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Total value of pH close to the cathodically protected surface is affected by concentration of dissolved ions in 
soil electrolyte. Average pH value of natural soil electrolyte is 6 - 8. The lower pH values 3.5 - 5.5 have only 
soil electrolytes of pseudogley, podzolic and loess soils [6].      

In inorganic part, soil electrolyte contains mainly Cl-, SO4
2- and HCO3

- anions and Na+, K+, Ca2+ and Mg2+ 
cations. An organic part of soil electrolyte contains mainly humic and fulvic acids [7]. 

Concentration of soil ions close to the cathodically protected surface is affected by rate of migration and diffusion. Ions 

migration rate during cathodic polarization is determined by their mobility. Ions mobility in electric field is directly 
proportional to their absolute rate, molar conductivity of electrolyte, value of charge transfer coefficient and inversely 

proportional to the intensity of electric field [8].  

Total value of pH close to the cathodically protected surface is significantly affected by buffering and 
neutralizing capacity of carbonate system [9].  

Observation of pH change and concentration of soil anions (Cl-, SO4
2-, HCO3

-) in layers of clay during cathodic 
polarization of steel surface was aim of this study. 

2. EXPERIMENTAL 

The experimental cell was 
composed of anodic and 
cathodic sections, which were 
separated by ion-permeable 
membrane (Fig. 1 ). The 
cathodic section was saturated 
by oxygen through gas-
permeable membrane. 

Stainless steel was used as a 
cathode. The area of the 
cathode was 113 cm2. The 
cathodic section was divided 
into four layers by unwoven 
textile. The layers were filled 
with clay (grain size ≤ 2 µm) 
and soil electrolyte. Thickness 
of the layer was approximately 
2 mm (Fig. 2 ). The volume of soil electrolyte related to the area of cathode in layer of clay was 0.2 ml/cm2. 

 

Fig. 2  Arrangement of the cathodic area and it´s cross section 

The initial concentration of Cl-, SO4
2-, HCO3

- in soil electrolyte are showed in Table 1 . The initial pH of soil 
electrolyte was pH = 6.9. 

Fig. 1  The experimental cell 
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Table 1  The initial composition of soil electrolyte  

Anion Concentration (mg/l) 

Cl- 216 

SO42- 284 

HCO3- 90 

A platinum wire was used as an anode. The anodic soil electrolyte flowed in a close circuit with volume 25 l. 
The rate of flow was 80 ml/min in the anodic section. A standard calomel electrode (SCE) was used as a 
reference electrode. Time of exposition was 72h of cathodic polarization at -780 mV/SCE. The potential -780 
mV/SCE was kept using potentiostat Gamry PC3. The change of Cl- and SO4

2- concentration in layers of clay 
was determined by ion chromatography. The change of HCO3

- in layers of clay was determined by titration 
with 0.1M HCl up to pH = 8.4 using phenolphthalein as an indicator and at lower value of pH by titration with 
0.1M HCl using methyl orange as an indicator. The change of pH in layers of clay was determined using 
contact pH meter pH/ION 340i. 

3. RESULTS AND DISCUSSION 

The highest pH value (11.8), in soil electrolyte was measured (after 72h of cathodic polarization) in the layer 
of clay close to the cathodically protected surface (Table 2 ). The pH value (6.9) in soil electrolyte of anodic 
section did not change. 

Table 2  Value of pH in layers of clay after 72h of cathodic polarization at -780 mV/SCE 

Layer of clay - 1 2 3 4 

pH value initial  6.9 11.8 11.5 11.3 11.0 

The pH value in the layers of clay did not change significantly with increasing distance from cathodically 
protected surface (Fig. 3 ).   

 

Fig. 3 The change of pH value in clay layers after 72h of cathodic polarization at -780 mV/SCE 

The value of pH=11.8 in the layer of clay close to the cathodically protected surface corresponded to 
concentration of OH- cOH- = 0.063 mol/dm3. The value of charge was Q=488.2 C after 72h of cathodic 
polarization. The cathodic reduction of oxygen (1) at Q=488.2 C increased the concentration of OH- in the soil 
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electrolyte up to cOH- = 0.071mol/dm3. The part of OH- about concentration cOH- = 0.008 mol/dm3 was probably 
used for reaction HCO3

- to CO3
2- (3). 

HCO3
-  + OH- → CO3

2- + H2O                                                                                                                          (3)     

Concentration of Cl- decreased due to migration by two orders of magnitude in the layer of clay close to the 
cathodically protected surface (Table 3 ). 

Table 3 Concentration of Cl- in clay layers after 72h of cathodic polarization at -780 mV/SCE  

Layer of clay - 1 2 3 4 

Cl- (mg/l) initial  216 8.6 48.4 81.4 419.0 

Concentration of Cl- in the clay layers exponentially increased with increasing distance from cathodically 
protected surface (Fig. 4 ). 

 

Fig. 4  The change of Cl- concentration in clay layers after 72h of cathodic polarization at -780 mV/SCE    

Concentration of SO4
2- in the layer of clay close to the cathodically protected surface showed a similar trend 

as the concentration of Cl- and decreased by two orders of magnitude (Table 4 ).  

Table 4 Concentration of SO4
2- in clay layers after 72h of cathodic polarization at -780 mV/SCE 

Layer of clay - 1 2 3 4 

SO4
2- (mg/l) initial  284 5.4 68.8 113.0 208.0 

Concentration of HCO3
- in the clay layer close to the cathodically protected surface decreased due to migration 

up to one third of the initial value (Table 5 ).   

Table 5 Concentration of HCO3
- in clay layers after 72h of cathodic polarization at -780 mV/SCE   

Layer of clay - 1 2 3 4 

HCO3
- (mg/l) initial 90 30 37 48 49 

Concentration of SO4
2- in the clay layers linearly increased with increasing distance from cathodically protected 

surface (Fig. 5 ). 
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Fig. 5  The change of SO4
2- concentration in clay layers after 72h of cathodic polarization at -780 mV/SCE 

Concentration of HCO3
- in the layers of clay did not change significantly with increasing distance from 

cathodically protected surface (Fig. 6 ).   

 

Fig. 6  The change of HCO3
- concentration in clay layers after 72h of cathodic polarization at -780 mV/SCE 

Decrease of HCO3
- concentration is approximately ten times lower compared to decrease of Cl- and SO4

2- in 
the same layer of clay. The reason is probably different mobility of anions. The mobility  
of Cl-(µCl- = 7.91.10-8m2s-1V-1) and SO4

2- (µSO4
2- = 8.27.10-8 m2s-1V-1) in aqueous electrolyte at t = 25 °C is 

comparable. The mobility of HCO3
- (µHCO3

- = 4.61.10-8 m2s-1V-1) in aqueous electrolyte at t = 25 °C is one half 
of the mobility of Cl- a SO4

2-. 

4. CONCLUSION 

The pH value of soil electrolyte close to the cathode increased up to 11.8. The concentration of OH- in soil 
electrolyte increased due to reduction of oxygen in soil electrolyte (1) and electrolysis of water (2). The rate of 
migration/diffusion of OH-, high mobility of OH- (µOH- = 20.52.10-8 m2s-1V-1) and concentration of HCO3

- in soil 
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electrolyte had significant influence on the total pH value close to the cathodically protected surface. The 
concentration of Cl- and SO4

2- close to the cathode decreased about two orders of magnitude. Decrease of 
HCO3

- concentration close to the cathodically protected surface was approximately ten times lower. The reason 
is probably different mobility of anions. The high alkalinity of soil electrolyte and decrease of anions 
concentration due to migration led to cathodic passivation of the protected surface in the experimental set up 
mentioned above. 
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Abstract 

Water-based coating systems are becoming more popular with consumers due to their simple application and 
a wide range of colours. The coating systems, in addition to the requirement of nice finishes, are supposed to 
provide the sufficient protection of background material from corrosion. According to manufacturers, some 
modern water-based coating systems do not require any pre-treatment of the underlying material. In this 
context it is important to understand what influence avoiding underlying material pre-treatment before 
subsequent application of coating systems could have in terms of future protection against the effects of 
corrosive environment. At the boundary of two different environments there can be corrosion products 
developed, which may cause more hidden corrosion development under certain circumstances. The most 
frequently ignored corrosion agents include dust. 

For protection of the background material the coating system must eliminate those agents effectively. 
In addition to the aesthetic requirements from consumers, the protection of the background material must also 
meet environmental aspects. The question is to what extent coating system manufacturers are able to meet 
these requirements. 

Keywords: Coating systems, corrosion, background material, surface treatment 

1. INTRODUCTION 

Cleanness of surfaces of the base material is one of conditions to ensure corrosion resistance and good 
adhesiveness of protective coating systems to this material (substrate). In case where residues of dirt adhere 
on surfaces of the substrate, such as dust particles, this contributes to impaired adhesiveness as well as 
corrosion resistance of the coat. During application of the coat in the environment where solid dust particles 
fly in air, these particles adhere both on the substrate and on surfaces of the coat that is not cured yet. 
This effect of dust particles affects adversely the integrity of the protective coat, support diffusion of the 
corrosive environment components to the protected surface of the substrate. These adhered solid dust 
particles may contain various soluble salts and in moist environment, under the protective coat surface, 
focuses of micro corrosion may appear. In moist environment the soluble substances cause formation of 
blisters filled with solution of salts, contained in the dust particles. Adhered dust affects protective properties 
of the coating system. This paper deals possibilities of application of modern coats for short-term corrosion 
protection based on a thin transparent transport nano-coat applied on a non-ferrous surface, such as 
galvanised metal sheets, and during transport of metal sheets to the user it has to protect the zinc coat against 
occurrence of oxidizing fumes formed immediately after contact of the zinc coat with surrounding atmosphere. 

2. SPECIFICATION OF EXPERIMENTAL MATERIALS 

For experimental works there was used: 

Substrate: hot dip galvanized metal sheet 

Dimension of the sample: 150 × 100 × 3 mm. 
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Thickness of the hot dip galvanized coat: average = 92.88 µm, min. = 83 µm, max. = 103 µm. 

Measurement of surface roughness: Ra (longitudinal direction) = 5.54 µm, Ra (cross direction) = 5.78 µm, 
Rz (longitudinal direction) = 28.97 µm, Rz (cross direction) = 30.68 µm. Adjustment of the roughness meter: 
ISO 1997, ʎc = 0.8, L = 12.5mm. Measuring device: roughness meter Mitutoyo Surftest SJ 301. 

Coating system: transparent transport water-based c oating system containing nano-particles. 

Surface of the substrate (zinc coat) was covered with dust. Amount of dust particles before application of the 
coating system was determined acc. to standard EN ISO 8502-3, using application of a special self-adhesive 
tape on the substrate. The tape was removed from the surface and adhered onto contract white paper. 
The result was evaluated acc. to standard EN ISO 8502-3 and can be found in Table 1 . 

Table 1 Evaluation of dustiness of the surface acc. to standard ISO 8502-3 

Sizes of dust 
particles 

Degree of 
dustiness 

Photo-documentation 

3 4 

 

3. EXPERIMENTAL MEASUREMENTS AND RESULTS 

3.1. Application of the transparent water-based coa ting system, technological procedure 

Table 2 Technological procedure for application of the coating system 

Application method Brush 

Dilution of the coating material 10 % (water from public water mains) 

Ambient temperature 22.9 °C 

Base material temperature 23.4 °C 

Relative air humidity 27.4 % 

Dew point 3.5 °C 

WFT µm - measuring of wet thickness of the paint  150 to 200 

DFT µm - measuring of dry thickness of the paint 
using a measuring device ELCOMETER 456 

Average thickness  = 75.62 µm 

Min. thickness   = 36.70 µm 

Max. thickness   = 106.00µm 

Dust 
particles  
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3.2. Tests of adhesiveness of the coating system, c orrosion test 

Table 3 Results of adhesion tests according to EN ISO 16276-1 and EN ISO 16276-2 

Base 
material 

Tear-off strength 
Characteristics of 

the break area 

Classification 
degree of the grid 

test 

Classification 
degree of the cross 

section 

(MPa) (%) (-) (-) 

dusty 

4 

5 

5 

100% B/Y 

100% B/Y 

10% A/B, 90% B/Y 

0 0 

3.3. Corrosion test in artificial atmosphere - salt  spray test acc. to EN ISO 9227 

The samples were subjected to a corrosion test acc. to standard EN ISO 9227 in a corrosion chamber with 
salt spray. The samples were provided with cuts 50 mm long. The purpose was to simulate behaviour of the 
coating system when damaged up to the base material (zinc coat). Duration of the test was fixed to 100 hours, 
with partial evaluation after 24 hours. The test was evaluated visually acc. to standard EN ISO 4628, parts 2, 
3, 4, 5 and 8. Results of the test can be found in Table 4 . 

Table 4 The evaluation of the corrosion test in artificial atmosphere acc. to standard EN ISO 4628 

Base 
material 

Duration 
of the test 

Rusting through 
the area acc. to 
EN ISO 4628-3 

Degree of 
blistering acc. to 
EN ISO 4628-2 

Degree of 
cracking acc. to 
EN ISO 4628-4 

Coat peeling off 
acc. to EN ISO 

4628-5 

Degree of 
delamination and 
corrosion around 

the cut acc. to 
EN ISO 4628-8 

(h) (degree) (degree) (degree) (degree) (degree) 

Dusty 
24 Ri 0 0 (S0) 0 (S0) 0 (S0) 0 

100 Ri 0 5 (S2) 0 (S0) 0 (S0) 0 

 

Fig. 1 Detail of the dusty substrate surface with a coat after a 100 hours corrosion test  

4. CONCLUSION 

Results of the tests lead to a conclusion that a thin transparent transport coating system with average thickness 
of 76 microns provided short-term protection of the galvanised substrate surface for a period of 100 hours until 
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occurrence of blisters; this corresponds to anti-corrosion protection for a period of approx. 16 months. The 
blisters that appeared on the galvanised surface correspond to the dusty surface. Despite the fact that the 
substrate surface was dusty, the adhesiveness of the coat to the substrate was very good and the anti-
corrosion protection was better than mostly required 4 to 6 months specified for transport. Occurrence of 
corrosion fumes on the zinc coat surface was limited by this coat for the transport period. 
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Abstract 

The paper presents influence of the main dimension of smoothing media used in the vibro-abrasive machining 
for geometric structure of the machining surface parts made of aluminum alloy EN AW-2017A. There were 
used Rollwasch smoothing media PB series -- polyester bonded. The factors causing the surface roughness 
have also been taken into consideration. Attention has also been given to the relation between the properties 
of abrasive media and the surface roughness. Media were cone-shaped, with different abrasive properties. 
The process was conducted for three frequencies of tumbler: 2000 Hz, 2500 Hz, 3000 Hz and time of 
machining 60 minutes. The surface roughness and waviness of the machined parts were measured by using 
optical profilometer Talysurf CCI Lite -- Taylor Hobson. To illustrate the surface taper ratio and edge optical 
microscope Nikon MA 200 Eclipse with the image analysis system NIS 4.20 was used. Analysis of the vibration 
smoothing technology in terms of technical refers mainly to compare the results of the geometric structure of 
the surface. The process was carried out by using liquid supportive series ME L100 A22/NF. Finally, the 3D 
analysis of the surface topography for all samples was carried out. In this paper, removal of edge burrs is 
reported. 

Keywords: Fine machining, vibro-abrasive machining, rotofinish, surface roughness, deburring 

INTRODUCTION 

In recent years, there has been an increasing demand to reduce costs and product development time as well 
as increase the quality and reliability of the product. In constructing machines, the automotive industry, the 
armaments industry etc. alumina alloys are often used. These materials are characterised by low mass density. 
Finisning procesess, in serial manufacturing, such materials may prove difficult. The process is made even 
more difficult by the fact that parts made of these alloys are of complex shapes. In these circumstances it is 
advisable to use vibro-abrasive machining as the surface finishing process.Vibro-abrasive machining involves 
progressive removal of the extra material from the surface (or burr) of the part being machined. As a result of 
those processes the geometrical structure of the surface layer of the part is being formed. Consequently the 
resulting layer exhibits new properties. 

1. BACKGROUND OF THE PROCESS  

Vibro-abrasive machining is more and more common used due to big possibilities of finishing on complex 
workpieces. Furthermore, in addition cutting treatments and erosive processing is one of techniques to produce 
finished products with low surface roughness.[1, 2]. It is a combination mecanical and chemical impacts on 
workpieces.[3]. It involves removing a small volume of material, called overmeasure in order to obtain the 
surface layer of the required properties. And also obtain details about the required dimensions. The vibrating 
container processing media using mechanical energy impacts on workpieces. Processing liquids aids the 
process of smoothing conducive with loose media [4]. The use of appropriately selected acidic or alkaline 
environment depending on the workpiece has a significant impact on the efficiency of the process [5]. Currently 
in use vibro-abrasive machining to remove any the oversizes in the form of burrs, rounding sharp edges, burrs 
after machining for removing oxide layers, and to prepare the surface for application of coatings. In addition, 
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more often it is used by jewelers for polishing jewelry and for the implants treatment [6,7,8]. This leads to a 
relative reduction in surface roughness and consequently to improve reflectivity [9]. 

There are also various types of processing with loose media depending on the kinematics of the process. We 
can distinguish the simplest variety of tumbling, vibration, trivialization by the vibration of the container we used 
vibration treatment, with used tapes, with long troughs etc. The experimental vibrating machine used in this 
study is shown in Fig. 1 . 

 

Fig. 1  The vibrating machine Rollwasch SMR-D-25 

1.1. Main characteristic of abrasive media 

Abrasive media are an essential part of the operation carried out in any smoothing container. In principle, they 
are constructed of abrasive grains such: electrocorundum or silicon carbide ceramic bonded or combined with 
a plastics material [10]. Machining media can be divided into: polyester media, ceramic molded, organic media 
and burnishing media. Grinding media are produced in different geometrical forms and sizes, especially in the 
range of 2-90 mm, examples forms are shown at the Fig. 2 . In some processes with technical or economic 
reasons can be used with of aggregates materials of natural origin. The treatments may be used: basalt, 
quartzite, granite, marble, alumina, flint, calcite, and for polishing can be used hardwood, bark shavings, and 
nut shell. Treatment is often taught strengthens with steel balls or steel rollers. 

 
Fig. 2  Basic shapes of the machining media 
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1.2.  Machining liquid compound 

Fluids processing aids are mixtures of several components, each of which gives mixture the appropriate 
properties.  

The mine role of supporting components of the mixture are: 

• cleaning and degreasing workpieces; 

• wetting the surface of objects and shapes of abrasive; 

• protection from corrosion [4]. 

In the selection of supporting fluid should take into account the type of treatment and chemical properties of 
metal workpieces. Chemical reactivity of metals and their alloys are different and therefore require different 
solutions they support. 

Most fluids are offered as liquid concentrates aids, which are used in the form of aqueous solutions with a low 
concentration [4]. Produced fluids allow to obtain high efficiency of the process and at the same time have a 
high degree of biodegradation by using predominantly vegetable ingredients. 

2. OBJECT OF RESEARCH 

Aluminum alloys are metallic materials obtained by melting aluminum with one or more metals (or non-metals) 
deliberately formed to achieve the desired properties. 

Aluminum crystallizes in the A1 system and so is characterized by high ductility. It has a melting point of 660,4 
0C, boiling points 2060 0C. The strength of the annealed pure aluminum is low, Rm = 70--120 MPa, Re = 20--
40 MPa, elongation A = 30--45 % necking Z = 80--95 %. The low density of 2.7 Mg/m3 (3 times less than that 
of iron) qualifies this metal to the group of light metals. 

Aluminum has a good thermal conductivity and electrical. Relatively low mechanical properties of pure 
aluminum restricting its use as a structural material can be increased even several times by the introduction 
of alloying elements and heat treatment of alloys. Aluminum alloys characterized by a favorable design 
parameter, ie. The ratio of strength-to-weight which is greater than that of steel, and in addition decreases the 
toughness is not as lowering the temperature, so that at low temperatures they have much higher impact 
resistance than ever [13]. Alumina sheets AW-2017A are used for the production of structural aircraft parts for 
construction machinery, military equipment, components for the automotive industry. Chemical composition of 
alumina alloy EN AW-2017A show in Table 1 . 

Table 1 Chemical composition % of alumina alloy EN AW-AlCu4MgSi(A) (EN AW-2017A) [14] 

Fe Si Mn Cr Cu Mg Zn Others - 

max   0.7 0.2 - 0.8 0.4 - 1 max   0.1 3.5 - 4.5 0.4 - 1 max   0.25 
each 

0.05; total 
0.15 

Zr+Ti < 0.25; 
Al - 

remainder 

3. BURRS DEFINITION 

Burrs are most commonly created after machining operations, such as grinding, drilling, milling, engraving, 
coining, stamping, or turning.  It may be present in the form of a fine wire on the edge of a freshly sharpened 
tool or as a raised portion of a surface. Deburring accounts for a significant portion of manufacturing costs. 
According to ISO 13715 [11], a burr is the external material deviation from the nominal shape of the outer 
edge. In the nomenclature specialist burr is sometimes defined as "sharp protrusion formed on the surface 
after machining or grinding" [12]. Schematic of the burr is shown in the Fig. 3 . 
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Fig. 3  Schematic the burr by. ISO 13715  

The finishing parts made of aluminum alloy EN AW-2017A illustrated in Fig. 4 . The research is carried out 
employing the burr configuration shown in Fig. 4a which is closely related to window geometry produced during 
the milling process. 

 

Fig. 4 Machining parts: a) before finishing, b) after time of machining 60 min, 3000 Hz, 15 % abrasion 
degree, c) after 60 min, 3000 Hz, 85 % abrasion degree d) after 60 min, 3000 Hz, 85 % abrasion degree 

4. EXPERIMENTAL TESTS AND RESULTS 

For the analysis summarized data obtained during the carried out of the experiment. The study used the three 
types of polyester media with different intensities abrasives. Were used PB 14 KB of 15 % abrasion degree 
(that is the characterized removal capacity) PB 14 KR of 50 % and PB 14 KT of 85% abrasion degree. The 
process was conducted for each type of profiles for Tumbler three frequencies: 2000 Hz, 2500 Hz, 3000 Hz. 
All processes were conducted for machining time 60 minutes. The reference surface was finishing the sample 
before the machining. The diagrams Fig. 5  shows a comparison of the results Sq roughness as e function of 
machining conditions -- vibrations frequency and the abrasion degree of media. 

As we can see in the chart Fig. 5  the lowest mean square roughness Sq were obtained for the smallest 
intensities abrasive media to 3000 Hz oscillation frequency of tumbler (blue line in Fig. 5 ). Parameter Sq 
decreased from 1,466 micrometers to 0.689 micrometers. Media (50 % abrasion degree) are similarly 
roughness Sq independent of vibration frequency of the tumbler. Even frequency of tumbler 2000 Hz causes 
a decrease parameter Sq from 1,466 to 0.9366 micrometers. Abrasion degree fittings 85% give the relatively 
"worst" results of Sq parameter. This is due to the largest content in the molded abrasive grains which causes 
the most intense area change. 
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Fig. 5  The surface roughness Sq as a function of the conditions of machining: vibrations frequency and the 
abrasion degree of media 

The outlines of 3D surface topography, we investigated on the optical profilometer Talysur CCI Lite Tayor 
Hobson. Number of measurement points amounted to 1024x1024, while resolution in axis X-Y with 
a 50 times magnification is 1.33μm [15]. Figs. 6 - 9  show 3D surface topography before deburing and after 60 
minuts deburring with different media. 

 

 

Fig. 6 3D surface topography before deburring - 
Isotropy is 3.12% 

Fig. 7 3D surface topography after deburring - 60 
min, 3000 Hz with PB 14 KB media (15 % 

intesity). Isotropy is 20 % 
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Fig. 8 3D surface topography after deburring - 60 
min, 3000 Hz with PB 14 KR media (50 % abrasion 

degree). Isotropy is 78.57 % 

Fig. 9 3D surface topography after deburring - 60 
min, 3000 Hz with PB 14 KT media (85 % abrasion 

degree). Isotropy is 80 % 

CONCLUSION 

In the process of vibrations machining with, the main factor influencing the formation of the geometrical 
structure of the surface layer are abrasive procesess. 

Using the machining with loose media allows to change the surface isotropy. Aluminum pipes after drawing 
had isotropy ratio of 3.12 %. After the process vibratory smoothing, directivity decreased and isotropy was 
approximately 80 %. 

When Increased vibration frequency and abrasion degree (intensity of abrasive) media causes a decrease 
surface roughness. The edges of the workpieces are free of burrs after the milling and cutting. 

The smallest surface roughness was obtained using a mild abrasive media - 15 % of the abrasion degree 
(intensity of abrasive). 

Vibro-abrasive machining method is an effective method and can fully replace the finish proceses small details 
carried out by conventional methods of files, tape polishing and polishing.  

To conclude vibro-abrasive machining have positive effect on the surface roughness. In the case of higher 
requirements posed finishing surfaces be used longer machining times polishing.  

Vibro-abrasive machining technology is the right solution refinishing process conditions and high volume 
production. 

On closer inspection the profile of the surface appears to be asymmetrical. The peaks being flat, the roughness 
of the layer has an advantageous profile. 
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Abstract 

The abstract is describing results of characteristics studies of ceramic coatings made from corundum-
baddeleyite ceramics, on deposit, boronized corrosion-proof steel AISI 303. Boronizing of steel surface is a 
technology known for tenths of years.  In addition to higher surface strength leading to abrasion resistance 
some versions of boronisation may contribute also to corrosion-proof protection of the steel. Benefits of these 
applications can be multiplied by formation of ceramic coatings with higher strength, fire resistance and lower 
surface porosity. Borides in such a case form on the steel interlayers with suitable coefficient of linear thermal 
expansion to ceramic coatings which are applied by the method of thermal spraying or plasma spraying. 
Conditions of boronizing by the method of reactive fusion of boron from boron carbide and lanthanum 
hexaboride are described so the formation of Fe2B is preferred to FeB, which is more fragile and the structure 
of which does not comply with conditions for perfect adhesion of modified zirconium ceramics.  Perfect 
adhesion connection of needle-like anchored interlayers of Fe2B in corrosion-proof steel AISI 303 prepared by 
reactive diffusion of boronizing media without activating agents under temperature 1000 °C and with exposure 
2 - 4 hours is proving during pin-off tests values of the bond strength 20 MPa - 25 MPa. Ceramic coatings 
made from Eucor Al2O3-ZrO2 formed on these interlayers have bond strength value 9 MPa - 13 MPa. Thermic 
cycling in the interval 100°C - 600 °C confirmed good bond strength of coatings with the base steel. The static 
cycling under higher temperatures (600-1000 °C) proved already higher number of failures of bond strength 
and mechanical destructions of coatings.  

Keywords: Boronised steel, plasma spraying, ceramic coatings, bond strength; zirconia coatings 

1. INTRODUCTION   

Use of engineering materials on the steel basis in new fields of applications is still rather limited by operational 
temperatures to which are permanently exposes these materials. Development of heat-resistant steels for 
steam or combustion turbines or functional parts of other power machines has temperature limitation due to 
their chemical composition. Further pushing forward of temperature limit of steel usability for structural 
purposes can be obtained by formation of protective heat-resistant coatings, which are among possibilities of 
passive protection of functional surfaces of parts, thus providing them with required features in wide spectrum. 
For example thermal barrier coatings (TBC) must have low value of thermal conductivity, relatively high 
coefficient of thermal expansion, chemically inert characteristics, mechanical stability to thermal fatigue and 
good resistance to tear and wear. 

Among successful technologies of preparation of surface protection of materials functioning in the environment 
with extremely high temperatures or in the presence of corrosion or oxidizing media, belong plasma deposition 
processes [1]. Plasma deposition is allowing formation of functionally graded materials (FGM) on the substrate 
surface, however the main issue at point is the strength (bond strength) of the joint of plasma formed coatings 
on the counterpart, i.e. steel material. Among general characteristics of coatings belong mainly their chemical 
composition, their porosity, strength and roughness. Selective feature which must be checked for each 
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combination separately is mainly the bond strength, markedly depending on the specific couple of interfaces 
coating - counterpart [2]. 

With regards to order difference of coefficients of linear thermal expansion of metals and ceramics the 
problematic issue of bond strength of ceramics with the metal with subsequent application under higher 
temperatures can be solved by several methods. One of them is formation of one or several transition 
interlayers with gradually reduced dilatation coefficients α1 , α2 (x 10-6 K-1), which is technologically and of course 
economically rather demanding. The cheapest method of increased adhesion of coatings to the counterpart 
steel is therefore roughening of the counterpart, for example by brushing or abrasive agent blasting.  

Roughening of the surface of steel materials and subsequent plasma deposition of ceramic coating yet still 
leads to formation of many failures in the structure of both the coating and mainly of the joint interlayer.  
Formation of more suitable, for example chemical joint between ceramic coating and steel materials is possible 
with iron compounds with suitable dilatation coefficient. As such compounds can be considered ironborides or 
iron hemiborides - FeB and Fe2B. Specific method of needle-like anchoring of mainly the phase Fe2B on the 
steel surface (see Fig. 1 and Fig. 2), given by reactive-diffusive mechanism of its formation, is providing perfect 
connection with the base and at the same time provides premise for selection of suitable ceramic spraying, 
which does not degrade by cyclic temperature changes due to different coefficient of linear thermal expansion. 
[3,4]. 

 
 

  
 Fig. 1  The thickness of the boride layer after                 Fig. 2 Morphology of Fe2B and FeB phases in cross- 
               4 h diffusion boronizing                                  section surface on the steel AISI 303  

If we compare metallographic section of vertical cut of boronized layer with general record of roughened 
surface with use of profilometer (for example Mitutyo or Hommel roughness tester), we can see obvious 
equality of needle-line anchoring of iron hemiboride with the roughness profile. Differences are only in cross 
direction dimensions. Boronizing can anchor the iron hemiboride coating up to the depth of about 250 µm, 
which cannot be reached by any other roughening method. Roughening to the value around Ra ≈ 10 μm can 
be reached only on the primarily formed boride layer on which is deposited another coating. In such 
characterised boride interlayer can be calculated the graduated dilatation coefficient from the value α = 12.0 
.10-6 K-1  to the value 7.85  10-6 K-1. 
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2. MATERIALS AND METHODS 

Steel plates AISI 303 were blasted with corundum abrasive F 240 to reach the surface roughness Ra ≈ 6 μm - 
8 μm. They were subsequently boronized in individual fills B4C, LaB6 and elementary boron, without activating 
agents, under temperatures of 1000 °C for the time of 2 hour and 4 hours. Temperature rising and cooling was 
regulated with the speed 10 °C.min-1. One of the targets of this experiments was to assess how the boronizing 
medium participates on formation of the desired layer Fe2B or on higher ratio of Fe2B/FeB. After the boronized 
substrates were coated with corundum-baddeleyite ceramics by the plasma spraying method by plasma 
generator WSP®H-500 [5].  

After examination of parameters formed by boride-ceramic coatings we measured their adhesion to the steel 
counterpart and also their mutual adhesion. Initial materials and products were analysed by XRD method on 
the diffractometer PANanalytical X´PERT PRO. Surface roughness was measured by the Mitutyo roughness 
tester SJ 210. Metallographic shots were taken by the scanning electron microscope EVO MA 15 (Carl Zeiss 
SMT). Bond strength was according to the standard EN ISO 4624 2003, the counterpart was made from 
titanium. Content of elements in the area of bond strength failure was determined by the areal XRF analysis 
on the device PANanalytical-Axios FAST. 

3. RESULTS AND DISCUSSION 

The X-ray diffraction analysis found out that boronizing in various types of boronizing media brings under equal 
exposition conditions different final results. The least suitable proved to be boronizing with use of elementary 
boron, where the predominant formed phase was FeB49 (PDF ref.code 00-039-0418), then the less desired 
fragile phase FeB and then the Fe2B phase in the ratio of about 55:40:5 (after mechanical removal of residuals 
of unreacted boron). Boronizing with use of LaB6 gave rise to formation of surface layer LaB4, under which 
was found the predominant phase Fe2B. Study of this combined layer will be subject to a separate article. 
Boronizing in the fill B4C passed off with standard results with preferential formation of the iron hemiboride 
phase Fe2B. From metallographic cross-sections were found average depths of formation of iron hemi-boride 
and iron boride layers and the microhardness HV was measured in relation to the distance from surface. 
Average depth of needle-like anchoring of borides is shown in the graph on Fig. 1 . (The graph is for information 
containing other values obtained during measurement on other materials too). Morphology of ferroborons 
prepared in the fill B4C is shown on Fig. 2 , together with introduction of indents by Vickers indenter. 
Measurement found the value of strength of corrosion-proof steel 3.29 GPa (329 HV) and E-modul 248 GPa, 
the hardness was increasing towards the surface layer, in the place of anchored needles the iron hemi-boride 
Fe2B reached the maximum value of 16 - 17 GPa.  

On such treated surfaces was applied the ceramic coating 
of corundum-baddeleyite ceramics by plasma spraying 
(see Fig. 3  and Fig. 4 ) from commercial material Eucor of 
company Eutit [6]. Description of plasma deposition with 
apparatus using water stabilized plasma from the 
generator WSP® was introduced in many previous 
publications released by UFP, e.g. [7,8]. In this specific 
case were applied parameters: current 500 A, voltage 300 
V, flow of carrier gas 240 l .h-1 at 0.30 MPa, feeding 
distance 32 mm, spraying distance 350 mm, production 
capacity 10 kg.h-1, powder granularity 63 μm -100 μm. 

 
Fig. 3 Ceramic (Eucor) coating on steel AISI 303 
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Fig. 4 Ceramic (Eucor) coating on Fe2B interlayer 

Obtained samples were analysed according to the following scheme (Fig. 5 ). Pull-off tests for adhesion were 
performed according to the standard EN ISO 4624 2003. Pull-off device part of the pull-off test was made from 
titanium in order to simplify the subsequent analysis of pulled-off ferroborone layers by XRF method by 
determination of Fe content.   

Experiment A: Substrate steel AISI 303 (Ra1 = 7.94 μm; Rq= 10.7 μm; Rz = 60.5 μm), Adhesive Loctite 3425 
A&B Hysol, pull-off device with titanium counterpart cylinder and screw (Ra2 = 8.27 μm; Rq= 10.8 μm; Rz = 
58.5 μm).  

Experiment B: Substrate steel AISI 303 (Ra1= 7.94 μm) Eucor ceramic coating (Ra3 = 25.4 μm; Rz = 32.3 μm; 
Rq = 155,1 μm). Adhesive Loctite pull-off device, titanium cylinder (Ra2 = 8.27 μm). 

Experiment C: Substrate steel AISI 303 (Ra1=7.94 μm) FeB/Fe2B interlayer (original surface Ra4 = 14.3 μm 
Rq = 17.8 μm; Rz = 79.9 μm and after blasting Ra5 = 16.6 μm; Rq = 21.0 μm; Rz = 97.2 μm) Adhesive Loctite, 
pull-off device, titanium counterpart cylinder (Ra2 = 8.27 μm).  

Experiment D: Substrate steel AISI 303 (Ra1 = 7.94 μm), FeB/Fe2B interlayer (Ra5 = 16.6 μm), Eucor ceramic 
coating (Ra6 = 10.6 μm; Rz =13.4 μm; Rq = 65.7 μm), Adhesive Loctite, pull-off device with titanium counterpart 
cylinder (out of plane) (Ra2 = 8.27 μm). 

Experiment A verified behaviour of the pull-off device. Pull-off strength of the adhesive Loctite was numerically 
the highest (26.8 MPa) and the joint of specimen broke into its parts in the middle of the Loctite layer. XRF 
analysis confirmed that major part of the adhesive (checked by the ratio Ba Ti - compounds of BaII are the main 
inorganic components in the adhesive) rested on the counterpart titanium cylinder (out-of-plane) with higher 
value of surface roughness Ra and the smaller part on the surface of steel substrate with lower value Ra.  

Experiment B followed the bond strength of ceramic coatings Eucor with steel substrate. Value of the pull-off 
was 9.8 - 12.7 MPa) and again the destruction appeared in the Eucor mass. The effect resembled very much 
delamination of the layered ceramics, as the ceramic coating from Eucor was prepared by plasma spraying 
raster procedure. According to areal XRF analysis more Eucor remained on the counterpart Ti- cylinder (out-
of-plane). 
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Fig. 6  Surface of counterpart 
titanium cylinder with Loctite 

adhesive and Fe2B fragments 

Fig. 7  Eucore coating on 
FeB/Fe2B substrate 

 

Fig. 5  Scheme of coating 
adhesion measurement on the 

boronized steel 

 Fig. 8    Scheme of pull-of test: 
Ti-cylinder-Loctite adhesive-Eucor-FeB-Eucor-Loctite-Ti-cylinder  

It follows from the above, that strength of the eucor-steel joint is higher than tensile strength of eucor ceramics. 
Relation between this strength and impact on its value by primary roughness in the joint /on the interface/ has 
not been in this case measured quantitatively but proved logic and followed also from our similar 
measurements performed for example on phosphate systems [9]. 

Experiment C was monitoring the bond strength of boride surface layer with the steel counterpart. On the 
surface of  titanium-counterpart cylinder were identified by XRF method and microscopically (Fig. 6 ) particles 
of FeB/Fe2B, caused by the pull-off from the fragile boride surface. Bottom part of anchored needle-like 
formations of the phase Fe2B remained intact. This chemical-diffusion joint is maximum from the aspect of the 
bond strength. Breaking or fracturing of the upper part of boride layer in the contact joint with the adhesive 
Loctite is caused by the nature of boride layer formed in the initial phase of the boronizing in the fill. This 
opinion was verified by another experiment, when primary, partially cracked and porous boride layer of the 
thickness  ≈ 150 μm was first metallographically ablated by about 10 μm  and subsequently blasted for the 
roughness Ra = 9.34 μm. The pull-off test then confirmed higher bond strength of the joint FeBx-Ti counterpart 
cylinder up to the value 8.9 MPa. Another experiment for this phase was performed by preparation of the flat 
target from ferroborone FeB with surface roughness Ra = 10.9 μm; Rq =13.5 μm; Rz = 66.9 μm by the SPS 
method. This target was in SPS device from both sides provided with surface Eucor layers, sintered under the 
temperature 1400 °C and the pressure was 60 MPa (see Fig. 7 ). The assembly as shown on the Fig. 8 
(schema) was subjected to a loading test. The boride target was pulled apart about in the middle (bond strength 
about 3.46 MPa), in the Ti-counterpart cylinder remained residuals of FeB connected with intact Eucor and 
adhesive. This confirmed that adhesion or chemical bonding of ferroborone with Eucor is stronger than the 
mechanical tensile strength (out-of-plane) of fragile phases of ferroborones on the surface of boronized steel. 
Experiment D was monitoring strength of connection between ceramic eucor coating and layer of boride on 
the steel surface. From obtained values of bond strength followed the information that adhesion in the couple 
Eucor-Fe2B is higher (7.8 MPa - 8.9 MPa) than tensile strength of ferroborone. Destruction caused by the 
tensile stress appeared again in the boride layer.   
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Steel substrates with boride interlayer and external coating from 
corundum-baddeleyite ceramic were subjected to cyclic heating in the 
interval 20 °C - 600 °C with temperature gradient of heating 100 
°C.min-1 and free cooling 30 min. There were no noticeable changes. 
During thermic cycling under higher temperatures (600 °C - 1000 °C) 
was already damaged the bond strength and mechanical destruction 
of coatings appeared. Picture on Fig. 9  demonstrates high gradient of 
tensile residual stress in the coating.   
 

Fig. 9  Destruction of ceramic coating during cycling under 1000 °C                                                       

4. CONCLUSION 

Formation of transition layer of Fe2B on the surface of steel substrates AISI 300 is an advantageous 
technological operation prior to application of hot or plasma spraying. It is possible to reach remarkably higher 
bond strength of coatings, in particular for cases of further cyclic thermal loading. The interlayer Fe2B was 
applied with the coating from corundum-baddeleyite ceramics, the plasma spray of which is characterised by 
double-phase composition,  mostly from alpha-Al2O3 and monoclinic modification of ZrO2 and high quotient (to 
90 %) of amorphous component. Such coating is reliably resistant to cyclic thermal loading up to the 
temperature of 600 °C. Under higher temperatures occured another important diffusion of boride in the steel 
connected with stoichiometric loss of iron hemiboride Fe2B on the contact interlayer. Residual tensile stress in 
the ceramic coating would then cause destruction on the interface with boride layer.  
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Abstract  

This paper investigates the oxidation behaviour of aluminized flake graphite cast iron. Aluminized coatings 
were fabricated by hot-dipping cast iron in a pure Al or AlSi11 bath at 750 oC for 20 min. The microstructure 
analysis showed that both types of coatings consisted of two layers: an outer layer with a composition similar 
to that of the aluminized bath and an inner layer with intermetallic phases. Dispersed flakes of graphite were 
observed in both layers. The coatings fabricated in AlSi11 were thicker than those produced in pure Al. High 
temperature oxidation tests of aluminized and bare cast iron samples were conducted over a period of nineteen 
24-hour cycles. It was shown that flake graphite cast iron hot-dip coated with pure Al or AlSi11 alloy exhibits 
comparable resistance to cyclic oxidation to uncoated cast iron. 

Keywords:  Hot-dip aluminizing, flake graphite cast iron, intermetallic phases, microstructure, high 
                     temperature oxidation resistance  

1. INTRODUCTION 

Aluminizing is a process in which the surface of a metallic material is coated with a layer of aluminium. Steels 
and cast irons are the most common materials that are aluminized, but this process is also used for nickel, 
copper, titanium and magnesium alloys [1-4]. Aluminium coatings on steel or cast iron are applied to increase 
their heat resistance and corrosion resistance [5-7]. Various methods are applied to fabricate aluminium 
coatings. Hot-dip aluminizing is a technique that is relatively cheap and simple. In this process, the components 
to be coated are dipped in a pure aluminium bath or in an aluminium alloy bath (Al-Si [8,9],Al-Zn [10] or Al-Ti 
[11]). The thickness and the structure of aluminized coatings depend on the type of the dipped material and 
its temperature, the chemical composition and temperature of the bath, and the holding time [8].  

In this study, grey cast iron was aluminized by hot-dipping in a pure Al or Al-Si alloy bath. The high-temperature 
oxidation behaviour of coated and uncoated samples was analyzed. The microstructures of the coatings and 
the bare substrate before and after the oxidation test were also examined. 

2. EXPERIMENTAL DETAILS 

EN-GJL-200 pearlitic flake graphite cast iron was used as the substrate material. Before dipping, the surfaces 
of the samples were ground with 800-abrasive paper and cleaned with ethanol. Hot dip aluminizing was 
performed using a Nabertherm 2/13 melting furnace furnished with a graphite crucible. The samples were 
immersed in a molten bath of pure aluminium (A1) or AlSi11 alloy at 750 oC for 20 min. The chemical 
compositions of the aluminium alloys are given in Table 1.  
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Table 1  Chemical compositions of the alloys used for hot-dip aluminizing 

Alloy 
Al Si Fe Mn 

[wt. %] 

A1 min. 99.50 max. 0.25 max. 0.40 max. 0.05 

AlSi11 85-88 10-13 0.8 0.5 

The oxidation tests were performed using 24-hour heating cycles, after which the samples were cooled down 
to room temperature and weighed by analytical balance (0.0001 g accuracy). After 8 cycles of heating (192 h) 
the heating temperature was raised to 700 °C due to no significant changes in the oxidation process. At this 
temperature, 11 cycles of heating (264 h) were performed. The microstructure analysis of the aluminized 
samples was conducted using a Nikon ECLIPSE MA 200 optical microscope and a JEOL JSM-5400 scanning 
electron microscope equipped with a LINK ISIS 300 energy dispersive X-ray spectrometer. 

3. RESULTS AND DISCUSSION 

The microstructures of the flake graphite cast iron aluminized in pure Al or AlSi11 alloy are shown in Fig. 1. In 
both cases, the coating consists of an outer layer and a thin transition zone between the substrate and the 
outer layer. Flakes of graphite are clearly visible in the coatings. From the comparison the microstructures, it 
is evident that the coating produced in pure aluminum (Fig. 1a ) is thinner than that obtained in the AlSi11 alloy 
(Fig. 1b ). 

Fig. 1 Optical microphotographs of cast iron hot-dip coated with: a) pure aluminium, b) AlSi11 alloy 

Fig. 2  shows the microstructures of the transition zones observed at a higher magnification. The transition 
zone in the coating fabricated by hot-dipping in pure aluminum (Fig. 2a ) is thicker and more regular compared 
with that obtained in AlSi11 alloy (Fig. 2b ). The transition zone observed in the sample aluminized in pure 
aluminium exhibits a tongue-like morphology at the interface with the cast iron substrate. A regular interface 
was observed in the area adjacent to the outer layer. In the sample aluminized in AlSi11 alloy, the interface 
between the transition zone and the cast iron was nearly flat and the interface with the outer layer was much 
more irregular. 

a b 
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Fig. 2 The microstructures of the transition zones in the coatings aluminized in: a) pure aluminium, b) AlSi11 
alloy 

High magnification SEM images of the transition zones are presented in Fig. 3 . In both examined coatings two 
layers can be distinguished in the inner transition zone. The EDS analysis in this zone of the sample coated in 
pure aluminium indicated that the thicker layer (marked A in Fig. 3a ), adjacent to the cast iron substrate, 
contained: 71.50 at.% Al, 25.75 at.% Fe and 2.75 at.% Si. This suggests the presence of the Al5Fe2 phase 
with a small amount of Si. The occurrence of silicon in this zone was due to the presence of this element in 
the cast iron substrate. The composition of the thinner layer (marked B in Fig. 3a ) was: 79.51 at.% Al, 19.62 
at.% Fe and 0.87 at.% Si, which corresponded to the Al3Fe phase. For the sample aluminized in the AlSi11 
alloy, the EDS point analysis was performed at the points marked in Fig. 3b . The thinner layer (marked A) 
comprised 70.37 at.% Al, 26.04 at.% Fe and 3.59 at.% Si. This result indicates the Al5Fe2 phase. The chemical 
composition of the area marked C (66.39 at.% Al, 17.03 at.% Si and 16.58 at.% Fe) suggests the presence of 
the Al5FeSi phase. The plate-shaped phases randomly distributed in the outer layer of the coating (marked D) 
had a similar composition, i.e. 67.76 at.% Al, 18.14 at.% Si and 14.10 at.% Fe. 

  

Fig. 3 SEM microphotographs of the transition zones in the coatings aluminized in: a) pure aluminium, b) 
AlSi11 alloy 

The high temperature oxidation kinetics of the coated specimens and the bare grey cast iron was studied first 
at 650 oC for 192 h and then at 700 oC for 264 h. Twenty-four-hour cycles of heating were applied. The weight 
changes in the function of exposure time for the aluminized and uncoated cast iron specimens are shown in 

a b 

a b 
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Fig. 4.  It can be seen that all the examined specimens gained weight with an increase in the heating time. The 
oxidation rates for cast iron aluminized in both baths are similar to those observed for uncoated cast iron. 
Increasing the temperature from 650 oC to 700 oC after eight 24 h cycles caused no significant changes in the 
oxidation behaviour of the tested specimens and there was a continuous weight gain. An increase in the weight 
resulted from the formation of corrosion products during annealing. No spalling of corrosion products during 
the repeated cycles of annealing and cooling for all the tested specimens was observed. 

 

Fig. 4 Weight gain curves of the aluminized and bare grey cast iron specimens 

The cross-sections of the uncoated cast iron and hot-dip aluminized specimens after the oxidation tests are 
shown in Fig. 5 . The surface of cast iron is covered with an oxide layer 250 µm in thickness (Fig. 5a ). Fig. 5b 
shows the microstructure of the cast iron aluminized in pure aluminium after oxidation. A thin, light layer of the 
remaining aluminium coating is observed in the top zone. Underneath there is a visible oxide layer. Between 
the oxide layer and the substrate a dark zone is observed. the coating on grey cast iron fabricated in AlSi11 
alloy (Fig. 5c ). The coating on grey cast iron fabricated in AlSi11 alloy (Fig. 5c ) has a similar structure after 
cyclic heating.  

Fig. 5 Optical microphotographs of cast iron after the high temperature oxidation behaviour test: a) bare,  
b) coated with pure aluminium, c) coated with AlSi11 alloy  

Fig. 6  shows SEM images of the specimens aluminized in pure aluminium or AlSi11 alloy after the oxidation 
test. The distributions of C, O, Al, Si and Fe along the index line are also presented in this figure. The linear 

a b c 
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analysis shows that carbon is present in the dark zones adjacent to the cast iron substrate. The high 
concentration of oxygen and iron in the middle, grey zone confirms the occurrence of the iron oxide layer. The 
linear analysis also indicates the presence of aluminium in the outer zone in both coatings, which suggests 
that after 456 h of oxidation the aluminium or aluminium-silicon outer layers were not consumed completely. 

 

Fig. 6 SEM microphotographs of the coating aluminized in: a) pure aluminium, b) AlSi11 alloy after 456 h 
annealing and the corresponding EDS spectra 

These results show that aluminized flake graphite cast iron did not exhibit better oxidation resistance than bare 
cast iron. This can be explained as follows. During the cyclic annealing process the flakes of graphite trapped 
in the aluminium coating oxidize rapidly. This leads to the formation of cracks in the coating. The cracks are 
paths along which oxygen penetrates into the substrate. An iron oxide layer forms on the cast iron substrate 
keeps growing as the oxidation time increases. The surface of the cast iron in contact with oxygen becomes 
skin decarburized and thin layers of carbon form below the oxide layer [5,6]. 

4. CONCLUSIONS 

The coatings fabricated on flake graphite cast iron by hot-dipping in pure Al or AlSi11 alloy consisted of an 
outer layer, an inner Fe-Al intermetallic layer and dispersed flakes of graphite. The coatings produced in an 
AlSi11 alloy bath were thicker than those obtained by the application of a pure aluminium bath. 
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The cyclic oxidation tests show that the weight gains of the specimens with aluminium coatings produced in 
both baths were similar to that of the bare flake graphite cast iron. Furthermore, there was no difference in 
oxidation behaviour between specimens hot-dip coated with pure aluminium and those produced in the AlSi11 
bath. The graphite flakes dispersed in the aluminium coatings oxidize rapidly at high temperature which leads 
to crack propagation in the coating. The cracks allow oxygen penetration through the coating to the substrate 
and its oxidation. The results indicate that aluminium coatings on flake graphite cast iron do not prevent 
oxidation of the substrate at temperatures of above 650 oC.  
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Abstract 

Cr3C2-NiCr, Cr3C2-CoNiCrAlY, TiMoCN-Ni (experimental coating), Stellite 6, NiCrBSi and Hastelloy C-276 
coatings were deposited on substrate material Wr.Nr. 1.4923 (X22) which is in nitrided state used as an 
effective constructional material for components in power equipment. All evaluated coatings were deposited 
using HVOF (High Velocity Oxygen Fuel) thermal spraying technology. The evaluation of resistance against 
high temperature corrosion was conducted for all selected thermally sprayed coatings.  Furthermore, corrosion 
resistance comparative study between coating surface protection and nitrided stainless steel X22 was also 
carried out. All evaluated coatings were exposed to corrosive-aggressive environment in the form of molten 
salts mixture with composition of 60% V2O5 and 40% Na2(SO)4 at the selected temperature of  
750 °C. Further, all coatings were exposed to cyclic conditions. Each cycle included one hour long exposure 
of evaluated coatings with salts mixture layer on the surface at 750 °C in a silicon carbide furnace. 20 minutes 
cooling in air followed the exposure period. Weight changes of individual samples were measured after every 
cycle and the results were recorded in the diagram. 

After the corrosion tests, all coatings were analyzed using scanning electron microscope (SEM), and also the 
analysis of elemental composition (EDAX) was conducted. Alloys-based coatings showed very similar 
corrosion mechanism in the selected aggressive environment and the same can be stated about cermet 
coatings. The obtained results prove that HVOF deposited coatings can replace current surface protection of 
components in power equipment such as nitriding. 

Keywords: HP / HVOF, hot corrosion, corrosion resistance, aggressive corrosive environments 

1. INTRODUCTION 

Coating properties determine its behavior in operation. The most effective testing is therefore a simulation of 
real operating conditions. On the other hand, such evaluation method is usually not possible to realize. For 
this reason, coatings are usually characterized by their physical or mechanical properties. 

Publications dealing with evaluation of high-temperature behavior are focused on the standard evaluated 
values observed by "as sprayed" coatings and also on other physical and mechanical properties, their 
dependence on temperature, corrosive environments, modes and conditions (e.g. composition of furnace 
atmosphere) [1]. The corrosion in the presence of molten salts is called high temperature corrosion. This 
corrosion process is based on the deposition of salts on material surface. At operating temperatures, some 
salts are in liquid state or form complex salt mixtures in the presence of gases containing sulfur. These salt 
mixtures melt at much lower temperatures in comparison with melting points of their individual components. 
The sources of salts depositing on material and attacking are not only impurities deposited from coal or oil, but 
also other environments where salts penetrate to the material surface, e.g. in marine industry [2]. 

The dissolving of oxides takes place in the salt melt. The principle is following. Molten salts deposit on material 
surfaces, dissolve protective oxide film and thereby increase the corrosion rate. An example of such 
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mechanism can be sulphate melt. Pure Na2(SO)4 melts at 884 °C, but in combination with other salts, e.g. 
NaCl or Ni(SO)4, the melting point of this mixture is lower [2]. 

High temperature corrosion test was conducted in order to simulate conditions occurring in boilers, refinery 
furnaces or gas turbines. Residual fuel oils are the most frequently formed substances in these devices. This 
type of fuel is used due to the exhaustion of refined fuels and mainly for economic reasons. Fuel oils contain 
sodium, vanadium and sulfur. These elements are in this case regarded as impurities, mainly because of the 
formation of Na2(SO)4 (melting point at 884 °C) and V2O5 (melting point at 670° C) during reactions taking 
place in combustion systems [3] , [4] and [5]. These compounds are generally known as ash depositing on the 
material surfaces and accelerating oxidation (high temperature corrosion). Moreover, vanadium compounds is 
act as catalysts of oxidation and thus enable oxygen and other gases in the atmosphere to diffuse rapidly to 
the material surface which consequently creates additional oxidation [6]. 

Several different types of precautions are being used against high-temperature corrosion. However, most of 
them prevent from high-temperature corrosion just partially and temporarily. The application of protective 
coatings seems to be the most efficient and also the most economical solution. On the other hand, not every 
protective coating is suitable for every type of environment. For this reason, it is crucial to investigate which 
coatings provide protection in specific environments. 

2. EXPERIMENTAL PROCEDURE 

As it was already mentioned, five commercially available powders were used for sample preparation. These 
powders were Amperit 588.074 (Cr3C2-NiCr) with a particle size distribution suitable for HVOF (-45+15 mm), 
Amperit 594.074 (Cr3C2-25%CoNiCrAlY) with a particle size distribution suitable for HVOF (-45+15 mm), M-
484.33 (CoCrWC) with a particle size distribution suitable for HVOF (-53+20 mm), M-341.33 (Alloy-276) with 
a particle size distribution suitable for HVOF (-53+20 mm), M-771.33 (NiCrBSi) with a particle size distribution 
suitable for HVOF (-53+20 mm) and one experimental powder labeled T10 (TiMoCN-Ni). Nitrided steel 
commonly used to protect functional surfaces against this type of corrosion environment was chosen for 
comparison with evaluated coatings. 

All coatings were deposited by HP/HVOF (High Pressure/High Velocity Oxygen Fuel) technology with JP-5000 
torch from the company TAFA Incorporated. Already optimized spray parameters were used for each coating. 
Coatings were deposited on substrate material Wr.Nr. 1.4923 (X22) which is in nitrided state used as an 
effective constructional material for components in power equipment. 

This article describes high temperature corrosion testing based on applying of corrosion-aggressive salt 
mixture at 750 °C. The testing conducted in company VZÚ Plzeň. The test procedure was as follows. First, the 
specimens were polished to the surface roughness (Ra) max. 1μm. Second, the specimens rinsed with alcohol 
and heated at 250 °C in an oven. This heating was necessary for proper adhesion of salt layer. Third, the salt 
mixture in proportions of 40%Na2(SO)4 and 60%V2O5 (an eutectic mixture with low melting point at 550 °C) 
was chosen to simulate the conditions properly and to achieve comparable results with publications [7], [8], [9] 
and [10]. This salt mixture was mixed with alcohol and applied to the surface of evaluated specimen in amount 
of (3-5) g/cm2. Finally, the applied mixture was dried for 3h in an oven at 100 °C. Before the testing, the 
specimens were weighed and the weight was measured after each cycle. Number of cycles was 50 in order 
to compare easily with results achieved in foreign research. Each cycle consisted of 1h in silicon carbide 
furnace and of subsequent cooling for 20 minutes at ambient temperature. Measurements were performed on 
coated and on nitrided specimen. 
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3. RESULTS AND DISCUSSION 

3.1. Corrosion protection and durability of thermal ly sprayed coatings 

The graph of weight gains of individual evaluated coatings in Fig. 1  shows how coatings behaved in aggressive 
environment of high temperature corrosion. Coatings marked as 771 and T10 exhibited in the 11th cycle total 
destruction and therefore no further results are included in this paper. The graph shows that nitride surface 
treatment exhibited the highest weight gain. Further, high weight gain show both carbide coatings and the 
lowest weight gain was exhibited by alloy based coatings marked 341 (Hastelloy C-276) and 484 (Stellite 6). 
The obtained results proved that the best performance in selected corrosive environment exhibit alloy based 
coatings and the worst exhibited the nitrided surface treatment. These results are consistent with other 
experiments already conducted under the same conditions. Furthermore, the paper includes also photographs 
made by SEM with tables describing elemental composition determined using EDAX analysis. Fig. 2 presents 
the microstructure of the Cr3C2-CoNiCrAlY in cross section after the exposure to corrosive environment. The 
photograph shows evident mechanism of corrosion damage and the disruption proceeding from coating 
surface. The oxide layer formed on the coating was degraded by molten salts. Consequently, the coating lost 
its oxide layer and degraded from the surface. Fig. 3  presents the microstructure of the Cr3C2-NiCr coating in 
cross section after the exposure to corrosive environment. The photograph shows evident mechanism of 
corrosion damage where the disruption of coating processed from the surface similarly as previous Cr3C2-
CoNiCrAlY carbide coating. Oxide layer was formed and reacted with molten salts resulting in corrosive attack 
on the coating. 

 

Fig. 1 Weight gain/area vs. number of cycles plot for the bare and HVOF spray coated X22 steel subjected 
to molten salt environment (Na2(SO)4 - 60%V2O5) at 750 °C for 50 cycles 

Fig. 4  shows the microstructure of TiMoCN-Ni coating in cross section after the exposure to corrosive 
environment. The photograph evidently shows the corrosion damage mechanism resulting in total coating 
destruction, most likely caused by high temperature. There were most probably created new phases and 
oxides with higher volume and this change resulted in coating destruction. It proved that this coating is not 
suitable for high temperature applications. Fig. 5  presents the microstructure of Stellite 6 coating in cross 
section after the exposure to corrosive environment. The photograph apparently shows the mechanism of 
corrosion damage based on the formation of oxides on coating surface. These oxides reacted with salt mixture 
resulting in attack of individual splats on the coating surface. However, the corrosion attack on this coating is 
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negligible. Fig. 6  presents the microstructure of Hastelloy C-276 coating in cross section after the exposure to 
corrosive environment. The photograph shows the same mechanism of corrosion damage as Stellite 6 coating. 
It can be said that these coatings exhibit very similar corrosion mechanism. Fig. 7  shows the microstructure of 
NiCrBSi coating in cross section after the exposure to corrosive environment. This coating exhibited very 
aggressive attack. Both the thin oxide layer and the coating were damaged. Based on the achieved results, 
this coating is not suitable for this type of corrosive environment. Fig. 8 shows cross sections of nitrided steel 
with and without surface activation using TiH prior to the nitriding. The nitrided layer did not manage protect 
the underlying material from corrosive attack.  

                          

Fig. 2 Cr3C2-CoNiCrAlY coating after the exposure at the temperature of 750°C in corrosive environment of 
molten salts Na2(SO)4 - 60%V2O5 after 50 cycles 

                          

Fig. 3 Cr3C2-NiCr coating after the exposure at the temperature of 750°C in corrosive environment of molten 
salts Na2(SO)4 - 60%V2O5 after 50 cycles 

                          

Fig. 4 TiMoCN-Ni coating after the exposure at the temperature of 750°C in corrosive environment of molten 
salts Na2(SO)4 - 60%V2O5 after 50 cycles 
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Fig. 5 Stellite 6 (CoCrW) coating after the exposure at the temperature of 750°C in corrosive environment of 
molten salts Na2(SO)4 - 60%V2O5 after 50 cycles 

 

Fig. 6 Hastelloy C-276 (NiCrMoW) coating after the exposure at the temperature of 750°C in corrosive 
environment of molten salts Na2(SO)4 - 60%V2O5 after 50 cycles 

 

Fig. 7 NiCrBSi coating after the exposure at the temperature of 750°C in corrosive environment of molten 
salts Na2(SO)4 - 60%V2O5 after 50 cycles 

    

Fig. 8 Nitrided steels after the exposure at the temperature of 750°C in corrosive environment of molten salts 
Na2(SO)4 - 60%V2O5 after 50 cycles 
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4. CONCLUSION 

1) Based on the obtained results, alloy based coatings Hastelloy C-276 and Stellite 6 performed the best 
in protection of base material against corrosive environment of salts mixture Na2(SO)4 - 60%V2O5  

2) The worst performance showed T10 and NiCrBSi coatings which are therefore not suitable for high 
temperature applications in this type of corrosive environment. 

3) Furthermore, it was proved that the thermally sprayed coatings performed many times better than 
nitriding as protection of component functional areas in this type of corrosive environment. 
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Abstract 

The paper describes the study of porous layers formation process made with Fe on the carbon steel base. To 
form the layer there was used method of consisting combination of pulse microwelding paste layer on the S235 
steel surface. The paste layer was combined as a mixture of different powders like Fe2O3, Fe, Cu and mineral 
oil. The resistive pulse microwelding techniques were applied on the layer. Whole process of applying layers 
was controlled manually.The deposit was sintered with reduction oxides in dissociated ammonia. There was 
prepared mixture of iron powder ASC 100.29, ASC 100.24, Distaloy SE (source: the Höganäs company) and 
iron oxide in various compositions. To mixtures there were also added Cu, in order to improve the layer 
properties after sintering. Because the base material and the paste composition are being very similar by the 
chemical composition, only Cu has been recognized as the best key indicator enabling diffusion proccess 
study. Therefore Cu plays the role of an indicator that allows the assessment of the sintering properties, 
including the depth of diffusion. The layers were investigated with metallographic methods and EDS analyses. 
Using EDS analysis, there were identified a types of alloying elements and the extent of diffusion from Fe foam 
into to S235 steel. Also, there was investigated microhardness by Vicers method. Microscopic examination 
was carried out to examine the structure of formed layers. Image analysis methods were used to measure the 
size of the cross-section porosity. Studies have determined basic quality parameters of the covered layers. 

Keywords: Microwelding, surface engineering, porous layers, microstructure, microhardness 

1. INTRODUCTION 

Highly porous open-cell materials on the base of various metals and alloys are of increasing interest as they 
combine structural and functional properties [1,2]. Open-celled metallic foams with their specific structural 
properties are attractive candidates for a wide range of applications in the field of catalyst supports, process, 
and energy technologies.[3,4,5] The novel low-cost technology is proposed for fabrication of foams from 
metals, alloys, intermetallics. Metal foam was formed by a typical base metal like Al, Cu and other. [6,7,8] The 
subject of the experiment was testing of the using the produced porous metal foams techniques by reduction 
of metal oxides during the sintering. The mixture was sintered in a dissociated ammonia atmosphere. Fe foam 
was prepared according to the method described in the Polish patent No. 199720.[9] This allows for compose 
of irregular cellular structures with pores open or closed. The range of the porosity depends strongly on the 
used materials - the particle size and type of particulate material. However crucial influence on the porosity 
has the ratio between quantity of metal oxide powder and amount of matrix metal powder, which is a basic 
structure of produced sinter [10]. There is a wide range of possible applications for such materials, e.g. as heat 
exchangers, filters or catalysts. A new and promising method to produce open- cell metallic foams on base of 
iron powder, low and high alloyed steel powders. The foam material can be stacked and co-sintered with top 
layers to sandwich structures. A porous layers were formed by microwelding technique the powder mixture 
and the reduction of ferrum powder ASC 100.29, ASC 100.24, DISTALOY SE and ferrum oxide of different 
granulation. 
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2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The chemical composition of powder mixtures: 
Fe foam was prepared by mixture of iron powder ASC 100.29, ASC 100.25 and Distaloy SE (source Höganäs 
company) Cu powder and iron oxide Fe2O3 with different composition. The exemplary morphologies of 
powders (raw materials) are shown in Fig. 1 . 

      

       

Fig. 1 Typical morphologies of raw material:  
a) ASC 100.29 powder, b) Fe2O3 powder, c) Distaloy SE, d) Cu powder 

2.1. Joining parameters 

To form a porous layer, there was used composed hybrid technique consisting of creating the weld layer and 
its subsequent reduction with sintering. The applied layer was a composition of different powders; iron oxides 
and iron. The compositions are shown in Table 1 . To unify the substrate layer steel of powders there were 
used microwelding technique. Depending on the progress of process two or three layers were applied adjusting 
the length of the pulse.  

The welds were made using the microwelding device type WS 7000 S from SST France & Vision Lasertechnik. 
This machine welding generates pulses with an average frequency of 5000 Hz. The application of welding time 
ranges from 0.1 ms to 99 ms with increments of 1, 5 or 10 ms. Welding-current value generated reaches 11 
900 A at a voltage of +/- 5 V. The device allows to use electrodes silver-tungsten-non-magnetic of 5 mm 
diameters.  

Table1 Compositon fo cowering mixture  

No. The composition markings The mixture 

1. ASC 24 ASC 100.24+12%Fe2O3+6%Cu 

2. ASC 29 ASC 100.29+12%Fe2O3+6%Cu 

3. SE Distaloy SE+12%Fe2O3+6%Cu 
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During experiment, following parameters were used: 

• welding amperage in the range of 43-73% of the power device (max. 7000 A) was applied 

• microwelding time in the range of 6 ms to 8 ms;  

• powder and wire-ribbon as a selected form of impulse, 

• duty cycle: multi impulse welding cycle. 

The parameters used for various compositions were summarized in Table 2 . 

Table 2 Overlay welding process parameters 

No. The composition markings % of the power device welding time (ms) 

1. ASC 24 53% powder mode 7-8 

2. ASC 29 65% powder mode 6-7 

3. SE 73% powder mode 5-3-6 

2.2. Sintering  

The overlay weld was sintered in a dissociated ammonia atmosphere at 1180oC for 45 minutes. After sintering 
the samples situated in furnace were moved to an area where it was cooled in a protective atmosphere. Cooling 
took place in with an average speed of about 25 degrees per minute. To determine pore size and shape from 
the foam specimens, the image analyzer software was used. For further study the foam with a porosity of 57% 
was selected. 

2.3. Investigation 

2.3.1. Micro and macro structure investigation 

To illustrate structures of fusion researchers used the optical microscopy and SEM methods. Microscope Nikon 
MA 200 Eclipse with the image analysis system NIS 4.20 to metallographic specimens testing was used. All 
samples were mounted in a vacuum, using Buehler EpoThin resin during preparation process for the protection 
of the porous structure. SEM examination was performed using a JEOL JSM 7100F microscope (with field 
emission - Schottky) with EDS OXFORD X-MAX microprobe. The results showed that there is a possibility of 
obtaining the joint between the Fe foam and S235 steel. 

2.3.2. Microhardess 

Microhardness measurements of the base material and Fe foam were made at the weld zone and formed 
outside the weld. For investigation there was used Matsuzawa Vickers microhardness MX 100 type.  
Microhardness tests were carried out by using a Vickers indenter, with an applied load of 100G(0,98 N) 
for 15 s. 

3. RESULTS AND DISCUSSION 

3.1. Macroscopic observations 

After preparation, the samples were subjected to the observation naked eye and low magnification and 
photographed them. Fig. 2  shows macrophotography of specimen with porous layers. 
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A    B     C 
Fig. 2 Macrophotography of surface specimen with porous layers:  

A) SE sample B) ASC 29 C) ASC 24 

The observation with optical microscope and image a nalysis 

The porosity was studied using an NIS 4.20 image analyzer. Fig. 3  shows an image of the porous structure of 
sample SE formed on a flat S235 steel substrate by diffusion bonding.  

 

Fig. 3 The microstructures of the SE sample porous structure. Nital etchings  

Considerable expansion of the surface inside the structure was achieved. It should be noted that non-uniform 
distribution of pores was due to diversity of the composition powder particle size. There are bridges connecting 
porous layer with the steel substrate surface.  

A quantitative analysis of the microstructure of sample SE was conducted to determine its porosity. It was 
necessary to determine the number of pores per unit considering polished surface for different cross-sections. 
5 areas so called Region of Interests (ROI) of the structure were analyzed. The average porosity was 64%. 
Fig. 4 . shows location of ROI for analysed SE specimen. 

 

Fig. 4  Mirophotography of SE cross-section witch marked “ROI`s” on analyzed areas  

For other specimens the analyses showed that the average porosity scope was from 57% for ASC 29 and from 
41% for ASC 24. The differences in porosity mainly result from the behavior of powders during surfacing 
composition. They stem primarily from the shape of the ASC100.29 and ASC 100.24 powders grains. It was 
necessary for compositions based on ASC 100.24 to use the lowest amount of energy during the deposition 
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process and the relatively long pulse. The manufacturing technology defined by the foam morphology is 
different from the other described structures with pore size and shape [11,12]. The most similar technology for 
producing Fe foam described in the literature [13,14] gives the structure of a much larger pore sizes. In this 
work [14,15] the authors used additional foaming agent to obtain a greater porosity. This was necessary due 
to the particular purpose metallic foam. Other methods for preparing porous materials also can produce 
macroscopic materials having pores like [16] and other. 

During SEM observations and EDS microprobe examinations there was no significant diffusion of alloying the 
overlay weld from the SE mixture to the substrate material. Only noticeable change in the breakdown of Cu 
was on the overlay weld border. The SE mixture had a greater amount of Cu relatively to the ASC ASC 24 and 
29 because that Distaloy SE had in its composition approx. 1.5% Cu. Diffusion occurred at a depth of about 
30-40 microns. During the microwelding process diffusion of Cu took place, in S235 direction. It should be 
added that the diffusion zone is very small. Fig. 5  shows microstructure SEM and EDS elements distribution 
for Fe and Cu.  

 

 

 

Fig. 5  The microstructure of SE cross-section specimen with Fe and Cu distribution. 

3.2. Microhardness 

Hardness measurements for compositions ASC ASC 24 and 29 showed no significant differences with respect 
to the material sintered in the classical way [Höganäs materials].  

Change in the material hardness may be obtained by changing the composition powders applied during 
microwelding [Hogonas materials]. Attained values ranged from 120 HV100 the substrate material to 162 - 212 
HV 100 of the applied layer. On the border of the base material the applied layer was approximately 180HV100. 
Significantly higher hardness is due to the presence of alloying elements Ni and Mo and rapid cooling of the 
layer formed after sintering. 
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4. CONCLUSIONS 

There is a wide range of possible applications for such materials, e.g. as heat exchangers, filters or catalysts 
[17]. A new and promising method to produce open-cell metallic foams on base of iron powder, low and high 
alloyed steel powders as well as nickel alloy powder.  Pre-foaming was performed during the layer application 
at room temperature, allowing a very good process control by various parameters, foams of a great metals 
variety is possible and a broad spectrum of properties is achievable. 

Macroscopic and microscopic observations provide insight into the morphology of the structure. Compared to 
other reported in the literature showing that the technology Applications up leading to the formation of the 
microporous layer. 
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THE INFLUENCE OF THE NITRIDED LAYER DEPTH IN THE RO OT OF V-NOTCH TO NOTCH 
TOUGHNESS OF 30CrMoV9 STEEL 
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Abstract 

The aim of this work is to describe the influence of plasma nitride layers with different case depths which were 
created in the root of V-notches to notch toughness of 30CrMoV9 steel. The different case depths of nitride 
layers were achieved by three nitriding processes at temperatures 450 °C, 500 °C and 550 °C. Duration of 
nitriding process was chosen with regard to the achievement of uniform depth layer on steel surface because 
determination the final depth of the root of the V-notch is difficult. Chemical composition of steel was verified 
by GDOES/Bulk method using the LECO SA 2000 device. The experimental works were realized on V-notch 
samples of size 10x10x55 mm (according to CSN ISO 148-1 standard). The notch toughness tests of steel 
were carried out using the instrumental Charpy hammer at temperatures -40 °C, +21 °C and + 70 °C. Thickness 
and microhardness of plasma nitrided layers was evaluated using the automatic microhardness LECO M-400-
H device. The metallography was aslo evaluated using a light microscope OLYMPUS GX51. The results of 
experiments showed that plasma nitriding process has a direct impact on the change of notch toughness 
parameters. The notch toughness of plasma nitrided steel was decreased. The primary influence on the notch 
toughness has the case depth of the nitrided layer at the root of the V-notch. The measurements thereinafter 
showed that the notch toughness values at low temperature (-40 °C) decreased but at higher temperature 
(+70 °C) decreased too. 

Keywords: Plasma nitriding, Notch toughness, V-notch, Case depth 

1. INTRODUCTION 

Nowadays, thermo-chemical diffusion processes play an important role in modern manufacturing technologies 
[1]. Plasma nitriding process assisted by glow discharge plasma deals with surface hardening and advanced 
surface modification technology which has recently become industrially important [2]. Plasma nitriding is used 
for increasing of fatigue strength, surface hardness, and corrosion or wear resistance of industrial components 
for a wide variety of applications [3]. On the other hand, it is necessary to take into account the negative effect 
of plasma nitriding on the values of impact energy and notch toughness [4, 5]. The submitted paper deals with 
the influence of selected parameters of plasma nitriding to the fracture behaviour of steel samples made of 
30CrMoV9 (CSN 41 5330) steel provided with V-notches (dimensions of V-notch are in accordance with ISO 
148-1 standard [6]) compared with not nitrided steel samples. The influence of the nitrided layer depth in the 
root of V-notch to notch toughness of steel was evaluated by the dynamic notch toughness test using the 
instrumental Charpy hammer Zwick RKP 450 IWI device according to ISO 14556 standard [7] at test 
temperatures -40 °C, +21 °C and +70 °C. The results of notch toughness are supplemented by evaluation of 
surface hardness, metallographic analysis and measurement of case depth of the nitrided layer in V-notches 
root. Finally, the fractography analysis was performed. 

2. EXPERIMENTAL PROCEDURES 

The experimental programme of the work was focused in the field of the influence of fracture failure 
mechanisms of nitrided V-notch roots at test temperatures and the course of notch toughness KCV values. 
The value of notch toughness KCV was calculated from the values of measured impact energy KV. For the 
experiment was the nitride 30CrMoV9 (CSN 41 5330) steel used Chemical composition of the selected steel 
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was verified by the GDOES/Bulk method using the LECO SA 2000 spectrometer and the measured values of 
elements are stated in Table 1. 

Table 1  Chemical composition of steel 30CrMoV9 (CSN 41 5330) 

Chemical composition (%wt) 

Element C Mn Si P S Mo Cr V 

DIN standard 0.24 - 0.34 0.40 - 0.80 0.17 -  0.35 < 0.035 < 0.035 0.20 - 0.30 2.30 - 2.70 0.15 - 0.30 

GDOES/Bulk* 0.32 0.74 0.21 0.014 0.0025 0.16 2.75 0.12 

1.  *Parameters of GDOES/Bulk analysis: U = 800 V, I = 30 mA, p(Ar) = 314 Pa. 

For the impact test, samples sized 10 x 10 x 55 mm were manufactured and fitted with a V-notch 2 mm deep, 
with angle 45° and radius of the notch root ρ = 0.25 mm. These samples were subsequently heat-treated 
through quenching and tempering as recommended in the steel standard. The surfaces of specimens were 
grinded to the value of Ra = 0.4 µm prior to the plasma nitriding process, thereafter specimens were degreased 
in acetone and dried. Thus prepared experimental samples were subsequently plasma nitrided in the PN 60/60 
RÜBIG device according to the parameters marked in Table 2 . Before the actual process of plasma nitriding 
was the procedure of plasma cleaning performed under following conditions: T = 480 °C for 30 min, p = 80 Pa 
in a gas mixture 20H2: 2N2 (l/h). 

Table 2  Parameters of plasma nitriding process 

Parameter Plasma cleaning 
Plasma nitriding 

I II III 

Temperature [°C] 480 450 450 500 500 550 550 

Time/Duration [h] 0.5 10 30 8 25 6 20 

Flow H2 [l/h] 20 24 24 24 24 24 24 

Flow N2 [l/h] 2 8 8 8 8 8 8 

Pressure [Pa] 80 280 280 280 280 280 280 

Twenty pieces of samples were prepared for each type of plasma nitriding process. Five pieces of samples 
were selected for the metallographic evaluation and evaluation of case depth and fifteen pieces of samples for 
verification of the dynamic parameters through the notch toughness test. The group of fifteen samples, plasma 
nitrided under same condition, was divided into three subgroups of five samples. Each of subgroups was tested 
using the instrumented Charpy hammer under different test temperatures (i. e. - 40 °C, +21 °C and +70 °C). 
The metallographic evaluation of the plasma nitrided steel specimens with V-notches was performed on the 
metallographically prepared cross-sections by the optical microscope OLYMPUS GX51. Next, the surface 
hardness (HV1) and the nitrided layer depth measuring were carried out. The depth profiles of the nitride layers 
in roots of V-notches were evaluated by the measuring of microhardness profiles using the automatic 
microhardness tester LECO M-400-H in accordance to the DIN 50190-3 standard [8]. The microhardness was 
measured by Vickers microhardness method under 50 g loading (HV 0.05) and 10 s dwell time in the two 
selected areas of V-notches labelled as "I" and "II" (see Fig. 1 ). The actual evaluation of notch toughness of 
plasma nitrided samples with V-notches was verified using the instrumented Charpy hammer RKP 450 ZWICK 
IWI with nominal energy 300 J in accordance to the ISO 148-1 [6] and ISO 14556 standards [7]. The impact 
velocity of the pendulum was 5.234 m/s. in case of measuring under lower and higher temperatures, the silicon 
oil was used as cooling/heating medium. The values of notch toughness were calculated from the measured 
impact energy values [9, 10]. The fractographic analysis of fracture surfaces was carried out by means of an 
electron scanning microscope (SEM) TESCAN Vega TS 5135. The morphology of fracture was documented 
on individual samples in the axis of fracture perpendicular to the notch, in the distance approx. 1/3 from the 
notch, applying the x100 and x1000 zoom. 
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Fig.  1 Image of measured sample; location (position) of measurement pattern on the bottom of V-notch 

root and pattern of surface of sample 

3.  RESULTS AND DISCUSSION 

3.1. Metallographic analysis, microhardness and sur face hardness measurements 

The metallographic analysis of plasma nitrided samples from each series was evaluated using the light 
microscope OLYMPUS GX 51. The evaluation was focused on the analysis of formed nitrided layers with 
focusing on presence of brittle compound layer in the V-notch roots and on the microstructure of steel. The 
formed layers were analyzed on the areas of V-notches roots, marked as “I” in Fig. 2. 

 
Fig.  2 Marking the measured areas of nitrided samples 

The evaluation of the microstructure in areas of V-notches showed that in any case of plasma nitriding the 
compound layer in V-notch root were not created. The created nitrided layers were formed only by diffusion 
layers and the microstructure of nitrided samples was determined by tempered martensite and sorbite. 
Metallographic images of V-notch roots after selected plasma nitriding processes are shown in Fig. 3 up to 
Fig. 5 . The next step was the measurement of created nitrided layers in V-notch roots. Microhardness profile 
measurements were performed in roots of notches, marked as "I" and on the surface of samples marked as 
"II", in Fig. 1  and these values was converted to the average values which were summarized for all modes of 
plasma nitriding in Table 3 . The differences between shorter and longer nitriding duration were approximately 
of 0.01 mm in V-notch roots, although the differences between shorter and longer nitriding duration on surfaces 
were higher than twice. Increased case depths in V-notch roots were achieved after shorter nitriding duration 
and the lowest values were obtained at nitriding temperature under 550 °C (see Table 3 ). The decreased 
values of case depth in all V-notch roots are probably caused by a small diameter of V-notch root and therefore 
behave as a blind cavity with limited access of plasma [11].  

Patterns 

I. 

II. 

I. 
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Fig. 3 Microstructure of V-notch roots after 10 h (a) and after 30 h (b) of nitriding at 450 °C 

 

Fig. 4  Microstructure of V-notch roots after 8 h (c) and after 25 h (d) of nitriding at 500 °C 

 

Fig. 5  Microstructure of V-notch roots after 6 h (a) and after 20 h (b) of nitriding at 550 °C 

It is known that the case depth of nitride layer affects a number of mechanical properties of nitrided steel such 
as surface hardness, fatigue limit and toughness [4, 5, 12]. The values of surface hardness of the material may 
serve as one of the important indicators of the assumed resulting toughness. For this reason, the surface 
hardness was evaluated. The surface hardness of plasma nitrided steel specimens was measured using the 
instrumented hardness tester ZWICK Roell ZHU 2.5. Five measurements were carried out on each sample 
and the surface hardness was set as the average value of these five values. The determined surface hardness 
values reached higher values, because of presence of the alloying elements in the case of used 30CrMoV6 
(CSN 41 5330) steel. These alloying elements with high affinity for nitrogen like Al, Mo, V, Cr and W [13, 14]. 
The monitored steel contains especially Mo, V and Cr. The results of the surface hardness of plasma nitrided 
samples are summarized in Table 3 . The results shows that the surface hardness after plasma nitriding was 
increased almost three times, from the original value of 400 HV1 (quenched and tempered before plasma 
nitriding) up to 1167 HV1 (after plasma nitriding process at 500 °C and nitriding duration 8 hours). 

Table 3  The results of measurements 

a) b) 

a) b) 

b) a) 
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Plasma nitriding parameters Measured case depth [mm] 
Surface hardness [HV 1] 

Temperature [°C] Time [h] Surface V-notch 

Ref.* 0 / / 400.10 ± 0.40 

450 
10 0.15 0.07 1044.60 ± 8.46 

30 0.31 0.08 1150.53 ± 4.87 

500 
8 0.19 0.09 1167.73 ± 21.44 

25 0.37 0.08 1009.27 ±  0.77 

550 
6 0.16 0.06 985.10 ± 23.98 

20 0.31 0.05 1037.26 ± 12.11 

3.2. Charpy impact test 

A fundamental part of the experimental work was to perform the instrumented Charpy test in accordance to 
the ISO 148-1 [6] and ISO 14556 standards [7]. The results of the absorbed energy (impact energy) and the 
results of achieved notch toughness values of reference samples compared with nitrided samples for all test 
temperatures are shown in Table 4 . 

Table 4  The results of absorbed energy a notch toughness at selected test temperatures 

Plasma nitriding parameters 
Test temperature [°C]  

Absorbed energy KV 
[J] 

Notch toughness KCV 
[J·cm-2] 

Temperature [°C] Duration [h] 

0 (Ref.*) 0 (Ref.*) 

-40 

73.29 ± 2.79 91.33 ± 3.72 

450 
10 25.16 ± 4.85 31.39 ± 6.05 

30 13.25 ± 0.50 16.51 ± 0.63 

500 
8 19.79 ± 4.85 24.63 ± 6.02 

25 15.08 ± 1.70 18.80 ± 2.12 

550 
6 23.83 ± 1.20 29.90 ± 1.40 

20 26.88 ± 5.26 33.66 ± 6.54 

0 (Ref.*) 0 (Ref.*) 

+21 

109.87 ± 14.13 136.87 ± 17.00 

450 
10 100.30 ± 2.89 125.37 ± 3.39 

30 75.09 ± 4.86 93.92 ± 6.17 

500 
8 95.06 ± 5.85 118.75 ± 7.41 

25 76.29 ± 0.79 95.36 ± 0.82 

550 
6 90.44 ± 4.24 113.19 ± 5.11 

20 70.67 ± 5.97 88.40 ± 7.54 

0 (Ref.*) 0 (Ref.*) 

+70 

94.52 ± 5.08 117.26 ± 6.31 

450 
10 89.38 ± 1.63 111.72 ± 2.44 

30 71.00 ± 3.63 88.38 ± 4.57 

500 
8 82.08 ± 4.09 102.80 ± 5.39 

25 54.55 ± 5.12 68.15 ± 6.46 

550 
6 72.26 ± 1.89 90.95 ± 2.62 

20 80.54 ± 2.09 100.74 ± 2.89 

The values of absorbed energy and notch toughness achieved the lowest results at test temperature -40 °C 
(the decrease was approx. of 70 % compared to the values obtained at the temperature +21 °C). Though the 
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highest values of absorbed energy and notch toughness was not achieved at test temperature +70 °C but at 
test temperature +21 °C (by approx. 15 %). Values of absorbed energy and notch toughness were increased 
under increased test temperatures. Though the highest values of absorbed energy and notch toughness was 
not achieved at test temperature +70 °C but at test temperature +21 °C (by approx. 15 %). The results also 
showed that longer nitriding duration at the same nitriding temperature tended to lower values of absorbed 
energy and notch toughness except plasma nitriding at 550 °C and test temperature -40 °C and +70 °C. It is 
also evident a tendency of slight decrease of absorbed energy values and notch toughness with increasing of 
nitriding temperature in case of shorter nitriding duration. Longer nitriding duration led to higher values of 
absorbed energy and notch toughness only at nitriding temperature 450 °C. Higher nitriding temperatures 
achieved the maximum values of notch toughness after 20 hours at nitriding temperature 550 °C and test 
temperature -40 °C, after 25 hours at nitriding temperature 500 °C and test temperature +21 °C and after 20 
hours at nitriding temperature 550 °C and test temperature +70 °C. It is evident that all selected modes of 
plasma nitriding processes caused a decrease of values of absorbed energy and notch toughness compared 
with reference not nitride samples. These findings are consistent with previous studies [4, 5, 14, 15, 16]. The 
notch toughness values dependence on achieved nitrided layer depths in the V-notch roots after plasma 
nitriding at 450 °C, 500 °C and 550 °C is displayed in Fig. 6 . It is evident that values of notch toughness 
decreases with increasing of case depth in V-notch roots. In this case of plasma nitriding process at 450 °C, it 
was achieved higher value of case depth after longer nitriding duration. In case of nitriding temperature 500 
°C, higher value of case depth after shorter nitriding duration was achieved. This trend was also the same in 
the case of notch toughness values. The highest nitriding temperature also led to creation of higher value of 
case depth after shorter nitriding duration. The values of notch toughness actually with increasing nitriding 
duration were increased slightly except the value of notch toughness achieved at test temperature +21 °C. 
The graphical dependencies of notch toughness on the case depths in V-notch roots is displayed in Fig. 6 , it 
is evident that the highest values of notch toughness were really achieved at test temperature +21 °C. The 
explanation of this phenomenon has not been done in this work. 

 

Fig. 6 The notch toughness dependence on case depths in V-notch roots 

3.3. Fractography 

The last part of the experimental work was a fractography analysis of fracture surfaces of broken samples. It 
is evident, from preceding measurements, that more significant decrease of the notch toughness values was 
identified at the lowest test temperature -40 °C which was approx. of 70 % compared to the value determined 
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at the temperature +21 °C. The failure mechanism in the lowest temperature range of test temperatures was 
evaluated as transcrystallic brittle fracture (Fig. 7).  

 
A 

 
B 

Fig. 7  Micromorphology of fracture surface of plasma nitrided sample. Plasma nitriding 450 °C, 10 hours, 
test temperature -40 °C. Magnification 100x - A, 1000x - B 

 
A 

 
B 

Fig. 8  Micromorphology of fracture surface of plasma nitrided sample. Plasma nitriding 450 °C, 10 hours, 
test temperature +21 °C. Magnification 100x - A, 1000x right - B 

 
A 

 
B 

Fig. 9 Micromorphology of fracture surface of plasma nitrided sample. Plasma nitriding 450 °C, 10 hours, 
test temperature +70 °C. Magnification 100x - A, 1000x - B 
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It has been proved that the type of failure had an influence on the notch toughness values. The results of the 
fractographic analysis show that in the zone under the notch root and in the sphere along the edges of the test 
samples only the ductile dimple fracture mostly of shear character was identified. Micromorphology of fracture 
surface of the sample at a test temperature of +21 ° C has corresponded to brittle transcrystallic failure with 
areas of transcrystallic ductile failure, i.e. it is a mixed fracture (see Fig. 8 ). A different failure mechanism of 
30CrMoV9 (CSN 41 5330) steel was identified at the highest testing temperatures. For this case the 
transcrystallic ductile fracture mechanism predominate was identified (Fig. 9 ). As shown in Figs. 7 up to 9  
with the change of test temperature the morphology of fracture surface was changed too. This phenomenon 
occurred in all temperature of plasma nitriding processes. The micromorphology of fracture surfaces clearly 
shows a change of nature of fracture surface of V-notch. On the micromorphology of fracture surfaces is the 
change of the nature of fracture surface of V-notch visible. Brittle fracture characteristic for nitrided layer passes 
into ductile fracture towards the core of material, which is evident from Fig. 8  and  
Fig. 9 . An exception was found in the case of the fracture surface at a test temperature of -40 ° C, consisting 
of only brittle failure (see Fig. 9 ). 

4. CONCLUSION 

In this article was the main aim to determine the influence of plasma nitriding processes on to changes of 
selected mechanical parameters of nitrided 30CrMoV9 (CSN 41 5330) steel. It was experimentally found and 
confirmed that the plasma nitriding process has an effect on the reduction of the notch toughness values in 
case of 30CrMoV9 (CSN 41 5330) steel. Although the case depth in the V-notch roots achieved only 
hundredths of a millimeter, the notch toughness values were significantly reduced especially at test 
temperature of -40 °C. It was found that experimentally obtained KCV values at test temperature -40 °C were 
decreased by approx. of 70 % compared to the value determined at the test temperature +21 °C. Based on 
the comparison of the fractographic analysis results carried out for all test temperatures and determined KCV 
values, it can be concluded that the limit state occurrence was detected at temperature -40 °C, because the 
micromorphology of failure surface determined at this test temperature had quite brittle fractures. The 
experimental work confirmed the fact, that plasma nitriding increases the surface hardness but simultaneously 
decreases the notch toughness values. The most noticeable difference was recorded at low temperature test. 
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Abstract 

The aim of this study was to examine the effects of surface treatment with high energy sources on the 
microstructure and properties of austenitic-ferritic stainless steel sintered in dissociated ammonia. The multi-
phase sinters examined in the study were prepared from two types of water atomized steel powders: 304L and 
434L. Surface remelting was conducted using two devices: electric arc (GTAW method) and Nd:YAG pulsed 
laser. The following research methods were used in order to determine microstructure and basic properties of 
sintered steel after remelting: optical microscopy, X-ray phase analysis, microhardness and surface roughness 
measurements, tribological and electrochemical tests. It was found that remelting process leads to formation 
of the homogeneous structure of surface layer without porosity. The microstructure of laser remelted surface 
layer was finer than after arc remelting but in both cases X-ray analysis revealed only the presence of austenitic 
phase. The microhardness of laser-treated layer was slightly higher (322 HV 0.05) than after arc process (312 
HV 0.05). The measurements of surface geometry parameters (Ra, Rz, Rmax) showed that roughness 
obtained after pulsed laser remelting is much higher compared to the sinter in the initial state as a consequence 
of relief. Wear resistance in the sintered steel after arc remelting was better compared to laser-treated 
specimens. The major wear mechanism in sinters after remelting was adhesion while in the case of sinter in 
the initial state, wear was caused by abrasion. Corrosion resistance was higher for sinters after surface 
treatment as a result of porosity elimination and structure homogenization. 

Keywords: Sintered stainless steel, surface layer remelting, Nd:YAG laser treatment, GTAW method 

1. INTRODUCTION 

Nowadays, surface engineering represents one of the most resilient and most promising fields of science and 
technology. This results from the fact that in practice, for many construction materials, functional properties 
cannot be improved any more through only development of the microstructure and chemical and phase 
composition. Modification of surface layer allows for a significant improvement in properties of already known 
materials, thus elongating their functional life. In some applications, this offers real opportunities for replacing 
expensive materials with special properties with cheaper materials with adequately formed surface [1-3].  

A dynamic development of methods of surface treatment of materials that use concentrated heat sources has 
been observed in recent years. The most frequent lasers used in surface treatments are continuous wave 
lasers (e.g. CO2) or pulsed lasers (usually Nd: YAG). The remelting treatment is performed using a beam or 
pulse affecting a small surface, which leads to local heating, melting and quick, often directional crystallization 
[4, 5]. The cost of the apparatus for laser treatment is relatively high [2]. However, the use of laser methods 
offers several advantages, including precision, good surface quality, repeatability and opportunity of process 
automation [6, 7]. This allows for remelting of the surface layer also in the case of small components with 
complex shapes. Studies in the field of remelting treatment of metallic materials [e.g. 8-10] have reported that 
remelting of metal surface can be successfully performed also by means of much cheaper heat sources used 
in welding (such as GTAW). 
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The studies available in the literature have demonstrated that remelting of steel allows for improvement of 
properties of the surface layer (such as anticorrosion, tribological and fatigue properties) through fragmentation 
and homogenization of the structure or stimulation of other favourable changes without affecting core 
properties [5, 11, 12]. In the case of sintered steel dedicated for working in contact with corrosion media, e.g. 
in cars, porosity represents a serious problem. Open porosity increases the surface of material exposed to 
direct effect of the aggressive environment. Furthermore, the pores connected with each other by means of 
channels are also observed in sinters. The complex shape of pores and uneven access of air is conducive to 
corrosion factor and increase in chloride ion and hydrogen ion concentration inside voids. Consequently, 
creation of a tight passive layer on the surface is impossible and steel is transformed into the state of active 
dissolution [13-15]. 

The focus of the examinations discussed in this study was sintered corrosion-resistant austenitic-ferritic steel. 
The most of previous publications on surface remelting of stainless steels have focused on solid materials. 
There are only few studies [e.g. 16, 17] that have discussed the effect of surface remelting on the 
microstructure and properties of corrosion-resistant sintered steel. This study attempted to effectively use 
concentrated heat sources (laser method Nd: YAG and arc method GTAW) to obtain a continuous surface 
layer with homogeneous microstructure and improvement of basic properties of sintered austenitic-ferritic 
steels.  

2. MATERIAL AND METHODS 

The specimens for the examinations were obtained from water-atomized powders of 304L steel (18.9 % Cr, 
11.2 % Ni, 0.9 % Si, 0.1 % Mn, 0.013 % C) and ferritic 434L steel (16.2 % Cr, 0.98 % Mo, 0.8 % Si, 0.1 % Mn, 
0.015 % C). Powders mixed with 50:50 with addition of 1% of Acrawax C lubricant were compacted uniaxially 
with 720 MPa. The molded pieces were sintered at the temperature of 1250 ˚C for 30 minutes in the dissociated 
ammonia medium and cooled down with cooling rate of 0.5 oC/s. Sinters in the initial state were characterized 
by a non-uniform microstructure composed of austenite and multi-phase acicular component. 

The remelting treatment of sintered steel was performed by means of GTAW arc method with constant surface 
scanning rate of 340 mm/min and changing welding current intensity, with its values ranging from  
30 A ÷ 50 A. The shielding gas was argon, with the flow set at ~ 10 l/min. Nd:YAG pulsed laser with wavelength 
of 1064 nm was employed for laser remelting of surface layer of the sinters. The parameters were selected 
experimentally, by generating the pulses with power of 3.5 kW, 5kW and 7.5kW and changing the degree of 
pulse overlapping from 50% to 90%. The laser spot size was 1.5 mm.  

The basic criterion for selection of the specimens for further examinations was quality of surface of the remelted 
areas and similar width of the bands obtained, which were evaluated based on the macroscopic examinations 
and examination of surface topography. The basic roughness parameters i.e. Ra (mean arithmetic deviation 
of profile ordinates from the mean line), Rz (mean roughness height from 10 points) and Rmax (maximum 
difference between the highest peak of the profile and the lowest depth) were determined by means of Hommel 
T1000 profilometer. Length of the measurement section was 4.8 mm. Five measurements were performed 
along the remelted band. 

The microstructure testing was carried out on etched metallographic cross-section. The geometry (remelting 
depth and band width) was measured for individual remelted bands.  

Identification of phase composition of remelted layers and sintered steel without treatment was carried out 

using Seifert 3003 T-T X-ray diffractometer with a cobalt lamp with characteristic radiation wavelength of λCoKα= 
0.17902 nm. The measurements were carried out for angle range of 2θ= 30÷120°. 

Vickers method (with the load of 490 mN) was employed to measure microhardness of remelted surface layers. 
Results of measurements were presented in the form of distribution of the values of microhardness vs. distance 
from the specimen surface.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1104 

Examinations of friction wear resistance were carried out using T-05 block-on-ring wear tester. The tests were 
performed for dry sliding contact. Test parameters were selected experimentally: FN ≈49.05 N, rotational speed 

of the roll: 3.55 rps. Evaluation of specimen wear was carried out using an analytical balance with 

measurement accuracy of 0.00001 g. Test duration was 120 minutes (8 cycles, 15 minutes each). Total friction 

distance was ~2809 m. Coefficient of friction for each specimen was determined based on the following 
relationship:  

μ =  AB                                         (1) 

where: µ- coefficient of friction, T- friction force, FN- load. 

Electrochemical examinations of corrosion resistance of sinters were carried out in the solution  
of 0.5 mol*dm-3 NaCl at ambient temperature. CH Instruments measurement station with conventional three-
electrode measurement setup was employed. Corrosion current density ikor and corrosion potential Ekor were 
determined based on the recorded potentiodynamic curves using the graphical method of curve extrapolation. 

3. RESULTS AND DISCUSSION 

The remelted bands were then subjected to macroscopic evaluation, with the main criteria including band 
continuity, comparable width and relatively smooth surface without craters. These requirements were met by 
the bands remelted using arc method with current intensity of 35 A, whereas in the case of the laser method, 
this was observed for the bands remelted with pulsed laser with power of 5kW and overlapping of 85 %.  
Fig. 1  illustrates the examples of macroscopic images of the remelted bands. 

     

Fig. 1 Macroscopic images of remelted bands: (a) GTAW method; (b) laser method  

Microstructural examinations revealed that in the case of arc surface treatment, the surface layer of the 
sintered steel showed a homogeneous cellular-dendritic structure, typical of the alloys that crystallize with 
inclusions of primary austenite. Presence of columnar crystals oriented according to the direction of heat 
transfer and cells with the shape similar to equiaxed (Fig. 2a ) was observed. A transient zone with thickness 
of less than 50 µm was formed at the contact of the remelted layer with core material. This zone (see Fig. 2b ), 
obtained through melting the core material, was the location of nucleation of primary structure crystals. In the 
case of laser treatment, a cellular-dendritic structure was also formed in the surface layer. Cooling rate in the 
case of laser treatment was substantially higher compared to the arc method, with natural consequence being 
formation of much finer structure (Fig. 3a ). Similar to GTAW method, nucleation and growth of cells was also 
of epitaxial character, although a distinct transient zone was not observed (Fig. 3b ). Furthermore, it was found 
that both methods ensured development of a continuous surface layer without voids. 

X-ray phase analysis (Fig. 4 ) demonstrated homogenization of the microstructure in the area of remelted 
surface layers. Reflexes corresponding to angular locations of ferritic and austenitic phases were observed in 
the X-ray image recorded for the sinter in initial state, whereas X-ray images for the remelted layers did not 
show presence of ferritic phase as its formation was limited through rapid crystallization. Furthermore, 
substantial reinforcement of maximum for (002) surface was observed for the surface layer obtained with 
pulsed laser, which suggests texturization of the primary structure and preferred increase in crystals according 
to the crystallographic direction.  
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Fig. 2 Microstructure of the layer remelted using GTAW method: (a) central part of the band; (b) transient zone 

     

Fig. 3 Microstructure of the layer remelted using laser method: (a) central part of the band; (b) transient zone  

Microhardness of the remelted layers (Fig. 5 ) was comparable both in the case of arc and laser method, while 
its mean value was 312 HV0.05 and 322 HV0.05, respectively. Higher microhardness of the layer modified 
with laser is likely to have been caused by substantial fragmentation of the structure, thus greater contribution 
of cell borders which, as a result of crystallization with austenite inclusions, show usually elevated content of 
alloy elements (Cr, Mo, Si) that increase hardness. Microhardness measurements also revealed increased 
microstructural homogeneity in the area of the remelted layers compared to the core material.  

     

Fig.  4 X-ray diffractograms of sinter in initial state 
and after surface treatment 

Fig.  5 Distribution of microhardness vs. distance 
from the surface 
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Profilometric examinations of specimens' surface showed that, after remelting treatment using GTAW method, 
roughness was comparable with the sinter in the initial state, which was demonstrated by similar values of Ra, 
Rz and Rmax for both cases studied (see Table 1 ). A substantial increase in roughness was found after laser 
treatment, which was connected with presence of relief on the surface. This development of surface is typical 
for pulsed laser treatment, where individual remelting points overlap on each other and form flash. In the case 
of the arc method, continuous operation mode of the device guaranteed equal distribution of liquid metal in the 
remelted band. 

     

Fig.  6 Kinetics of mass loss of sintered steel 

 

Fig.  7 Potentiodynamic curves recorded for sinter in 
the initial state and after remelting. Electrolyte 0.5 

mol dm−3 NaCl; scan rate 10 mV s−1 

It was found based on tribological examinations that the treatment used in the study causes a change in the 
wear mechanism in the sinter, which results from homogenization of the structure of the surface layer and 
changes in its phase composition. In the case of the sintered steel without treatment, the wear of material 
occurred through abrasion connected with chipping and transfer of particles, whereas the dominant pattern 
after remelting was adhesion, manifested in delamination and grinding of material. Deterioration of the friction 
wear resistance after remelting (Fig. 6 ) was mainly connected with presence of austenitic phase in surface 
layers. In the case of the sinter in initial state, a hard and non-homogeneous acicular component was limiting 
the depletion of material. Values of the coefficient of friction were comparable for all the specimens tested (see 
Table 1 ).  

Table 1 The value of surface roughness, wear resistance and electrochemical parameters 

Surface state 

Roughness parameter, µm Wear process parameter Corrosion parameter 

Ra Rz Rmax 
Total 

mass loss, 
g*10 -3 

Coefficient 
of friction 

icorr , mA 
cm -2 Ecorr , V 

Initial 1.68±0.29 
15.32±3.3

0 
23.49±2.4

0 3.81 0.62 0.01 -0.37 

Remelted using 
GTAW method 1.63±0.31 14.34±5.1

3 
20.76±7.9

9 
7.20 0.58 0.003 -0.31 

Remelted using 
Nd:YAG method 6.16±0.9 

34.63±3.8
4 

45.15±3.8
0 8.56 0.57 0.002 -0.34 

Electrochemical examinations revealed an improvement in corrosion resistance of sintered steel after 
remelting with both GTAW and laser method. As results from the potentiometric curves recorded in the study 
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(Fig. 7 ), corrosion current densities ikor were much lower compared to the sinter in initial state, whereas values 
of corrosion potential Ekor were moved towards positive values (see Table 1 ). Furthermore, the curves 
recorded for the remelted specimens were characterized by longer passive range compared to the sinter in 
initial state for which a rapid increase in current density occurred almost directly after exceeding the value of 
Ekor., which is reflected by quick transition of the material into the active dissolution state. Improvement in 
resistance to corrosion medium in the case of steel after remelting treatment was connected with surface layer 
remodelling: disappearance of porosity and formation of single-phase structure. 

4. CONCLUSIONS 

Remelting treatment used in the study led to formation of a surface layer with homogeneous cellular-dendritic 
structure without voids. The microstructure of the laser-remelted layer was substantially finer than in the case 
of the layer remelted using GTAW method. Presence of only austenitic phase was found in the surface layers 
modified in the study. The layers obtained were characterized by similar microhardness. Due to 
homogenization of the structure in the remelted layers, the wear mechanism of the sinter was changed, which 
contributed to deterioration of tribological properties. Furthermore, a substantial improvement in corrosion 
resistance was observed, which is attributable to changes in phase composition and disappearance of porosity.  
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Abstract   

CoNiCrAlY bond coats manufactured by the high-velocity oxygen-fuel spraying (HVOF) and cold gas dynamic 
spraying (CGDS) deposition technique have been investigated and comparison of phase modification is 
presented in the paper. Even though both techniques accelerate powder particles with high kinetic energy, the 
resulting coatings differ considerably in their microstructures. In the former, high pressure is created by burning 
gases such as acetylene, propane or kerosene at high pressure and generating high temperature (3500 to 
4500 °C) in the gun. This gives high acceleration to powder particles which melt and deposit on substrate layer 
by layer with splat cool mechanism. On the other hand, large kinetic energy is generated in cold spray by 
passing carrier gases such as He or N2 through converging-diverging nozzle, with lower gun temperature of 
around 600 °C. Here the particles are not liquid droplets because of lower temperature and the deposition 
mechanism is not a splat cooling, but a high impact of solid particles, which results in plastic deformation, 
making very adherent coating. In this work, CoNiCrAlY powder was deposited on Inconel 718 substrate using 
HVOF and CGDS deposition process. The bond coats microstructural features were characterized by means 
of SEM and XRD analyses. The experimental results demonstrated that the CoNiCrAlY bond coats prepared 
by both HVOF and CGDS technique displayed the lower porosity for CGDS microstructure, and therefore 
CGDS represents an interesting and promising alternative for their manufacturing.    

Keywords: TBC, Bond coat, CoNiCrAlY coatings, cold spray, HVOF spraying 

1. INTRODUCTION     

Thermally sprayed coatings have been widely applied in industrial components in several industries in a wide 
range of functionalities and engineering designs. One of the most important and widely used applications of 
thermal spray coatings is their use as thermal barrier coating (TBC) [1-4]. Thermal barrier coatings consist 
typically of metallic bond coat and ceramic top coat normally applied onto superalloy substrate. Two general 
methods used for applying the ceramic layer are electron beam assisted physical vapor deposition (EB-PVD) 
and air plasma spraying (APS). The metallic bond coat is normally applied using air plasma spraying (APS), 
low pressure plasma spraying (LPPS) or vacuum plasma spraying (VPS). More recently high velocity oxygen 
fuel (HVOF) technique has been used in order to produce denser bond coats. The predominant drawback to 
these techniques is that their inherent high temperatures inevitably lead to changes in the coating 
microstructure, namely oxide inclusions [5]. In HVOF spraying technique, a powder material is melted and 
propelled at high velocity towards a surface. The HVOF process uses extremely high kinetic energy and 
controlled thermal energy output to produce low-porosity coatings with high bond strength, fine as-sprayed 
surface finishes [6]. Cold gas dynamic spraying (CGDS) uses kinetic energy rather than thermal energy to 
produce coatings. In this process, fine powder particles are accelerated in a supersonic flow and undergo 
severe plastic deformation upon impacting the substrate to form a coating. This technique has been used to 
produce coatings from various materials with different types of microstructure including conventional, 
nanocrystalline, amorphous and metastable structures [7]. CGDS operates at significantly lower temperatures 
than thermal spray processes and consequently its coatings exhibit no grain growth. In addition, it uses inert 
gases which hinder in-process particle surface oxidation. These advanteges make CGDS an interesting 
alternative for the deposition of bond coats [8-9]. The present study investigates and compares two techniques 
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of coating deposition -HVOF and CGDS-spraying methods. CoNiCrAlY coating have been manufactured by 
CGDS to verify their feasibility and investigate whether microstructural and chemical changes occurred 
throughout the deposition process.  

2. EXPERIMENTAL 

Ni-based Inconel 718 alloy was used as a substrate materials, with the nominal composition shown in Table 1 . 
The powder feedstock material used in this study is a commercially available CoNiCrAlY alloy with a nominal 
composition shown in Table 2 . This gas atomized powder has spherical morphology. Typical images of the 
morphology of the CoNiCrAlY powder can be observed in Fig. 1.  

Table 1 Chemical composition of substrate material (Inconel 718) 

Element  Ni  Fe Cr Nb C Mo Ti Al  O 

Wt %  49.85 19.69 17.81 4.6 3.03 2.65 1.00 0.73 0.64 

Table 2 Chemical composition of CoNiCrAlY powder 

Element  Co Ni  Cr Al  Y  C O 

Wt %  38.98  31.75  20.77  7.86  0.5 0.009  0.05 

CoNiCrAlY coatings were deposited onto Inconel 
substrates by two kinds of technique: HVOF and CGDS-
spraying techniques. The coatings thickness in both 
cases (HVOF and CGDS) were about 70 µm. The CGDS 
coating was manufactured using the cold spray system 
model PCS-1000 (Plasma Giken, Co., Ltd., Japan). For 
the present study, helium was used as the main 
propellant gas with a nozzle inlet gas temperature and 
pressure of 600 °C and 2.0 MPa respectively. In 
comparison, current commercial CGDS systems can 
operative with helium at temperatures and pressures of 
up to 800 °C and 4.0 MPa respectively [10]. This 
suggests that the CGDS process has not been stretched 
to its limit in the present study and that further coating 
optimization is therefore possible. The bond coat was 
produced by using an HVOF spraying system Model K2/JP 5000 (Plasma Metal s.r.o., CZE) using oxygen as 
carrier gas with gas pressure and flow of 1.5 MPa and 920 l/min. respectively. The spray distance was 360 
mm. the coatings after deposition have been subjected to morphology analysis using scanning electron 
microscopy (Carl Zeiss Ultra Plus) and energy dispersive X-ray analysis using a Philips X´PERT PRO 
diffractometer using filtered Co Kα radiation (λ = 1.790307 Å). The porosity (at both cases HVOF and CGDS) 
was estimated using image analysis by software “ImageJ”. 

3. RESULTS AND DISCUSSION 

3.1. Surface analysis  

Figs. 2-3 show SEM images of the as-deposited CoNiCrAlY coatings manufactured by HVOF and CGDS 
methods. The coating presents the lower porosity for the CGDS microstructure, lower roughness of the CGDS 
comparing to HVOF and location with very poor bonding in large extent for HVOF comparing to CGDS method. 

Fig. 1 Microstructure of CoNiCrAlY powder 
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The coating porosity analysis for each deposition are summarized in Table 3 . The HVOF coating (Fig. 2 ) 
exhibits limited porosity and crack content. Porosity measurements for the HVOF coating resulted in an 
average porosity of 4.25 ± 0.7%. The pores found within the HVOF coating are typically small in size with an 
average equivalent diameter of about 1.5 µm. This is attributed to insufficient localized plastic deformation of 
impinging particles upon impact, thus resulting in the formation of small voids between two adjacent particles. 
Conversely, the limited porosity, large coating build-up thickness achieved and absence of cracks within the 
coating structure demonstrate that most impinging particles have sufficient kinetic energy to achieve adequate 
plastic deformation. Coatings deposited by CGDS (Fig. 3 ) feature the most desirable structure with minimal 
porosity, absence of crack and a clean interface with the substrate. These coatings revealed an average 
porosity of 0.7 ± 0.5%, which is significantly lower in comparison with its HVOF counterpart. The pores within 
the CGDS coating are finer than those found in the HVOF coating, thus demonstrating a better compaction 
effect of the deposited particles during the spraying. 

 
Fig. 2 Microstructure of CoNiCrAlY powder deposited by HVOF spraying technique 

 
Fig. 3 Microstructure of CoNiCrAlY powder deposited by CGDS spraying technique 

Table 3 As-deposited coating porosity 

Material Coating porosity (%) 

HVOF coating 4.25 ± 0.7 

CGDS coating 0.7 ± 0.5 

3.2. XRD patterns of the CoNiCrAlY coatings 

Fig. 4  presents the XRD patterns of the CoNiCrAlY coatings at both HVOF and CGDS spraying techniques. 
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Fig. 4 X-ray diffraction patterns of as-sprayed CoNiCrAlY coatings a) HVOF b) CGDS 

The XRD-examination of the as-sprayed coatings showed signals of the matrix γ/γ´-AlNi3 phase (at both HVOF 
and CGDS) and at CGDS also β-phase AlCo. The absence of β-phase in HVOF as-sprayed coating confirms 
the transformation of microstructure during deposition, as reported by Richter et.al. [10]. According to them, 
this might be due to the dissolution of the β-phase into the γ - matrix due to severe plastic deformation of the 
particles upon impact. The large deformation of the particles upon impact led to a change in the lattice structure 
of the β-phase crystal lattice, thereby causing the β-phase to adopt a similar crystal structure to that of the γ - 
matrix [8]. 

4. CONCLUSION 

Based on the results obtained in this study, the following conclusions can be made: CoNiCrAlY coatings were 
successfully deposited by HVOF and CGDS. The bond coat having thickness of about 70 µm prepared by both 
HVOF and CGDS technique displayed the lower porosity for the CGDS microstructure. The CoNiCrAlY bond 
coat to Inconel substrate interface displayed locations with very poor bonding, in large extent for the states 
prepared by HVOF comparing to CGDS. This work therefore confirm the use of improvements of the bond 
coat deposition process when applying low-temperature processing methods such as CGDS and therefore 
CGDS represents an interesting and promising alternative for their manufacturing. 
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Abstract   

Laser technologies are among the unconventional methods of heat treatment and machining. Among the 
biggest advantages of laser quenching (hardening), it can be included high speed and process efficiency, a 
narrow thermally affected area and the possibility of processing complicated parts in shape that could not be 
workable with common conventional methods. During laser quenching of large surface parts, it is necessary 
to solve the problem of mutual overlap of laser spots. There is an unquenched area when insufficiently 
overlapped; with a large overlap, it can occur a tempering of the already quenched belt. Both cases negatively 
influence the resulting structure and mechanical properties.  

This article deals with finding the optimal degree of point laser spot overlap to ensure a high-quality quenching 
of large surface parts and with setting appropriate quenching parameters.   

Keywords: Laser quenching, laser spots overlap, microstructure, 1.1191 steel 

1. INTRODUCTION 

Laser technologies are very productive and economical and moreover, they are often one of the few 
alternatives for the production of a particular part. One of the major areas of application of lasers is the surface 
quenching of material. The most important points of engineering components in terms of service life are free 
material surfaces because almost all fatigue cracks start on them [1]. Therefore, ways are being looked for to 
increase the resistance of material surface layer. In addition to the chemical - thermal or mechanical treatment, 
surface quenching is one of the possible ways. Currently, laser surface quenching is being increasingly applied 
because, similarly as in other applications, laser treatment offers many advantages in comparison with 
conventional methods of thermal treatment [2]. At first, laser quenching reaches heating rates in an order of 
1000°C/s, thanks to that only a thin surface layer of material will be thermally affected, and, secondly, no 
quenching medium is necessary because the heat from the surface layer is taken away into the unheated core 
of a part, and thus, material self-quenching will occur. At the same time, only minimal undesired deformations 
will exhibit in the material due to thermal affecting of a very narrow region of the material. The width of the 
quenched zone can be easily modified by replacing the lens [3, 4]. Another significant advantage is also the 
fact that the whole process is controlled by an industrial robot which will ensure a uniform movement of the 
beam along a selected trajectory in 2D and 3D space [5].  

In order to achieve a properly quenched surface layer of surface parts, it is necessary to set suitable process 
conditions for each material and a sufficient overlap of laser spots so that the homogeneity of the quenched 
layer can be ensured throughout the entire surface [6-8]. This article discusses the issues of overlapping laser 
spots when quenching 1.1191 steel. 

2. MATERIALS AND EXPERIMENTAL METHODS 

The optimal degree of overlap of laser spots was studied with 1.1191 steel (12050 sample). The chemical 
composition of the investigated material is presented in Table 1 . The material was quenched by a Nd:YAG 
laser Laserline LDF 4000 with a maximal power of 4 kV and with a wave length of 1020 - 1060 nm. The laser 
set was supplemented by an industrial robot KUKA KR60 HA with a repeatability of ± 0.05 mm. The sample 
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12 050 was quenched from 1000 °C on laboratory air, the welding speed was 0.003 m/s. The laser spot had 
a dimension of 16 x 4 mm. There were tested three variants of laser spots overlap for each material - 0 mm 
overlap (0), 2 mm overlap (+2) and 4 mm overlap (+4). The scheme of these three variants is shown in Fig. 1 . 
The hardness gradient was measured on a MicroMet 6020 micro hardness tester. The hardening depth was 
measured from the record of hardness gradient HV1. The structure and phase composition were studied by 
the Zeiss Ultra Plus scanning electron microscopy equipped with Oxford detector for energy dispersive 
analysis (EDX). 

Table 1  The chemical composition of the investigated materials 

Sample C Si Mn Cr Ni Cu 

12 050 

(1.1191 steel) 

0.42 

0.50 

0.17 

0.37 

0.50 

0.80 

max 

0.25 

max 

0.30 

max 

0.30 

3.  

4.  

5.  

6.  

 

Fig. 1  The schema of three investigated variants of laser spots overlap (A - 0 mm, B - 2mm, C - 4 mm) [9] 

3. RESULTS AND DISCUSSION 

3.1  Unquenched 1.1191 steel       

The structure of 12050 material in its ground state is that of ferritic - perlitic type. As seen in Fig. 2  and in detail 
in Fig. 3 , the material structure is formed of a lamellar pearlite matrix (light areas in Fig. 2 and 3) which is 
surrounded by a ferritic mesh (netting) in the grain boundaries (dark areas in Fig. 2  and 3). The hardness of 
the ground material was 281±10 HV1.  

3.2  The overlap of 0 mm (0) 

Fig. 4  shows the material structure after quenching in the choice of a laser spot overlap of 0 mm. From the 
image it is obvious that the overlap of 0 mm is insufficient for a continuous quenching of surface parts. A belt 
of a width of approx. 413 µm arouse between the quenched traces which was not quenched. For 19312 
material, which was depicted in [9], that unquenched area had a width of 1.6 mm, which shows a higher ability 
of quenching of 12050 material. Fig. 5  shows the structure of the fully quenched area. It consists of martensitic 
needles (pins) and the oval areas of pro-eutectoid ferrite (highlighted in Fig. 5 ), which was created in the 
structure due to an insufficient material austenization. The hardness of the quenched belt was 616±9 HV1. 
The maximum depth of quenching reached roughly 1.105 mm at the chosen parameters of quenching, as 
shown in Fig. 6  and in the record of hardness gradients in the Graph in Fig. 7 . 
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Fig. 2  Structure of ground unquenched 12050 
material (SEM, 200x, InLens, HV 20kV) 

 

Fig. 3  Detail of the ground unquenched 12050 
material (SEM, 1000x, InLens, HV 20kV) 

 

Fig. 4  Quenched material - 0 mm overlap of laser 
spots (0) 

 

Fig. 5  Quenched material - 0 mm overlap of laser 
spots (0) - structure of fully quenched area (SEM, 

1000x, InLens, HV 20kV) 

 

 

 

Fig. 6  Maximum depth of quenching of 12050 
material at the selected parameters 

Fig. 7  Record of hardness gradients depending on 
the distance from the face of the quenched material 

3.3 The overlap of 2 mm (+2) 

When selecting the laser spot overlap of 2 mm (+2), the individual quenched tracks partially overlap, as shown 
in Fig. 8 . The overlap area is comparatively narrow - the depth of quenching ability is around 363 µm in the 
axis between the quenched tracks, as it can be seen in Fig. 8 . The results of the image analysis were confirmed 
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by measuring the gradient of hardness whose record for material „+2“ is shown in Fig. 9 . From the gradient of 
hardness it resulted the depth of quenching of 350 µm. When compared with 19312 material [9], it is clear that 
when choosing the same conditions of quenching and at an overlap of 2 mm, the quench-ability of 12050 
material in the axis between the laser spots is double (19312 material showed the depth of quenching in the 
axis between the laser spots 140 µm). 

 

 

Fig. 8  Depth of quenching of 12050 material in 
the axis between the laser spots when choosing 

an overlap of 2 mm 

Fig. 9  A record of hardness gradients in the axis 
between the quenched belts for variant +2 

3.4 The overlap of 4 mm (+4) 

Fig. 10  shows the structure of 12050 material after quenching with an overlap of laser spots of 4 mm (+4). The 
area of fully quenched material has a depth of 896 µm in the axis between the laser spots according to the 
image analysis (see Fig. 10 ) or 890 µm according to the results of measurement of hardness gradients (see 
the Graph in Fig. 11 ). 19312 material [9] showed a quenching depth of 580 µm in the axis between the spots 
in a mutual overlap of 4 mm (+4). In the lower third of the quenched area in the left part of Fig. 10 , there are 
evident the remains of ferritic network which remained in the material due to an insufficient austenizing of the 
ground material. For the reason of double heat in the point of overlapping the laser spots, this area in the axis 
between the quenched belts is missing. 

 

 

 

Fig. 10  Depth of quenching of 12050 material in 
the axis between the laser spots when choosing 

an overlap of 4 mm 

Fig. 11  A record of hardness gradients in the axis 
between the quenched belts for variant +4 
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4. CONCLUSIONS 
• A material hardening of 1.105 mm can be achieved for sample 12050 by laser quenching (hardening) 

using the test parameters. 

• When selecting a laser spot overlap of 0 mm (0), there arises an area of a width of 413 µm between the 
quenched traces that was not quenched. With an overlap of spots of 2 mm (+2), an overlapping of the 
quenched areas occurred, but the depth of quenching in the axis between the spots was only 363 µm. 
Only with variant +4, a sufficient overlap of the quenched areas was observed and the depth of 
quenching in the axis between the laser spots amounted to 896 µm in this case.  

• Hardening depths in the axis between the spots for each overlap variant are summarized in Table 2 . 

Table 2  The depth of hardened layer in the axis between the spots 

Overlap Hardening depth in the axis between the spots 
[μm] 

0 mm 0 

2 mm 413 

4 mm 896 

Maximum depth of material hardenability 1105 
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Abstract 

The paper deals with the evaluation of sheets with surface coating on the basis of Zn/Mg/Al and their 
application possibilities in the automotive industry. Evaluation is carried out by determination adhesive joints 
strength acc. to ISO 11339 for three sheet producers from many who supply sheets for car-body parts 
production. Utilization of new types of materials means also necessity to test individual bonded car-body parts 
utility properties, mainly at peel test under certain temperature conditions simultaneously in dependence on 
type of adhesives and lubricants which are used in the drawing technological process. Results give sheet 
processors information about properties of sheets with these surface coatings from individual producers, 
behavior of bonded joints strength properties together with failure mode as a criterion for propriety selection to 
apply new types of coating on the basis of Zn/Mg/Al.   

Keywords: Adhesive, Car Body, Coating Zn/Mg/Al, T- peel test  

1. INTRODUCTION 

Nowadays automotive industry belongs among the greatest consumers and processors of thin sheets so thus 
its requirements on the delivered material are still increasing. Thus as producer of thin sheets would be 
successful among difficult competition from other producers, it has to still improve producing assortment and 
to cooperate on problems with materials processing as can be e.g. drawing of difficult stampings as car-body 
stamping truly are. These parts are subsequently completed and here the adhesive bonding technology is very 
often the only one technique to joint materials which do not damage adherends surfaces. Adhesive bonding 
makes possible to joint also different materials - beside steel sheets also materials as e.g. glass, plastics or 
aluminium which are thus quite easily and safely combine and to obtain such shapes and properties which 
would be very difficult to obtain by other technologies. As a presumption for good strength and sufficient 
capacity of adhesive joint there is mainly proper joint design [1]. Determination of used materials utility 
properties for car-body design is so integral part of R&D of sheets producers and processors. 

2. COATED SHEETS FOR PRODUCTION CAR-BODY PANELS 

On sheet as a construction material are these days posing still new claims. Standard low-carbon steel sheets 
are for production car-body panels used in much more lower portion than before several years. Nowadays 
trend for these parts is production and processing of sheets with different types of coatings which effectively 
prevent from corrosion thus to improve utility properties of total car-body. In the automotive industry (mainly in 
Europe) are mostly used sheets with coating based on zinc. Zinc is suitable especially because of relatively 
low price and very good corrosion resistance. 

Another level in the development of hot dip galvanized (HDG) coating with improves anti-corrosion properties 
and metal coatings based on zinc, magnesium and aluminium. Their development was specifically focused to 
improve protection of sheet surface mainly to improve corrosion resistance in lap joints, hems or blasting car-
body zones. Further the car-body lower part (doors, fenders, side sills) are mainly during winter time almost 
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immediately in contact with corrosion environment. Thickness of metal layer in comparison to common zinc 
coatings can be slightly thinner upon maintaining the utility properties of the coating [2]. 

2.1. Sheets producers  

Sheets producers are still finding new methods hot to improve coating - types, properties also methods of their 
preparation. Usage of new coating means also necessity to test utility properties. So great attention is focused 
on determination the loss of properties of new coatings and their damage at own sheet forming. Sheets 
stampings as partial car-body part are produced by drawing and usage of coatings means some complications 
connected with technologies for their processing and subsequent completion. It is necessary to test utility 
properties of individual bonded parts. Among such testing methods belong also so-called T-peel test in 
dependence on adhesive and lubricant that is used during drawing technology. To obtain information about 
coatings properties in common production in press-shop is difficult and that is why there are carried out model 
tests in laboratories.  

Tests were carried out to determine adhesive joint strength properties in comparison to randomly chosen thin 
sheets producers and their coating for application in the automotive industry.  

Every producer has its own metallurgical procedure and method to produce not only workpiece itself (sheet) 
but also coating with surface layer(s) which represent object of company secret. For comparison suitability for 
sheets applications at car-body parts adhesive bonding process there were chosen three producers A, B and 
C which provide coated thin sheets with surface layer Zn/Mg/Al for car-body parts production. 

Producer A - HDG - ZM 90 [3,4] 

Surface composition of basic elements: Zn 93.3/ Mg 3.0/ Al 3.7 [wt.%]  

There is multi-phase, non-homogenous composition of coating which creates zinc dendrites (grains) in lamellar 
eutectic matrix (Zn-Mg-Al). 

In Fig. 1  is EDS surface analysis by method of Zinc-Magnesium layers. 

 
Fig. 1 Surface layer ZM 90 (left) and its section - producer A [3, 4] 

Producer B - HDG - ZM 90 [3, 4] 

Surface composition of basic elements: Zn 96.0 /Mg 1.5 / Al 2.5 [wt.%] 

There is multi-phase, non-homogenous composition of coating which creates zinc dendrites (grains) in lamellar 
eutectic matrix (Zn-Mg-Al). 

In Fig. 2  is EDS surface analysis by method of zinc-magnesium layers. 
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Fig. 2 Surface layer ZM 90 (left) and its section - producer B [3, 4] 

Producer C - HDG - ZM 90 [5, 6] 

In Fig. 3  is shown sheet surface with section through surface layer ZM 90 producer C 

  
Fig. 3 Sheet surface and section through surface layer ZM 90 producer C [5, 6] 

3. EVALUATION OF COATINGS - ADHESIVE BONDING 

Within the evaluation of individual producers and their coatings there was carried out so-called strength peel 
test acc. to standard ISO 11339 [7]. 

3.1.  Evaluation of adhesive joints failure pattern s 

For evaluation the adhesive joint quality there is as another criterion evaluation of adhesive joint failure patterns 
acc. to ČSN ISO 10365. Basic types of failure patterns are shown in Fig. 4 , SCF - particular cohesive failure, 
CF - cohesive failure, AF - adhesive failure, symbols: 1 - adherend, 2 - adhesive [8]. 
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Fig. 4 Failure patterns acc. to ČSN ISO 10365 [8] 

3.2. Conditions of experiment [9, 10] 

• Substrate:  ZM 90 - dipping coating, Zn/Mg amount: 45/45 [g/m2] producers A, B, C  

• Lubricant:  Prelube oil - amount 3 [g/m2] 

• Adhesive:             /1/ Higher-strength rubber, /2/ Elastic - rubber 

• Curing:   without ageing (temperature +180 °C /time 20 min) 

• T-peel test at temperatures: RT (+23 ºC), +80 ºC, -35 ºC  

Results of experiments - peel strength for coatings at temperatures: RT, +80 ºC, -35 ºC [9, 10]. 

Table 1 Results of coating A: T-peel tests for Adhesive 1 and 2 

Peel strength 

Ps [N/mm] 

ISO 11339 at temperatures: RT, +80 ºC, -35 ºC 

Without ageing 180 ºC / 20min 

Coating ZM 90 - A  

Temperature 
/1/ Adhesive  

Higher-strength 
rubber 

Failure pattern 

CSN ISO 10365 /2/ Adhesive  
Elastic-rubber  

Failure pattern 

CSN ISO 10365 

CF SCF AF CF SCF AF 

RT 3.15 ± 0.10 85 10 5 2.88 ± 0.07 100   

+80 ºC -   100 1.08 ± 0.04 85 5 10 

-35 ºC 0.35 ± 0,31  10 90 3.93 ± 0.30 100   

Table 2 Results of coating B: T-peel tests for Adhesive 1 and 2 

Peel strength 

Ps [N/mm] 

ISO 11339 at temperatures: RT, +80 ºC, -35 ºC 

Without ageing 180 ºC / 20min 

Coating ZM 90 - B  

Temperature 
/1/ Adhesive  

Higher-strength 
rubber 

Failure pattern 

CSN ISO 10365 /2/ Adhesive  
Elastic-rubber 

Failure pattern 

CSN ISO 10365 

CF SCF AF CF SCF AF 

RT 3.15 ± 0.11 85 10 5 3.75 ± 0.20 100   

+80 ºC 0.68 ± 0.09   100 1.27 ± 0.07 95 5  

-35 ºC 0.59 ± 0.06 70 20 10 4.55 ± 0.46 100   
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Table 3 Results of coating C: T-peel tests for Adhesive 1 and 2 

Peel strength 

Ps [N/mm] 

ISO 11339 at temperatures: RT, +80 ºC, -35 ºC 

Without ageing 180 ºC / 20min 

Coating ZM 90 - C  

Temperature 
/1/ Adhesive  

Higher-strength 
rubber 

Failure pattern 

CSN ISO 10365 
/2/ Adhesive  
Elastic-rubber 

Failure pattern 

CSN ISO 10365 

CF SCF AF CF SCF AF 

RT 1.87 ± 0.46 60 15 25 3.79 ± 0.11 100   

+80 ºC 0.37± 0.25   100 1.27 ± 0.03 100   

-35 ºC -   100 5.14 ± 0.85 100   

 

 

4. CONCLUSION 

Sheets producers react on nowadays claims from sheets processors that are offering new sheets resp. 
different types of coatings which would fulfill requirements not only at production and also in cars running. At 
car-body production is important, beside minimization of negative influences at drawing (e.g. lowering friction 
and elimination galling), to also ensure functional properties at subsequent completion of parts at adhesive 
bonding technology.  

For individual coatings from three producers there were evaluated utility properties regarding adhesive joints 
strength. Samples from sheets were tested by T-peel test acc. to ISO 11339. Peel is the most difficult type of 
loading for adhesion. For complex adhesive joint quality evaluation there are beside evaluation strength 
properties also visual evaluation of adhesive joint failure patterns acc. to CSN ISO 10365. Thus there were 
also evaluated individual failure patterns types after destruction of samples by delamination. 

Determination of strength properties of coated sheets with respect to car running was carried out by tests 
under different temperature modes - i.e. under temperatures: RT (+23 ºC), +80 ºC and -35 ºC. 

Results from individual adhesive joints strength tests and failure patterns are shown in Tables 1 - 3 . 

For the experimental part were used different types of adhesives, their strength properties cannot be mutually 
compared. Experimental laboratory tests for comparison coatings from individual producers revealed following 
facts: 

At adhesive 1 for tests under RT was determined that coatings A and B have the same result of T-peel strength 
of 3.15 N/mm, coating C reveled T-peel strength of 1.87 N/mm that is 59.36 % from the strength of both 
previous coatings. At all three coating were observed all three failure patterns (CF, SCF, AF). Regarding 
adhesive joint quality is adhesive failure (AF) inadmissible. That is why there are results of evaluation failure 
patterns under temperature +80 °C unfavorable because at all three coatings were detected failure pattern AF 
100%. In Fig. 5  is shown the failure pattern AF 100 % for coating A and temperature +80 °C. As well also tests 
under temperature -35 °C revealed for all coatings AF failure pattern.  

Fig. 5  Coating A, AF 100 %, Adhesive 1,+80 ºC [9] Fig. 6  Coating C, CF 100 %, Adhesive 2, -35 ºC 
[10] 
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For adhesive 2 and tests under RT there were measured similar values of T-peel strength for coatings B (3.75 
N/mm) and C (3.79 N/mm). Compared to that coating A had strength 2.87 N/mm which is 76.8 % resp. 75.98 % 
of previous coatings strength. Also under temperature +80 °C there were measured strength values of coating 
A lower (1.08 N/mm) that the other coatings (B and also C 1.27 N/mm), occurrence of AF 10 % failure patter 
proves fact of the lower strength. 

Compared to that at tests under temperature -35°C was determined interesting fact that failure pattern for all 
three coatings is type of CF 100 %. In Fig. 6 is shown failure pattern CF 100% for coating C and also 
temperature -35 °C. However strength values are different. Coating A (3.93 N/mm), coating B (4.55 N/mm) 
and the highest strength was measured for coating C (5.14 N/mm). 

By laboratory tests were also determined interesting results on coating C - for all temperature modes was 
observed failure type CF 100%.  

Submitted and discussed results revealed some facts that for application of individual coatings and it is not 
possible to unambiguously evaluate which coating is generally the most suitable for the application in 
automotive industry. Regarding fact that adhesive joint quality strongly depends on many factors as can be 
e.g. amount and type of used lubricant, type of used substrate and its surface morphology or surface treatment, 
thus own evaluation is very difficult. Great number of variable parameters makes problem of testing adhesive 
joints quality relatively difficult and requires further tests about individual factors influence. 

For application of new surface coatings types in series production in the automotive industry there will be 
necessary to define specific surface properties regarding requirements for good formability at sheet processing 
but simultaneously also at adhesive joint quality. Great influence arises from increasing corrosion resistance. 
Processors thus have difficult task to select fine coating to be used in car-body series production. 
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Abstract  

In this study, the effects of bismuth additions of 0.2, 0.5 and 1 wt% on microstructure and mechanical properties 
of AZ91 alloy were examined. A permanent mold casting procedure was carried out to produce the alloy billets 
under a mixed gas atmosphere of SF6 and CO2. Microstructural investigations showed that Mg3Bi2 intermetallic 
phases were formed in all the samples and it coarsened with increasing amount of Bi in AZ91 alloy. 
Furthermore, a finer dispersion of Mg17Al12 intermetallic phases was observed in the structures as the amount 
of Bi in AZ91 increased. It was also showed that increasing Bi addition increased the hardness of AZ91 alloy. 
However, the highest hardness value was found for the alloy having 0.5wt% Bi addition that means high 
amount of Bi can decrease the hardness of AZ91 alloy. On the other, there were no considerable changes in 
the tensile strengths and yield strengths of the alloys as the amount of Bi increased although a slight increase 
in both strengths were observed with increasing amount of Bi. Percent elongation at break showed a decrease 
as Bi addition increased. 

Keywords: Magnesium Alloys, AZ91, Bismuth, Microstructure, Mechanical properties 

1. INTRODUCTION 

As the conservation of energy resources and raw materials in the earth has been gaining more importance in 
recent years, the significance of the use of low weight and recyclable materials has also been increasing day 
to day [1]. Therefore, magnesium and its alloys, as the lightest metallic structural materials with superior 
specific strength, good stiffness, good castability, high damping capacity and excellent machinability, are 
raising their importance and they are increasingly used in numerous engineering areas including portable 
microelectronics, computers, telecommunication, aerospace and automobile industries [1-2]. In the last 
decade, AZ series of cast magnesium alloys, primarily AZ91 alloy (Mg-9Al-0.8Zn-0.2Mn), have been 
comprehensively studied and used as structural material in approximately 90% of all magnesium cast products 
[1-3]. 

Many research studies on the effects of minor additions of Ca, Bi, Sb, Pb, rare earth etc. in AZ91 alloy have 
been conducted so far in order to improve castability, microstructure stability, creep resistance or tensile 
strength [5-11]. It has been previously showed that addition of bismuth in AZ91 alloy can refine the β 
precipitates in the microstructure of as-cast alloy and create some rod-shaped, thermally stable Mg3Bi2 second 
phase particles that enhanced the creep resistance of AZ91 alloy [8]. Enhancement in the tensile properties 
of AZ series magnesium alloys, both at ambient and elevated temperatures, could be facilitated by using minor 
alloying elements that has a similar effect as Bi on AZ91 alloy such as Sb, also producing stable second phase 
particles in the as-cast structure of magnesium alloys. The effect of Bi additions (as minor alloying) to AZ alloy 
series of Mg, especially AZ91 alloy, in as-cast condition, is scarce. Therefore, the objective of the present 
study was to characterize effect of minor Bi additions on the microstructure and mechanical properties of as-
cast AZ91 alloys. 
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2. EXPERIMENTAL PROCEDURE 

Mg, Al, Zn, Bi ingots with a minimum purity of 99.9% were purchased from Sakarya Metal Co., Turkey. The 
alloys were prepared by melting pure Mg together with Al alloying additions in a graphite crucible under Argon 
gas atmosphere at 750 oC and then held for 20 min before pouring. Zn and Bi additions were carried out 5 
min. before casting to avoid losses of Zn and Bi due to vaporization. The amounts of Bi in AZ91 alloy were 
selected as 0.2, 0.5 and 1.0 wt.%. The chemical compositions of the studied alloys are shown in  
Table 1 . 

Table 1 Chemical composition of the alloys 

Alloys 
Elements (wt%) 

Al Zn Mn Bi Other Mg 

AZ91 9.11 0.76 0.16 - 0.021 Bal. 

AZ91+%0.2 Bi 9.20 0.75 0.18 0.21 0.018 Bal. 

AZ91+%0.5 Bi 9.25 0.77 0.19 0.53 0.018 Bal. 

AZ91+%1 Bi 9.17 0.71 0.17 1.03 0.011 Bal. 

The molten alloys were cast under protective SF6 gas into a preheated (250 oC) cast iron mold. The alloy 
specimens were used as-cast condition for the experimental studies. The hardness values were determined 
by Vickers hardness testing with a load of 50 N. The tensile test samples having 40mm in length and 8mm in 
diameter were machined. The tensile tests were performed in accordance with ASTM E8M-99 standard with 
a crosshead speed of 0.5mm/min at room temperature. Samples having 10x10x10mm cube were cut from the 
center of each specimen, then one face of each cube was subsequently grinded with 220, 400 and 600 grit 
emery papers followed by polishing with 1µm diamond paste for microstructural investigations. Microstructure 
images were taken by optical light microscopy and Phillips XL30 ESEM scanning electron microscopy (SEM).  

3. RESULTS AND DISCUSSION 

3.1. Microstructure 

Microstructures of as-cast AZ91+xBi(x=0, 0.2, 0.5, 1.0) alloys can be clearly seen in Fig. 1. The microstructure 
image of as-cast AZ91 alloy in Fig. 1(a)  shows that as-cast AZ91 alloy consists of primary α-Mg matrix, 
dispersed eutectic β-Mg17Al12 phase and secondary precipitated β-Mg17Al12 phase. The eutectic phase 
precipitates in the form of network at grain boundaries. With the increase in Bi addition, α+β eutectic phase 
and β intermetallic phase are coarsened and the dispersions of these phases are enhanced.  

          
(a)      (b) 
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(c)      (d) 

Fig. 1 Microstructure images of as-cast structures a) AZ91, b) AZ91+0.2%Bi, c) AZ91+0.5%Bi,  
and d) AZ91+1%Bi 

Fig. 2 (a-d)  shows higher magnifications of SEM micrographs of AZ91 alloys with and without Bi addition. 
Evidently, low amount of Bi addition to AZ91 alloy (0.2 wt%) gives rise to the formation of Mg3Bi2 phase and 
this phases were coarsened with increasing amount of Bi in AZ91 alloy. In Fig. 2(d) , higher magnification of 
AZ91 alloy containing 1wt%Bi is revealed with EDS results giving the chemical composition of second phase 
particles. As it can be seen from the EDS result table on Fig. 2(d) , a similar amount of Al as Bi can be seen 
on the point where the compositions were taken near α-matrix. That is to say that some β-Mg17Al12 phases are 
also present at this point. 

   
   (a)       (b) 

   
   (c)       (d) 

Fig. 2 SEM micrographs of as-cast structures a) AZ91, b) AZ91+0.2%Bi, c) AZ91+1%Bi,  
and d) Higher magnification for AZ91+1%Bi with EDS results 
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3.2. Mechanical Properties 

Mechanical properties of AZ91 alloy containing different Bi content are shown in Fig. 3 . It can be seen from 
Fig. 3  that increasing amount of Bi in AZ91 alloy does not efficiently change the mechanical properties since 
there is slight fluctuations in ultimate tensile strengths of AZ91 alloy containing varying amount of Bi. However, 
it can be said that yield strength and hardness has a tendency to increase as the amount of Bi increases even 
though the highest hardness was found for the alloy having 0.5wt% Bi addition that means high amount of Bi 
(1wt%Bi) can slightly decrease the hardness of AZ91 alloy. This decrease can be attributed to the coarsening 
of Mg3Bi2 phase with increasing amount of Bi concentration. Percent elongations at break are also shown in 
Fig. 3 . As the concentration of Bi increases in AZ91 alloy, percent elongations tended to decrease and this is 
also attributed to particle coarsening of Mg3Bi2 in accordance with previous studies [6-7]. 

 

Fig. 3 Ultimate tensile strength, Yield Strength, Hardness and % Elongation (EL) of AZ91 alloy as a function 
of Bi content 

4. CONCLUSION 

The following conclusions can be drawn from the present study: 

• Mg3Bi2 intermetallic phases were formed in all the samples and it coarsened with increasing amount of 
Bi in AZ91 alloy. 

• A finer dispersion of Mg17Al12 intermetallic phases was observed in the structures as the amount of Bi 
in AZ91 increased. 

• Highest hardness value was found for the alloy having 0.5wt% Bi addition that means high amount of Bi 
can decrease the hardness of AZ91 alloy. 

• There were no considerable changes in the tensile strengths and yield strengths of the alloys as the 
amount of Bi increased although a slight increase in both strengths were observed with increasing 
amount of Bi.  

• Percent elongation at break showed a decrease as Bi addition increased. 
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Abstract   

Currently, the methods of material coating by CVD (Chemical Vapour Deposition) and PVD (Physical Vapour 
Deposition) are expanding considerably. These methods are used in engineering and other industries. There 
is a large variability of the second coating. Their properties can be combined using several layers of different 
materials. The coatings have excellent physical and chemical properties e.g. low friction, high hardness, 
abrasion resistance, high temperature (normally 550 °C but 750 °C or more), corrosion and acid resistance. 
For the use of materials with such coatings, the knowledge of their tribological properties is necessary.  

Keywords: Plasma modification, CVD, PVD, adhesion, coefficient of friction  

1. INTRODUCTION 

Nowadays materials can be described by several different parameters, see Fig. 1 . The main parameters of 
coated layers are adhesion and abrasion. The adhesion reflects the ability of thin coated layers to adhere on 
the substrate parts. The abrasion describes the resistance of coated layers to outer objects. The aim of this 
work is to compare these properties on three different layers using the Ball on Disc method. 

2. MEASUREMENT 

On the deposited layers were investigated properties of adhesion layer and abrasion resistance by means of 
the BALL on the DISC method, where the coefficient of friction is evaluated. The principal of the method is 
shown in the Fig. 2 . Measurements were performed on a Bruker instrument that permits the measurement of 
a BALL on DISC. Progress was observed on the slide length when friction ceramic balls Si3O4 of surface area 
coated. To evaluate the adhesion it is important to determine the energy necessary to breach bonds at the 
interface layer-substrate. The force of 3N is applied perpendicularly by means of ball with diameter of 8 mm to 
investigate the layer. Damage to the layers, indicates the degree of adhesion of the layer [1]. 

                           

 
Fig. 1  Symbols for material parameters [5]                        Fig. 2 The principal of the BALL on DISC method. 
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Fig. 3 Tribological test layers TiN method BALL on DISC dependence coefficient  
of friction on the track ball 

  

Fig. 4 Tribological test layers TiAlCN 0,8 μm method BALL on DISC dependence coefficient  
of friction on the track ball 

  

Fig. 5 Tribological test layer Au 0.1μm method BALL on DISC dependence  
coefficient of friction on the track ball 
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3. DISCUSSION  

 
Fig. 6 layer TiN     Fig. 7 layer TiAlCN   Fig. 8 layer Au 0.1µm 

 
Compare the three different layers  TiN , TiAlCN, Au 0.1µm metodou BALL on DISC  

Ti N  
 
Layer Properties TiN. This TiN layer are very hard surfaces. For tribological test we see at the beginning of 
the curve, we see a low coefficient of friction 0.1-0.15 
 
TiAlCN  
 
Tribological testing shows friction coefficient 0.1-0.3 Directive trend shows a slight increase. 
 
Au 0.1µm 
 
0.1μm Au layer occurs quite early to remove the surface layer. For tribological test at the beginning of the 
curve we see a low coefficient of friction of 0.1 at a distance slide way. 

Tribological contact mechanisms 

The complete tribological process in a contact in relative 
motion is very complex because it involves 
simultaneously friction, wear and deformation 
mechanisms at different scale levels and of different 
types. To achieve a holistic understanding of the 
complete tribological process taking place and to 
understand the interactions, it is useful to analyse 
separately the tribological changes of four different 
types: the macro- and micro-scale mechanical effects, 
the chemical effects and the material transfer taking 
place, as shown in Fig. 9 . In addition, there has recently 
been an increasing interest in studying tribological 
behaviour on a molecular level; i.e. nanomechanical 
effects [2]. 

 

Fig. 9 Wear mechanisms observed in Region A [3]. 
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Fig. 10 Schematic ilustrations summarizing the observed coating damage mechanisms during the circular 
testing using the ball-on-disc tribometer [4]. 

Two-dimensional graph 
 

 

 
 

 

 

 

 
 
 

         Fig. 11  Layer TiN (2D) profilometer parameters:  
              load 6 mg, radius edge 2 µm 
 

 

      Fig. 12  Layer TiAlCN (2D) profilometer parameters: 
           load 6 mg, radius edge 2 µm 

 

Track ceramic ball Si3O4 after tribological 
friction tests was examined under the optical 
microscope Zeiss AXIO Imager. By 
tribological processes by BALL on DISC 
friction balls in exploring the surface leads to 
chipping of layers and their subsequent 
adhering to the balls. These particles layer on 
the bead and usually do not last long as they 
are peeled away from the ball surface. There 
is a abrupt change in the value of the 
coefficient of friction, which is recorded on the 
chart. There is a re-bonding and separation 
layer on the ball, the friction coefficient 
increases vice versa. In this way is explained 
phenomenon inequalities chart created in 2D 
and in 3D. 

The profile Fig. 12 is apparent roughness 
resulting attrition ball Si3O4. TiN is the lowest 
value on the y-axis is -0.25μm. The upper 
edge is 0.10μm. (Mean value), the difference 
is thus approximately 0.35 μm. 
In Fig. 13  the profile layer TiAlCN the lowest 
point of the profile is the value on the y axis -
0.9 micron on the top edge is 0.0 to 0.1 μm, 

the difference value is 0.8 to 0.9 μm. 
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Three dimensional graphs: 

 
Fig. 13 Nr.1 layer TiN (3D) profilemeter parameters: load 6mg, radius edge 2 µm 

 
Fig. 14  Nr.2 layer TiAlCN (3D) profilometer parameters: load 6mg, radius edge 2 µm 

 

Fig. 15 Nr.3 layer Au 0.1µm (3D) profilometer parameters: load 8mg, radius edge 2 µm 

4. CONCLUSION 

In the presented work, adhesion properties of three different coated layers were compared. The best adhesion 
was evaluated in the sample Nr.3 of Au-layer with thickness of 0.1 µm (see the Fig. 15). The surface of this 
layer was measured by the tip with radius of 2 µm and with a load of 8 mg. In the Fig. 15 , the negative depth 
values of more than -0.1 µm at the outer edge of the rounded shape-like plate sample correspond with a lower 
amount of sputtered gold particles deposited at this area. In the Fig. 15 , the groove marked with black lines 
indicates the path of the testing ball during the tribological test. The course of this profile has not changed over 
the sample area and there is no significant deviation of the depth during abrasion (tests). This is caused by 
the high ductility of gold particles, and the resulting friction improves the surface properties. The 2D graph was 
not be used as it does not enable the required distinguishing of the track profile from other curves. The second 
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best adhesion was evaluated in the sample Nr.1 of TiN layer, where the difference of the ball track from the 
other surface area is approximately 0.2 µm (see the Fig. 13 ). The third evaluated sample, the Nr.2 with TiAlCN 
layer, shows a significant difference between the upper and lower surface. The profile path is not entirely semi-
circular. During the tests the surface on the ball is modified in such a way, that it corresponds to a negative 
imprint of the tribological ball track (groove) on the sample surface. 

Tribological properties of adhesion, abrasion and friction coefficient are important parameters for appropriate 
material selection for intended use in various industries, e.g. applications in medicine, food industry, 
engineering industry, etc. 
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Abstract  

Reinforced concrete service-life depends on a transport rate of corrosion stimulators, especially chlorides, 
towards the reinforcement through concrete cover layer. Traditional migration tests are able to state the 
effective diffusion coefficient; however they do not provide the information about the microstructure and its 
development in time. The electrochemical impedance spectroscopy was applied to study the microstructure of 
ultra-high performance concrete, ordinary portland cement concrete and pore concrete. The porosity and 
electrochemical parameters were related to water and chloride permeability. 

Keywords:  EIS, UHPC, chloride diffusion, porosity  

1. INTRODUCTION    

The aggressiveness of concrete matrix on carbon steel reinforcement depends on the access of carbon dioxide 
and chlorides to rebars and, after corrosion activation, also of oxygen from the atmosphere. Diffusion of carbon 
dioxide is much slower than diffusion of chlorides which is of (mm/a). When chlorides access the concrete 
matrix and reach the level of reinforcement, the steel rebars’ surface becomes locally active. Critical 
concentration of chlorides is about 0.2 wt. % per cement and the corrosion rate can increase to values even 
higher than 10 µm/a.  

The best way how to slow down the chloride diffusion is to make the access and motion of chlorides into the 
concrete bulk more difficult. That is possible by decrease of the volume and size of open pores in its structure. 
The open pores represent the way for water and diffusing ions to enter the concrete. The closed pores, on the 
other hand, are fully separated from the surface by concrete matrix and do not participate on diffusion 
processes [1, 2]. Total porosity influences mechanical, physical and thermal properties of concrete. The open 
porosity influences, among other, the moisture absorption and drying of concrete. Commonly used method for 
evaluating the open porosity is the mercury intrusion porosimetry (MIP). Principal of MIP method is in the 
nonwettability of concrete by mercury. The only way how the mercury can enter pores is than under an applied 
pressure. The higher pressure is applied, the smaller is diameter of pores that are filled with it and so the 
distribution of pore size can be determined. Disadvantages of MIP are in simplifications made for data 
processing. Material is assumed to create pores with non-elastic sides and with a regular shape. Also, the 
contact angle and surface tension are independent of pressure. [3, 4] 

As an alternative to MIP, the electrochemical impedance spectroscopy (EIS) can be used. It allows to 
determine the microstructure of material while measuring at high frequencies (above 1 kHz). To evaluate EIS 
data, an equivalent circuit is necessary to substitute the real material structure. In concrete exist one insulator 
path (concrete matrix) and two conductive paths: continuous (open-pores structure) and discontinuous 
(including also cement blockings). Conductive paths can be substituted by a resistance; insulators (and 
discontinuous points) are substituted with a capacitance (Fig. 1 ). A theoretical Nyquist spectrum based on the 
equivalent circuit mentioned above shows two capacitive loops (Fig. 3a ). From those loops, values of the 
resistance and capacitance of circuit and so those of the real concrete can be calculated. Typical for these 
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impedance spectra is: (1) R1 significantly increases with the hydration time and (2) decreases with increasing 
water/cement ratio (usually corresponds to higher porosity). (3) Values of R0 and R1 decrease as the thickness 
of a concrete decreases. [5] 

 

Fig. 1 Schematic (a) and simplified (b) representation of a concrete structure and (c) an equivalent circuit 
model for concrete [5] 

Nowadays, normalized or standard long-time and accelerated tests are used to characterize diffusion of 
chlorides in concrete. Using those methods, we obtain only step information about the chloride concentration 
in the tested sample. A disadvantage is also that the tests take not less than several weeks or either months. 
Therefore, ions are very often accelerated by an electrical potential applied to the observed system. 
Accelerated tests deal with the time demands but they introduce problems of material heating and structure 
changes due to high applied potential [7]. EIS, compared to those, does not influence the structure of material, 
is non-invasive and can be used for in-situ measurements [2, 6]. 

2. MATERIALS AND EXPERIMENT 

For all measurements, samples of the pore concrete (PC), ordinary portland cement concrete (OPC) and ultra-
high performance concrete (UHPC) were used. The pore concrete was of commercial production and the 
precise preparation procedure is not known. The OPC was prepared using a commercial concrete mixture 
Baumit 20 mixed with distilled water (1-1.125 L of water to 10 kg of mixture). The mixture was compacted for 
10 minutes at a vibrating table. All types of concrete were cured in humid atmosphere for 28 days. 

2.1. Mercury intrusion porosimetry 

Samples for MIP were cubes with the edge of 5 mm. Those were dried at the temperature of 105 °C until 
constant weight. For measurements, AutoPore IV 9500 V1.06 was used. During evacuation of experimental 
cell, the pressure was 50 µm Hg with 30 min of the evacuation time. High pressure measurements were held 
up to 400 MPa. Three cubes of the same material were placed to measuring cell to keep the right conditions 
for experiment: when less than 20 % of the mercury volume is pressed into pores, the measurement has not 
sufficient accuracy.  

2.2. Standard diffusion tests 

For a non-accelerated diffusion test (NaDT), 10 mm thick cylindrical samples of concretes were used. The dry 
concrete sample was placed between two cells filled with 1.2 % NaOH solution for the first 24 h. Later, one 
cell was filled with 3 % NaCl solution and this exposition was held for next 13 days. 
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Fig. 2 Experimental design of accelerated migration tests 

Besides the non-accelerated test, accelerated diffusion tests were held according to the standard AASHTO 
T227 (ASTM C1202): a rapid chloride penetration test (RCPM) and an accelerated chloride migration test 
(ACMT). For both, 50 mm thick cylindrical samples were used. The measurement cell (Fig. 2 ) consisted of an 
anodal space (left) filled with 1.2 % NaOH solution and a cathodal space (right) filled with 3 % NaCl solution, 
between which the sample was placed. Stainless-steel braided electrodes placed inside the cells, close to the 
concrete surface, were used for applying the potential. During rapid RCPT, potential of 60 V and in case of 
ACMT, potential of 24 V was applied. During ACMT experiment, samples of anolyte were taken and the amount 

of chloride ions was determined using the ion selective electrode (ISE). From the slope (K (mol·cm3·s-1)) of 

linear regression of the concentration - time plot, the diffusion coefficient (D) was determined according to 
equation (1) [5].  

C = DEFGHIJKL∆M ∙ N              (1) 

Where: V (m3) is the volume of the anodal space, S (m2) exposed sample area, L (m) thickness of the sample, ck  (mo·ll-1) 

concentration of Cl- in cathodal solution, and ΔE (V) potential difference. 

2.3. Electrochemical impedance spectroscopy 

Impedance spectra were measured at the samples for the diffusion tests using femtostat FAS 1 (Gamry Inst.) 
and SP-200 (BioLogic Sci. Inst.). At the samples for NaDT, the spectra were measured during the diffusion 
test, while at the samples for accelerated tests, those were measured before diffusion testing. The frequency 
range of femtostat FAS 1 was from 10 mHz/10Hz to 100 kHz and for SP-200 from 300 mHz  to 3 MHz; both 
with the amplitude 10 mV. The working electrode was placed at the solution of NaOH and reference and 
counter electrodes were in the solution of NaCl.  

 

Fig. 3  (a) Theoretical Nyquist spectrum based on the equivalent circuit model in Fig. 1c ,  
(b) typical experimental Nyquist spectrum with only low-frequency loop, and  

(c) the simplified equivalent circuit [5] 

Due to a limited measurement accuracy for high-frequency range, the impedance loop in this range was not 
recorded. Therefore, the typical Nyquist plot shows just low-frequency loop (Fig. 3b ) and the equivalent circuit 
model for the concrete can be simplified (Fig. 3c ); since the values of CICP are much lower than those of CDCP. 
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The elements of the equivalent circuit are related to the resistance and capacitance of a concrete following the 
equations (2), (3) and (4) [5]. 

EOOP = EQ +ER ≈ SGTHUV             (2) 

OCOP = OR ∙ l ER(EQ1ER)oW ≈ (R�V)UHXQXYZ              (3) 

ECOP = (EQ1ER)∙EQER ≈ (G�Z)STHU(R�V)            (4) 

In the equations, σ (Ω·m) is the resistivity of pore solution, φ (%) porosity, ξ tortuosity of continuous pores, λ 
the ratio of continuous pores volume and the total volume of pores (including discontinuous pores), d (m) the 
equivalent thickness of discontinuous points (DPs) at the DCP. 

3. RESULTS AND DISCUSSION 

The impedance spectra were evaluated using EC-Lab program and the results from the samples for the 
accelerated tests are summarised in Table 1 . Resistance RCCP, the resistance of continuously connected 
pores, is inversely proportional to the porosity. Values of RCCP for UHPC are order (respective three orders) of 
magnitude higher than those of OPC and PC, which means that UHPC is the less and PC the most porous of 
the tested concretes, which correlates well with the MIP data.  

Table 1 Initial properties of tested concretes determined using EIS 

 

 

  

 

 

 

 

Fig. 4 Difference of intruded mercury volume - pore size plot from MIP 

According to MIP (Fig. 4 ), UHPC contains in its structure mostly pores with size of 0.015 µm and 0.12 µm, 
OPC with 0.4 µm and 1 µm size, and PC with pores between 0.015 and 0.03 µm and also macropores with 
size about 50 µm. The total porosity was determined as 7.88±1.13 % for UHPC, 12.69±0.59 % for OPC and 
66.26±1.79 % for PC. CDCP is, according to the equation (3), directly proportional to the porosity and indirectly 

 PC OPC UHPC 

R1 (Ω·m) 1.94 130.50 5353. 90 

R0 (Ω·m) 7.53 7.50 3.61·10-8 

C1 (S·sα) 6.03·10-6 6.23·10-9 5.24·10-10 

RCCP (Ω·m) 9.47 138.00 5353.90 

CDCP (S·sα ) 2.52·10-7 5.57·10-9 5.24·10-10 

RDCP (Ω·m) 36.8 7.9 1.90·10-4 
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to the λ ratio and thickness of DPs. The highest value of CDCP was measured for PC, which correlates with its 
highest porosity. Low CDCP of UHPC and a significant difference between RCCP values of UHPC and OPC 
(which do not correlate with the difference in MIP data) are probably caused by the low λ ratio in the UHPC, to 
which is RCCP also inversely proportional. Therefore, we can say that the UHPC structure contains more 
discontinuous pores and thus higher amount or thicker layer (d) of DPs. That is also validated by trend in the 
RDCP values. Those correspond to the resistance of the continuous part of the  DCP and according to the 
equation (4), they are inversely proportional to the porosity and directly to the λ ratio. 

 

Fig. 5 Development of the impedance spectra of (a) PC and (b) OPC during NaDT in 1.2 % NaOH solution. 

Impedance spectra of samples under the NaDT conditions (Fig. 5, Table 2 ) show decrease of resistance 
during its first phase (saturation with NaOH solution) for all the tested concretes. During the second phase, 
when the diffusion of chlorides was determined, the resistance of PC and UHPC develops the same (Fig. 6a, 
Table 2 ) However, after 24 hours of exposition, the resistance of OPC shows the opposite trend (Fig. b). 
Increase of resistance occurs probably due to the hydration processes, during which the concrete ages 
(cement transforms to C-S-H gel) and the continuous pores can be blocked. 

Table 2 Change of resistance of CCP in UHPC during the two phases of NaDT 

solution 1.2 % NaOH  3 % NaCl   

time 80 min 6.5 h 24 h 5 min 20 h 68 h 164 h 312 h 

RCCP (Ω·m) 13281 7762 6040 6018 5738 4925 4245 4100 

 

Fig. 6 Development of the impedance spectra of (a) PC and (b) OCP during NaDT with chloride solution. 

The difference in permeability of tested concretes can be also expressed by an apparent diffusion coefficient 
(D). The values obtained from EIS measurements correlate well with those from the accelerated diffusion tests 
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- ACMT, RCPT (Table 3 ). The difference in values obtained for the particular concrete type is caused by 
measurement errors and different accuracy of methods (various influences according to the method).  

Table 3  Parameters of tested concretes evaluated from the accelerated diffusion tests and EIS  

method  PC OPC UHPC 

ACMT 
K (mol·cm -3·s-1) 9.79·10-9 1.19·10-10 1.16·10-14 

DACMT (cm 2·s-1) 1.50·10-6 2.41·10-8 2.56·10-9 

RCPT 

R (Ω·m) 51.2 166.5 7480.0 

σ (S·cm-1) 1.95·10-4 6.01·10-5 1.34·10-6 

DRCPT (cm 2·s-1) 1.64·10-7 5.05·10-8 1.12·10-9 

EIS 

REIS (Ω·m) 56.2 159.8 6536.3 

σEIS (S·cm-1) 1.78·10-4 6.26·10-5 1.53·10-6 

DEIS (cm 2·s-1) 1.50·10-7 5.26·10-8 1.29·10-9 

CONCLUSION 

We confirmed that EIS can be used for the characterization of the concrete structure and its permeability. This 
method shows the same trend in the porosity of tested concretes as the traditionally used MIP. The advantage 
of EIS, beside that it can be applied in-situ and is non-destructive, is in obtaining information about the pore 
ordering and their continuity. UHPC, with the highest values of the RCCP and the lowest of the CDCP, was proved 
to contain less continuously connected pores and so having lower permeability for chlorides. The increase of 
the RCCP values during the tests occurs most probably due to the pore narrowing by a precipitation of complex 
salts. Another explanation can be in a slow aging process of UHPC, during which discontinuous points are 
created by the hydration of cement. In our future work, we will focus on this phenomenon.    
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Abstract   

The article is focused on corrosion problems in the rolling stock. Various factors which determine speed 
intensity of a corrosion process are presented. Such factors include construction materials, geometry, treating 
these materials, the variability of weather condition and a human factor. Attention is given to provide adequate 
service to extend corrosion resistance of an entire system. The article presents costs of removing effects of 
the corrosion. There is also presented an anticorrosion coating system with a transparent layer and reduced 
adhesion of each subsequent type of contamination which protects system from harmful external factors and 
allows the corrosion resistance to be extended on the entire system. 

Keywords: Electrochemical corrosion, corrosion protection, corrosion protection of rolling stock, railway  
                    industry 

1. INTRODUCTION 

Corrosion protection is a complex, multi-task process dependent on many factors. These factors are: materials, 
materials processing, construction geometry, coatings, human factors and weather conditions. In order to 
provide the required corrosion resistance a proper selection of construction materials must be provided. By a 
proper selection we mean using steel with increased corrosion resistance or replacing plastics with metal to 
selecting protective coatings adequate to the operating conditions. A vehicle should have a geometry that 
meets required functional properties and allows to use adequate corrosion protection. For this reason sharp 
edges, semi-enclosed spaces etc should be avoided. An important process at this stage is to prepare the metal 
surface before paint application to ensure proper expansion of surface area to remove unwanted metal oxides 
and organic contaminations in the form of fats and oils from the surface. The next stage of protecting objects 
against corrosion is to choose the proper coating system. It is important to pay attention to an expected 
durability of the rolling stock, which is counted in tens of years with the possibility of reparation throughout the 
operation. There are used special systems for industrial applications that fulfills requirements of anticorrosive 
protection which also meet standards for flammability. 

Another important issue is to protect paintings before end users and to ensure a proper operation of the vehicle. 
Even best designed vehicles and carefully produced but without a proper operation will not be able to function 
till their predetermined shelf life. Therefore an owner of the rolling stock should follow the manufacturer's 
instructions because the producer knows what exact materials were used during the production , how to handle 
with them and what may prolong the life of the product for next years. Application of various types of paints 
(graffiti) on a vehicle may lead to shortening durability of the coating surface. Spray paints should be treated 
as dangerous substances for coatings because they contain various solvents and other substances that might 
soften protective coating and cause delamination of the coating system. Graffiti paints that are difficult to 
remove require the use of more aggressive materials, which increase the possibility of mechanical or chemical 
damage of the coating system and consequently reduce the thickness of the protective coating or remove it 
completely. In addition, aggressive chemicals removers are dangerous to the users and the environment. 
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Losses caused by the corrosion affects not only the manufacturer or the end user. It is an economic problem 
which affects society and has negative influence on the value of national income. Below are given estimated 
costs caused by the corrosion damages. These figures are only estimates - it is estimated that in developed 
countries the percentage of threshold related to the costs caused by the corrosion is approx. 1 to 5% of GDP 
(1% for Japan (late 20th century), 3.5% - United Kingdom (1970 ), 4.5% - USA (1975) [4]. For Polish society 
which is less organized, these costs should be higher. However, if we assume only 5% of GDP, as the cost of 
corrosion damage and multiply by GDP 2012-2013 [1] it is estimated at some 20 billion dollars per year. 
Anticorrosion coatings systems can be measured by different methods [2-4]. 

The amount of losses caused by corrosion includes: 

• direct losses - value of the scrapped equipement due to corrosion, construction, equipment,   buildings 
destroyed by the corrosion, as well as the cost of materials and labor required to repair or replace 
corroded parts and pieces of equipment, structures, etc. 

• indirect losses - the cost of shutdowns and production losses, cost of raw materials, spare parts, energy 
losses, interruptions in energy deliveries, financial results of deterioration of the quality of products, 
losses of associates, penalties, etc. [5]. 

The article presents results of mechanical and explotation tests in the laboratory of the coating system 
containing an anti-graffiti layer BO100-AGR intended for the application on the rolling stock. The work payes 
attention to the possibility of shortening the stoppage period of the rolling stock and lengthening periods 
between next repairs. Application of the coating with decreased ahesion shortens the contact time and reduces 
the contact between the surface area of the painting and hazardous substances. Application of  
BO100-AGR also aims at facilitating the maintenance of the vehicle by eliminating aggressive paint removers. 
We are seeing a rapid development of new materials and coatings used in the various fields of science and 
technology [6-13]. 

2. MATERIALS AND TREATMENT PARAMETERS 

The coating was applied with a SATA spray gun on S235 carbon steel. Before the application the surface of 
steel was polished with 80-grit sandpaper. The coating system consists of the following layers: anti-corrosion 
epoxy primer, repair filler, primer filler, basecoat and anti-graffiti clearcoat BO100-AGR. Each layer is applied 
and dried in accordance with the requirements of the technological cards. The prepared samples were 
conditioned at 23 degrees Celsius and 50% humidity for minimum 7 days in order to perform tests on the dry 
coating.  

3. RESULTS AND DISCUSSION  

The cured coating was also tested for mechanical properties, corrosion and humidity resistance. After the 
conditioning period had finished, thickness of the dry coating was tested by a magnetic induction method. 
Adhesion tests were performed by a cross cut method and a pull-off test. Hardness of the cured coating was 
measured with Koenig pendulum. The corrosion resistance test was performed in a salt spray chamber 
according to PN-EN ISO 9227 at 35oC using 5 % saline solution. The tests in a humidity chamber were 
conducted according to PN-EN ISO 6270-2 with following parameters of the chamber inside: humidity 100%, 
temperature 40oC. Summary tests results are presented in Table 1.  

Table 1  Selected properties of the dry coating applied on steel 

Test Standard Result 

Cross-cut PN-EN ISO 2409 Gt0 
Adhesiveness [MPa] PN-EN ISO 4624 3,66 

Hardness  [s] PN-EN ISO 1522 171 

Flexibility [mm] PN-EN ISO 6860  42 
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Measurements of "orange peel" were also made. Which it is responsible for the final appearance of the coating. 
The measuring device laser beam optically scans the coating surface undulation, like the eyes captures the 
dark-light pattern reflections. The results are shown in five wavelength ranges from 0.1 to 30 mm Table 2 . 

Table 2  Orange peel measurement results 

 The parameter 
(corresponding to length 

of surface undulation) 

Range [mm] Results Standard deviation 

du 0.1 < 17.6 2.2 

Wa 0.1 - 0,3 35.0 1.6 

Wb 0. - 1 62.7 1.4 

Wc 1 - 3 40.8 0.6 

Wd 3 - 10 26.9 0.4 

We 10 - 30 23.8 5.7 

LW 1.2 - 12 22.3 1.0 

SW 0.3 – 1.2 60.0 0.4 

DOI - 76.9 0.6 

The measurements of gloss and color parameters were conducted with Byk micro-Tri-gloss and Minolta 
Spectrophotometer CM-600d on the samples after removing graffiti from coating surface. The measurements 
were performed both before the application of graffiti after cleaning with water and additionally after cleaning 
using solvent nitro. The results are summarized in Table 3 . After the test, the sample was dried, and the 
measurements of gloss and color parameters - L * a * b * for light D65. The results are shown together with 
diagrams of the color change. The color change is expressed as ΔE, which is defined by the equation (1):  

∆[ = î(∆P∗)' − (∆K∗)' + (∆Ü∗)'           (1) 

where:   
ΔE - color difference expressed as the distance between two points in three-dimensional space, 
ΔL* - the difference in distance between two points in the dimension L - brightness, 
Δa* - the difference in distance between two points in dimension a - green and red color. 
Δb* - the difference in distance between two points in the dimension b - blue and yellow color. 

Table 3  Change of color and gloss parameter after cleaning 

Sample Medium Gloss change Color change  

1 Water No loss of gloss 
1. ΔE = 0.44 
2. ΔE = 0.32 
3. ΔE = 0.61 

 

2 
Nitro 

solvent 
No loss of gloss 

1. ΔE = 0.67 
2. ΔE = 0.38 
3. ΔE = 0.43 
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The next test of resistance to aggressive environmental conditions (corrosion and moisture) were finished and 
assessed after 1000 hours of exposure. The result revealed no changes in the tested coatings (no blistering, 
cracking, corrosion or thread-like corrosion). Given time of 1000 hours is a minimum for the coating to be 
resistant to environmental effects (Tables 4 and 5 ). However, this time could be extended when aluminum is 
used as a substrate instead of steel.  

Table 4  Results after corrosion resistance test 

Exposure to salt spray [h] 1000 

Resistance to salt spray [h] > 1000 

Degree of blistering 0 

Degree of corrosion 0 

Degree of exfoliation 0 

Degree of cracking 0 

Degree of delamination around of crack [mm] 2 

Degree of corrosion around of crack [mm] 0,3 

View of sample after the test 

 

Table 5  Results after humidity resistance test 

Exposure to moisture [h] 1000 

Resistance to moisture [h] > 1000 

Degree of blistering Random spots 2(S3) 

Degree of corrosion 0 

Degree of exfoliation 0 

Degree of cracking 0 

View of sample after the test 

 

 
A cleaning test was also conducted. Paint spray was applied to the anti-graffiti coatings. Several different 
graffiti paint spray were applied on a sample of the BO100-AGR coating system. Such prepared panels were 
left under both ambient and the sun condition from one hour to 72 hours. After this time test of removing graffiti 
paint was performed. Removing graffiti from the sample was performed with hot water under pressure in the 
beginning. Traces of graffiti paint were cleaned with nitro solvent. The process is shown in Fig. 1 . 
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The view of the sample after 
graffiti aplication. Dry 

surface. 

 

 

Removing the graffiti paint 
with only hot water under 

pressure 

  

The traces of the graffiti 
paint removed with nitro 

solvent 

  

Fig. 1  Steps in removing spray paint from anti-graffiti coatings 

The presented anti-graffiti coating system enables the removal of contamination including graffiti paint by using  
water under pressure. There is no need to use chemicals removers to clean a surface. Any remaining traces 
of graffiti paint can be removed with a common remover, without damaging the clearcoat layer because the 
amount of remaining contaminants and the ease of removal do not require a long time of contact with the 
coating. 

Significantly remove of graffiti layer was observed during the cleaning test with pressured water. To completely 
remove the contamination the surface was wiped off by using fabric soaked with nitro thinner. Restricting the 
use of chemical cleaners helps to protect the environment. 

The use of water under pressure instead of the washing agent reduces the cost of cleaning the surface. 

After a cleaning test with water and solvent, there is no change of gloss, and color change of approx. 0.5 is so 
small that it can result from fluctuation of paint distribution on the sample as well. Note that the human eye 

sees a color difference when value of ΔE is about 2. The coating after cleaning from graffiti contamination did 
not show any mechanical damage, they do not seem to change the aesthetic and functional properties. 

Examining the surface in terms of orange peel gives satisfactory results (Table 2 ). The ranges from Wa to We 
are quantitative illustration of the structure of corrugated surface of a specified size. The smaller the value of 
Wa-We wave ranges the smoother surface is obtained. In the presented results DOI (distinctiveness of image) 
parameter has a high value, and the number of waves Wa-Wb at about 35-60 but in relation to the total 
occurrence of a LW (long wave) is at 22.3 which translates to a slight perception of orange peel on the surface. 
As a result  the coating is characterized by high aesthetic values. 
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4.    CONCLUSIONS 

Speaking of clearcoat anti-graffiti coating means product that gives you the ability to remove unwanted 
subsequent layers of paint without damaging the original paint layer. Decreased adhesion means that it is 
easier to remove contamination from the surface of the structure, for example: dust, dirt, acidic or alkaline 
sludge or graffiti paint, which must also be regarded as an aggressive agent for the coating. Any substance 
which will be on the paint surface affects its structure, causing irreversible changes in the paint layer, as far as 
its complete destruction and reveal the  not resistant basecoat. This may lead to a situation when it will be 
necessary  to renovate ahead of the schedule, resulting in waste of: time, labor costs of employees, the 
installation cost (fans, heating), the cost of paint. It is reasonable to use of clearcoat that will possible best 
secure the system against external influences.  
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Abstract  

This article deals with experimental determination of cutting tool wear during machining of Ti6Al4V alloy. This 
alloy features worsened machining ability that has direct influence on wear intensity and durability of cutting 
tool during machining. Worsened machining ability usually negatively demonstrates itself by lowered quality of 
machined surface and subsurface layers of the material. The experimental part was focused on measuring of 
amplitude and progress of the tool cutting edge wear during machining of Ti6Al4V material. The amplitude of 
the tool - exchangeable cutting inserts with deposited PVD layers - wear was determined by direct 
measurement of linear dimensions according to the ISO 3685:1993 standard. 

Keywords  Cutting process, inserts, sintered carbide, wear 

1. INTRODUCTION  

Development in the area of Titanium and its alloys machining unequivocally leads to verification and testing of 
cutting tool suitable materials and parameters of the cutting process. Titanium is harder to machine in 
comparison with other metallic materials. Increased loads on the tool - machine system, short tool shelf life, 
quality of machined surface, changes in micro hardness and mechanical hardening of machined surface are 
demonstrations of this worse machine ability of Titanium that are not occurring on such scale during machining 
of more usual steels. Titanium alloy machining is highly problematic and many experts published contributions 
in this sense that are listed in the world wide accepted Scopus and Web of Science databases. 

Cutting speeds slower than 60 m/min in combination with slow feed rate are recommended for machining of 
Titanium alloys as described in the article Obrabanietitanovychniklovychzliatin (Machining of Titanium Nickel 
Alloys) by M. Neslusan and A. Czan. [1] A build-up occurs on the tip of cutting tool during machining of a 
Titanium alloy, which leads to unstable cutting process and premature cutting tool wear. Significant majority of 
tool materials have a tendency to react chemically with Titanium, as soon as the temperature in the cut location 
exceeds the value of 510°C [2]. Low heat conductivity of Titanium alloys is usual reason for occurrence of high 
temperatures in the cutting tool and machined piece contact zone. About 80% of originating heat transfers into 
material of the tool during machining of Ti6Al4V alloy. High temperature in the cut location is the main factor 
that causes excessive wear of the tool. [2] 

The Ti6Al4V alloy specifically keeps its hardness and strength during increased temperatures, which also 
contributes to intense wear of the tool. During machining of this Titanium alloy the tool material is exposed to 
significant mechanical and heat stresses that are focused along the whole length of the tool cutting edge during 
the stroke. 

The machining of difficulty to cut materials causes problems in terms of the required quality and overall 
effectiveness of the process. A number of works have been published which indicate that the subjects of 
interest are still important [9, 10, 11, 12]. 
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Worsened Titanium alloy machining ability is caused  especially by the following aspects: [1] 
• High heat stress on the VBD cutting edge - by combination of low heat conductivity and high heat 

absorptive capacity about 30% more heat must be absorbed by the cutting edge in comparison with 
more usual machining of steel. The temperature during machining of Ti6Al4V is about twice as high. 
Diffusion and adhesion processes are thus more pronounced, and there is a high temperature gradient 
that creates a heat tension. 

• High pressure on the tool cutting edge caused by smaller contact area - this phenomenon is caused 
especially by low plasticity of Titanium alloys and it gets worse with increasing cutting speeds due to 
smaller angle of the shear plane. 

• Mechanical load - oscillating loads are caused by the process of articulated chip creation that is caused 
by high strength of the material while heated. 

• Vibrations of the machining system - the combination of Young’s modulus of elasticity with high shear 
limit especially allows occurrence of small plastic deformations. The material is elastic and flexibly resists 
cutting stresses. This leads to lowering of effective angle on the flank face. The friction in contact zone 
increases, which causes vibrations. High cutting strengths and low frequencies caused by relatively low 
revolutions also support occurrence of vibrations. 

• Diffusion wear - there is a tendency of Titanium to react with surrounding elements, which causes 
softening of cutting material. 

• Adhesion wear - high tendency for adhesion is caused by increasing temperature in the cut location.  

2. EXPERIMENTAL MACHINING OF TITANIUM ALLOY 

The experimental part of the work was done to evaluate suitable exchangeable cutting inserts for machining 
of the Ti6Al4V alloy. The evaluation criterion for the proposed exchangeable cutting inserts during machining 
was the amplitude of wear and total durability of the tool cutting edge. Three exchangeable cutting inserts with 
deposited PVD layers with different chemical compositions were proposed for experimental machining of the 
Titanium alloy. Measuring of cutting edge wear took place after elapsing of set intervals up to the 
predetermined wear value VB. Wear amplitudes were determined by direct measurements of linear dimensions 
using a Carl Zeiss Jena optical microscope. 

2.1. The Ti6Al4V Titanium Alloy 

ThisTi6Al4V alloy belongs to the ISO S material group. This Titanium alloy is the most common alloy that covers 
up to 50 % of the total Titanium use in the industry. Thanks to its unique properties it is widely used in aircraft, 
automotive, biomedical and other industries. It is commonly used in operation temperatures around 350 °C. 
When oxygen or water act on this material an immediate stable, continuous and firmly attached oxide coating 
is spontaneously created on the surface of the material. It is just this coating that is responsible for its 
outstanding resistivity against corrosion in various aggressive environments. The Ti6Al4V alloy is highly 
resistant against areal corrosion in water solutions, as well as in oxidation acids, chlorides, fuels and alkalis. 
[3] 

Table 1 Chemical composition of the Ti6Al4V alloy 

Element C Fe Al V Ti 

Mass [%] 0.10 0.4 5.5 - 6.75 3.5 - 4.5 Remainder 
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Table 2 Mechanical and physical properties of the Ti6Al4V alloy 

Mechanical properties value Physical Properties Value 

Yield limit Rp0.2 MPa 950 Density ρ g/cm3 8.4 

Hardness HB - 326 Specific heat cp J/g.°C 526 

Strength limit Rm MPa 1020 Heat conductivity λ W/m.K 6.7 

Ductility A % 15 

Structure of the Ti6Al4V Titanium alloy consists of crystal hexagonally arranged lamellar α-phase and β-grains 
of 0.4 µm size. At the temperature around 890 °C Titanium goes through allotropic transformation to β cubic 
phase that remains stable till the melting temperature. [3] 

 

Fig. 1  Structure of the Ti6Al4V Titanium alloy (magnified 100 times) [4] 

2.2. Selection of Tools and Cutting Geometry 

Tool manufacturers recommended exchangeable cutting inserts for Titanium machining. It is suitable to use 
insertss made from coated sintered carbide, especially the ones with higher Cobalt content and fine-grained 
structure. Cutting inserts marked and cutting geometry CNMG 120408 were used for straight turning of Ti6Al4V 
Titanium alloy, see Fig. 2  that had been coated by the PVD method to improve its useful properties and 
resistivity against wear. 

 
Fig. 2  Geometry of the exchangeable cutting inserts [5] 
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The following exchangeable cutting inserts were use d to machine the Ti 6Al4V Titanium alloy: 

CNMG 120408 - SM 

T8315 - materials stand from combinations of submicron tungsten carbide alloys with different content of cobalt 
binder phase. Applied PVD coating is based on nanostructured gradient TiN/TiAlN composition. 

CNMG 120408 - M5 

9605 - The insert material is innovative submicron substrate with TiAlN coating deposited by PVD method 
against oxidation. 

CNMG 120408 - NRS 

WSM20 - The insert material consists of strenuous submicron substrate with PVD method deposited coating 
of Aluminum oxide Al2O3 

Setting of Cutting Parameters: 

Due to low heat conductivity and intense mechanical loads on tool cutting edge low cutting speed and feed 
rate were proposed for machining of the Ti6Al4V Titanium alloy. 

Cutting Speed, vc = 44 m/min 

Feed Rate, fn = 0.25 mm 

Depth of Cut, ap = 2 mm 

3. MEASURING AND DETERMINATION OF CUTTING INSERT WE AR 

Together with measuring of the progress of the cutting insert wear the amount of material cut-off the surface 
of test sample was determined. 66000 mm3 of material was taken off under given cutting conditions during 
each measurement of the tool wear. The amplitude of wear on the flank face VBopt 500 µm was set as the wear 
criterion. In comparison to machining of Nickel alloys, where the main demonstration of the wear was creation 
of a notch on the flank face, intense tool wear in the area of the tool tip VBC occurred here and also a groove 
was created on the rake face. 

Volume of the cut-off material - V [mm3] 

3
As 10/t⋅⋅⋅= favV pc           (1) 

vc - cutting speed [m/min], 

ap - depth of cut [mm], 

fn - feed rate [mm], 

tAas - machine time [min]. 

It is apparent from the results and progress of the tests, that during machining of the Ti6Al4V Titanium alloy the 
critical factor for the tool durability of an exchangeable cutting insert is definitely resistivity against high 
temperatures and wear in the form of a groove on rake face. After reaching predetermined wear criterion and 
loss of tool durability there was occurrence of the groove at the rake face and very intense plastic deformation 
of the cutting edge. 

Amplitude of the flank wear in the area of the tool tip VBC and the wear in the form of a groove on the rake 
face of inserts can be easily seen in the below photo documentation. The highest durability during machining 
of the Ti6Al4V Titanium alloy was demonstrated by exchangeable cutting inserts with T8315 and 9605 coatings.  
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Table 3 Wear of the tool cutting edge 

CNMG 120408-SM, T8315 

tAs = 14 min VBC = 410 µm 

Rake face 
Flank face 

(major cutting edge) 
Flank face 

(minor cutting edge) 

   

Table 4 Wear of the tool cutting edge 

CNMG 120408-M5, 9605 

tAs = 14 min VBC = 655 µm 

Rake face 
Flank face 

(major cutting edge) 
Flank face 

(minor cutting edge) 

   

Table 5 Wear of the tool cutting edge 

CNMG 120408-NRS, WSM20 

tAs= 9 min VBC = 810 µm 

Rake face 
Flank face 

(major cutting edge) 
Flank face 

(minor cutting edge) 

   

Durability of cutting edges was, under given cutting conditions of this test, proportional to the tool cutting edge 
durability against high temperatures and resistivity against creation of a crater on the rake face. Thus 
a negative cutting geometry of the inserts may not be best for longer durability of cutting edges during 
machining of Titanium alloys, since it leads to creation of higher amount of heat in the cut location. 
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From the point of view of exchangeable cutting insert wear was found that there is a change in creation of 
chips just before destruction of the cutting edge (caused by exceeding of cutting capacity of the cutting edge). 
A short segmented chip is created before exceeding the cutting capacity limit; after this a long spiral chip 
occurs. When creation of this long spiral chip occurs there is only several tens of seconds before cascading 
destruction of the cutting edge. Due to this phenomenon measurements of cutting edge wear had to be stopped 
just before achieving the VBopt wear criterion value. 

Another factor that leads to premature destruction of the exchangeable cutting inser is the distance of a crater 
from the secondary cutting edge, see Fig. 3 . In this location there are huge heat and strength loads of 
originated “bridge” in the case of critical distance and depth of the crater. These loads cause breakdown of 
this bridge and cascading wear of the tool cutting edge, see Fig. 3 . 

  
Fig. 3  The example of the distance of the crater on the rake face and the secondary cutting edge (left), 

the example of breakdown of the exchangeable insert secondary cutting edge (right) 

3.1 Determination of the Tool Durability 

In order to determine the amplitude of tool cutting wear the wear in the area of tool tip, where the tool is worn 
the most intensively, was measured during machining of the Ti6Al4V Titanium alloy. VBopt 500 µm was set as 
the wear criterion for determination of the insert durability. Also the width of a crater on the rake face KB was 
measured after the set interval together with the measurement of the amplitude of tool flank wear progress. 

Table 6 The tip wear - VBC values 

CNMG120408-SM CNMG 120408-M5 CNMG120408-NRS 

tAs [min] VBC [µm] tAs [min] VBC [µm] tAs [min] VBC [µm] 

4.00 138 4.00 87 4.00 138 

8.00 141 8.00 93 8.00 201 

12.00 198 12.00 100 10.00 825 

14.00 219 14.00 146 

16.00 407 16.00 649 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1153 

 
Chart 1  The progress of wear at the area of tool tip VBC 

Table 7 The crater width - KB values 

CNMG120408-SM CNMG 120408-M5 CNMG120408-NRS 

tAs [min] KB [µm] tAs [min] KB [µm] tAs [min] KB [µm] 

4.00 939 4.00 910 4.00 926 

8.00 945 8.00 1009 8.00 1036 

12.00 943 12.00 1023 10.00 1272 

14.00 975 14.00 1024 

16.00 980 14.80 1025 

 

Chart 2  The wear progress - a KB crater width 
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4. DISCUSSION OF RESULTS AND RECOMMENDATIONS 

It is apparent from the exchangeable cutting insert wear measurement results, that during machining of the 
Ti6Al4V Titanium alloy, the critical demonstration of the cutting edge is the wear in the area of the tool tip VBC. 
The wear in the area of the tool tip was caused primarily by machining of the strengthened layer of material, 
where the tip of the cutting edge is exposed to the combination of very intensive mechanical and heat loads.   

The worst results during machining of Titanium alloy were reached by the CNMG 120408 - NRS exchangeable 
cutting insert with WSM20 coating. The critical wear value VBC = 500 µm at the tip area was reached within 9 
minutes. Durability of this cutting tool can be achieved by modification of cutting conditions or by proper 
selection of abrasion resistant base and coating always in combination with a suitable cutting geometry of the 
tool. The best results were achieved with the CNMG 120480 - SM cutting tool with T8315 coating and the 
CNMG 120408 - M5 tool with 9605 coating. Durability of these cutting tools under given cutting conditions was 
around 14 minutes. However, wear in the tip area was more intensive with the CNMG 120408 - SM cutting 
tool with T8315 coating, which could have been caused by the combination of basic base material and coating 
substrate or by their chemical composition.  

Beyond chemical composition of the substrate and deposited coating the durability of the tool during machining 
of Titanium alloys can be extended by a change of cutting tool geometry for example. It is advantageous to 
use positive geometry with the angle of main cutting edge of 45° for machining of Titanium alloys. Also round 
(large radius) inserts are suitable for machining of Titanium alloys, where the angle of main cutting edge can 
be changed depending on the depth of machined material. By employing a round inserts a machining feed 
rate can be increased and required roughness of the machined surface can be achieved at the same time. [7] 
However, the amount of heat at the cut location increases with increasing feed rate. This is a critical parameter 
for using sintered carbide tools that are not capable of resisting to high temperatures. A solution could be 
employing of ceramic or cubic Boron nitride cutting tools that resist high temperatures more easily and have 
higher resistance against wear. [8] 

5. CONCLUSION 

Although Titanium alloys belong to, thanks to their specific properties, hard to machine materials, they can be 
easily and effectively machined under certain cutting conditions. Bad machining ability of Titanium is primarily 
caused by low heat conductivity of the material that is the reason for extensive heat loads of the tool cutting 
edge. It is apparent from the performed tests that it is possible to use even sintered carbide tools for machining 
Titanium alloys that, thanks to deposited coating, have increased resistivity against abrasion and especially 
higher temperatures. However, their durability was limited during machining of Titanium alloys and it was not 
quite effective under given cutting conditions. Exchangeable cutting edge inserts were exposed to very 
intensive mechanical and heat loads during machining of the Ti6Al4V Titanium alloy. This was the reason for 
the wear in the area of the tool tip VBC. Increased cut resistance and increased temperature resulted in tip 
plastic deformation and cascading destruction of the cutting edge.  

Tool wear is an integral part of the machining process that cannot be avoided. However, it can be safely 
monitored and controlled by proper selection of cutting process, change of cutting material and tool geometry 
or by modification of cutting conditions in order to minimize the influence of tool wear on the quality of machined 
surface, shape and dimensional accuracy of machined parts and safety of the whole machining process. 
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Abstract   

The paper presents the results of investigations into the microstructure of coatings made from bearing alloys 
on the bronze substrate. This option is used for slide bearing bushings to improve break-in parameters. The 
paper presents the method, a set of images taken at different magnifications and the analyses of composition 
at selected sites. The investigations made it possible to identify the basic components of the coating 
microstructure.   

Keywords: Electro-spark coatings, microstructure, bearing alloys, friction pairs 

1. INTRODUCTION 

Electro-erosion incremental machining, also known as electro-spark deposition, is categorised as one of 
methods based on the use of a concentrated energy flux. Currently, the method range includes the following: 
ESD (Electro Spark Deposition), ESA (Electro Spark Alloying), PES (Pulse Electrode Surfacing) and EDM 
(Electro Discharge Machining). The technologies mentioned above have the same principle of operation, 
based on the use of electrical discharge accompanied by mass processes and energy dissipation [1-4].  

Analysis of properties of coatings obtained from ESD requires many methods [5-7]. 

The method of elecrtro-spark deposition is particularly useful for anti-wear coatings. Due to a wide range of 
the materials which can be used and the control of the environment of the electrodes, the method can be 
employed to alter, to a major extent, mechanical, thermal, electrical, thermoemissive, and other properties. In 
particular, the electro-spark deposition of the coating can be applied locally, yet strong adhesion to the 
substrate can be achieved and the materials are prevented from being heated in the process. Another 
distinguishing feature of the method is the possibility of using both pure metals and alloys, and also metal-
ceramic composites and high-melting alloys. Finally, while using this method, it is possible to supplement the 
cathode (here the workpiece) with the anode components (the electrode) by means of diffusion, which can be 
achieved without altering the size of the workpiece. The method does not involve any special preparation of 
the workpiece, and the equipment needed to perform the operation does not have large dimensions, making 
it easily portable. The method drawbacks include the following: increase in surface roughness, tensile stress 
formation in the surface layer, and a decrease in fatigue resistance.  

To limit the effect of the drawbacks mentioned above, different techniques can by employed, e.g. multilayer 
coatings, process optimisation, and the use of special electrodes. Very good results can also be obtained by 
combining electro-spark alloying with other technologies, e.g. burnishing. The machining of the surface with 
electro-spark coating must be approached in a special way. Due to a relatively low thickness of the coating, 
(approx 0.10 mm) it cannot be ground to reduce roughness. It is, however, possible to diminish roughness and 
to change the character of tensile stresses making them compressive stresses, by means of shot peening. 
Additionally, the values of the compressive stresses do not depend on burnishing parameters, which indicates 
that the state of plastic fluidity has been reached in the surface layer. In recent years, ultrasonic machining of 
materials has been widely used to reduce roughness. The machines for ultrasonic finishing are designed for 
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typical components that are cylindrical rings, conical/spherical, and others in shape. The advantages of the 
method of coating electro-spark deposition include the following:  

• the possibility of depositing, on metal surfaces, any conductive materials which are tightly bound to the 
substrate,  

• the possibility of performing the process locally, i.e. at a selected site of the workpiece,  

• the lack of deformations and changes in the structure of the alloyed material.  

The benefits offered by the method make it particularly suitable for enhancing the strength of sliding friction 
pairs. 

2. PREPARATIONS OF SAMPLES FOR LIGHT MICROSCOPY OBS ERVATIONS  

Electro-spark deposited coatings have low thickness, therefore it is necessary to use a special technique to 
prepare metallographic micro-sections. Before grinding, a counter sample of copper or steel is pressed against 
the front face of the sample with the coating. The sample bound in this manner is then milled to the depth of 2 
mm. This procedure is necessary because in the nearby area, the sample usually does not reach the pre-set 
thickness, which results from the pre-defined coating thickness and the method of deposition. The next 
operation involves grinding in accordance with the standard procedure. Such a manner of sample preparation 
prevents the coating from being ripped and the edges from being rounded. As a result, an appropriately 
prepared sample for microscopy observations is produced, and sharp image across the whole coating cross-
section can be obtained.  To reveal their structure, the metallographic micro-sections are subjected to chemical 
etching. For instance, for C45 steel coating, the agent used is nitric acid (3%) solution in ethyl alcohol (Nital) 
Ni1Fe. The quality of the prepared samples is initially assessed by light microscopy. On the samples prepared 
as above, microhardness distribution tests on the coating cross-section are also performed.  

3. SCANNING MICROSCOPY OBSERVATIONS 

Three samples, namely N1, N2 and N3, made on the bronze substrate, were prepared for observations in 
accordance with the procedure described above. The photographs and analyses presented in the paper were 
obtained in the tests performed at the Scanning Microscopy Laboratory of the Kielce University of Technology. 
JEOL JSM-7100F Schottky Field Emission Scanning Electron Microscope was used.  

The equipment used for electro-spark deposited was an EIL-8A model. Basing on the results of previous 
research as well as instructions given by the producer, the following parameters were assumed to be optimal 
for ESA: voltage U = 67 V, capacitor volume C = 150 µF, current intensity I = 0.9-1.0 A. 

The coatings deposited had the following chemical compositions:  

• N1- 80Cu13Pb7Sn bearing alloy 

• N2- 78Pb15Cu7Sb bearing alloy 

• N3 - 90Pb7Sb3Ag bearing alloy 

As given in the literature on the subject [1, 4], the microstructure of electro-spark coatings shows three 
characteristic zones. The amorphous layer, called „white layer”, the proper layer, and transient layer having 
varied elemental concentrations, which is diffusive in character. In the samples, made of bearing alloys, 
subjected to analysis the „white layer” zone is marginal, whereas the transient zone is clearly noticeable, 
especially in samples N1 and N3. In the metallographic micro-sections presented in the paper, other objects 
typical of electro-spark coatings are also visible, namely pores, precipitations, and discontinuities. The N1 
coating has the largest number of pores and precipitations. The analyses of the mean content of individual 
elements indicate that the results generally do not deviate from the data provided by the electrode 
manufacturer (Fig. 1 ).  
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Fig. 1 Views of coating microstructures and the distribution of the average content of individual elements in 
the coating surface: a) N1, b) N2, c) N3 

The measurement of the electro-spark coating thickness is not a simple task. The coatings are relatively thin, 
and they have high roughness. The methods that are effective for other coatings, e.g. induction or magnetic 
methods do not work in this case. The most reliable measurement seems to be the one based on the 
observations of the metallographic micro-sections. The images (Fig. 2 ) indicate that the N3 coating is the 
thickest and has the thickness of 187.96 µm, the second coating is N1 having the thickness of 25.87 µm, and 
the N2 coating is the thinnest with the thickness of 23.16 µm. The thickness measurement methodology is 
presented in a detailed manner in Fig. 2  for the N1 coating. The identified coating thicknesses show differences 
in the efficiency of the deposition process, in which electrodes made of different materials were used. 

a) 

b) 

c) 
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N1 

 
N2 

 
N3 

Fig. 2 Assessment of the thickness of the analysed coatings 

The analysis of the linear elemental 
distribution makes it possible to asses the 
mutual penetration of the components, which 
indicates that the diffusion process has 
occurred. The profiles of the distribution 
curves, and precisely, their inclination at the 
site of coating-to substrate contact constitute 
a measure of the diffusion depth. Figs. 3 - 5  
present the profile of the distribution of the 
main components of the coating. Large 
diffusion area is found in N1 and N3 coatings. 
The depth of Cu and Pb diffusion, estimated 
on the basis of the plots, amounts to approx. 
4 µm. Pb diffusion in the N2 coating shows 
much lower values, and amounts to approx. 
1.5 µm.  

 

 
Fig.  3 Microstructure and Cu linear distribution in the N1 

coating 
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Fig. 4 Microstructure and Pb linear distribution in the N2 coating 

Analyzing the percentage content of individual elements in the characteristic zones of the coating, it is possible 
to refer to the most important components of the coating structure. On the basis of the analysis of the coating 
microstructures, bright fields, dark fields, and also pores and precipitations can be differentiated. Table 1 
presents the percentage content of Pb and Cu for the bright and dark fields of the structure. The analysis of 
the results in Table 1  indicates that dark fields are found for the elevated Cu content and diminished content 
of Pb. The bright fields, however, are formed when the Cu content is reduced and the Pb content is increased. 

 

 

Fig. 5 Microstructure and Pb linear distribution in the N3 coating 

Table 1  Pb and Cu contents in the characteristic coating zones 

Coating No. Bright fields Dark fields 

Cu Pb Cu Pb 

N1 14.95 35.17 59.42 10.21 

N2 57.47 18.35 64.19 11.52 

N3 1.6 98.48 2.38 76.57 

4.  CONCLUSIONS 

Microscopic observations and the composition analysis performed with the X-ray probe make it possible to 
identify the basic components of the coating. As a result, the course of the process and the correctness of the 
selection of the machining parameters can be evaluated. The analyses of the pattern of elemental distribution 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1161 

make it possible to asses the character of the coating-to-substrate bond, and also provide the basis for the 
assessment of the diffusion depth. Microscopy observations offer the possibility of detecting coating defects, 
such as microcracks, porosity or the precipitation of other elements that constitute the substrate components. 
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Abstract   

One of very important requirements for measuring devices is fact that measured values of observed quantity 
will be in specific tolerance zone of actual value also after longer period of use. Deviations of actual value can 
be caused by several factors - improper handling with devices, inadequate maintenance and storing, aging of 
materials of which they are made and last but not least, by wear of single parts. 

The target was to define the way of wear elimination of most faulty parts of dial gauges to obtain the maximum 
possible lifetime with minimal possible costs. Since, the using of more resistant material for producing of faulty 
part is difficult economically, for eliminating of wear, there was used the coating method for given part. By 
experimental results, it was choosen suitable way of coating. 

Keywords:  Coating, measuring devices, elimination of wear, lifetime 

1. INTRODUCTION 

Measurement can be defined as a summary of operations whose target is to set the value of a measured 
quantity. It serves as a source of information for scientific and technical development, process control, quality 
control of products, international production and economic cooperation. Measuring is a source of objective 
information and a basis of decision-making, objective assessment of state in all the spheres of society 
activities. To this purpose are used measuring instruments of all kindsand they serve to assign numbers to 
measured objects. The fact that measured values of measurands would correspond with the real value even 
after a longer period of use of measuring instruments within certain tolerances belongs to essential 
requirements of measuring instruments.  

2. MECHANICAL DIAL INDICATOR 

Mechanical dial indicators are measuring devices used to accurately measure small distances and angles. 
Measured linear movements are converted by the transformation mechanism to rotational movements of the 
pointer of the indicator. There exist several types of dial gauges with a gear, a lever, a pressure spring or a 
combined mechanism. At present also digital indicators with digital displays started to be used, but simple 
versions without additional functions as memory or indicators of pointers on display are not a full replacement 
of the traditional dial indicator. A control of threshold of measured components is much more difficult in case 
of dial display indicators than in a case of indicators with a pointer. [1,2] 

The dial indicator M2/10S is the most frequently used in industrial practices. 

2.1. Dial Indicator M2/10S 

Thanks to the reinforced average of 5 mm of the stem is the type M2/10S particularly stable. Fig. 1 . That is 
why it is suitable for special performances with the prolongation of the spindle up to 150 mm. The quality pre-
load point protection by means of structurally modified pre-load wheels lowers a risk of damage of gears. 
Displayed measurements and thresholds represent metrological characteristics in accordance with DIN 878 
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together with DIN EN ISO 463. Measuring parts together with a clamping screw are produced of durable 
stainless corrosion-resistant steel. pointer. [3,4] 

                       
    Fig. 1 The design of the dial indicator M2/10S [3]     Fig. 2  A damage in the toothing of the measuring rod 

3. ANALYSIS OF FAILURE RATE OF INDICATORS M2/10S, C HOICE AND SELECTION OF SUITABLE 
SOLUTION TO MINIMIZE FAILURE 

3.1. Description of most frequent failure 

Name of failure:  Damaged toothing on the stem Fig. 2 . 

Problem : The usage of the measuring instrument causes depreciation of gears of the stem. It occurs in the 
point of the contact of a gear tooth of the stem with a toothed wheel.Depreciation indicates characteristics of 
adhesive abrasion. The adhesive abrasion is characteristic of mutually movably connected surfaces. It occurs 
when elements are scratched out in a sliding movement from one surface and, subsequently, they are moved 
onto the other surface.The size of abrasion is proportional to loading and the size of displacement and it is 
inversely proportional to hardness of material; in general, the minimal abrasion can be obtained by means of 
usage of different materials and hard surfaces.  pointer. [5,6] 

Type:  Hidden failure 

Failure demonstration : Abrupt movements of a toothed rod and its interruptions in several parts of the 
measuring process in haptic testing. It manifests deviations in all the measured parameters during control on 
calibrators. 

Possible failure effects : Inaccurate measurements (confusions of measured pieces, risk of complaints) 

Current solution of failure removal : A change of a defected spare part for a new piece from a producer. 

3.2. Possibilities to minimize failure origin 

Failure cause - Depreciation originates due to used materials of which a measuring rod is produced - the 
material is soft. 

Possibilities - To produce a new measuring rod - to measure, design and to produce under contract a new 
measuring rod, however of different materials with a lower range of abrasion liability. This solution is not optimal 
from the reason of total high price (a price quotations € 20 ÷ 25Eur/1 pc in the series of 1,000 pcs.) 
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Modification of an original part purchased from a producer for the purpose of stabilization of surface  - to select 
such a modification of the purchased part, in which there would occur an increase of abrasion resistance while 
present preservation of parameter accuracy of the toothing. The price of a new piece is ca. € 5 + the price of 
modification. 

3.3. Material analysis 

STEEL X6 Crl 7, (Slovak STN 17040)  
Ferritic 17% Chromium Stainless Steel with fine corrosion resistance, good polishability, deep expansion and 
bendability. It tends to freeze when forming in temperatures below 20 °C. Its machinability is comparable with 
alloy carburized steels. 

3.4. Choice of suitable technology to increase pers istence of researched part 

Modification of an original part purchased from the producer, for the purpose of stabilization of surface. 

Hardening. Unsuitable - from the standpoint of carbon content and from the standpoint of high working 
temperatures and the required parameter accuracy. 

Cementing Unsuitable - from the standpoint of hight working temperatures and the required parameter 
accuracy. 

Nitriding Suitable - with regard to relatively low working temperatures and the requirement of preservation of 
high parameter accuracy. 

Coating Eifeler TiN (Titanium nitride)   Suitable - with regard to relatively low working temperatures, the 
requirement of preservation of high parameter accuracy, achievement of high hardness value. 

The only suitable solutions from the above-stated modifications of the original part with the aim to harden the 
surface is to have the toothing thermochemically modified and, thus, via the following methods: plasma nitriding 
or coating based on the basis of titanium nitrade (TiN). 

4. EXPERIMENTAL VERIFICATIONS OF PROPOSED ALTERNATI VES 

Evaluation of abrasion resistance of materials regarding particular types of abrasion is very difficult due to 
complex phenomena that occure in abrasive processes. Tests are mostly performed in a special testing 
instrument in which the essential way of abrasion is simulated by a suitable modification of testing conditions 
and parameters of a tested body. We measure a weight loss, shape and quality of surface together with 
a change in parameters of the tested bodies during tests.  pointer. [5,7,8] 

4.1. Installment of particular measuring rods into dial indicator 

The aim of testing is to determine in which type of surface modification of the measuring rod an indicator gauge 
withstands the highest number of application of repeated load cycles in a testing preparation. The stability of 
metrologic properties of an indicator gauge is continuously monitored after 30,000 cycles. The test is performed 
until the indicator gauge exceeds some of prescribed tolerances of measured parameters according to the 
standards applicable. 

4.2. Usage of dial indicator with each measuring ro d  

Gradually, measuring rods with different surface modifications are installed to the same dial indicator. As the 
measuring rod is in a direct contact with a toothed wheel and measurement is transferred through a 
measurement contact, even these parts are constantly changed. 
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Fig. 3 Surface modifications of measuring rods 

4.3.  Process of testing 

Before testing it is necessary to confirm whether performed adjustments and the related parameter and 
material changes, e.g., coating thickness or thermal load on the measuring rods did not disrupt anyhow 
parameters of the toothing and thus the prescribed metrological characteristics. 

An original part is tested at first to determine the number of cycles in which there occurs a loss of metrological 
characteristics of the dial indicator. A pneumatic test preparation was used to test particular formats of the dial 
indicator, Fig. 4 . A pneumatic piston in the testing preparation imitates conditions of the usage of the dial 
indicator in manufacturing processes. 

 

Fig. 4  Testing preparation 

4.4. Measurements of metrological characteristics o f particular variants of dial indicator during test ing 

The measuring inspection system MFP100 BV was used to measure and to evaluate prescribed metrological 
characteristics of the dial indicator, Fig. 5 . [9,10] 

Fully automatic for testing dial gages, dial comparators, lever-type test indicators and incremental and inductive 
probes. pointer. [9,11] 

 

     Without coating                    Titanium nitride TiN                    Plasma nitriding  
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Fig. 5  The measuring inspection system for testing of calibration of dial indicators - MFP100 BV 

The individual testing variants of the dial indicator were tested and continuously controlled after every 30,000 
cycles until specified tolerances were exceeded, Fig. 6 . 

a)  

 

b)  
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c)                                                    
Fig. 6  Measured values for the measuring rod: a - without any adjustment, b - for plasma nitriding,  

c - for surface modification TiN 

Graphs with measured values - before testing (0 cycles) and after testing, Fig. 7 . 
 

a)  

b)  
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c)  
Fig. 7  A comparison of graphs of a dial indicator with a measuring rod: a - without any adjustment,  

b - for plasma nitriding, c - for surface modification TiN 

From the stated measurements of the individual variants  results the fact that the highest depreciation occured 
after inserting the measuring rod in the distance of 1 mm in the scale of the indicator and the main reason of 
a disposal of eligibility was the exceeding of the maximum deviation of a parameter fu - reverse range -  the 
miximum deviation in a measured period of inserting and ejecting (µm). 

4.5. Measurement of depreciation of parts 

As the toothed measuring rod is in a direct contact with the toothed wheel, the both parts must be measured. 
The amount of loss of material caused by depreciation on the most corrupted part of the toothing is compared. 
The MarSurf XC 20 Contour Measuring system is used to measure and evaluate the level of depreciation of the toothing, 
Fig. 8 . 

 
Fig. 8  The MarSurf XC 20 Contour Measuring system [12] 

Analysis of depreciation of variants 

After the disassembly and control of the both parts we may al lege the results stated from the Table 1.  

Table 1 Analysis of depreciation of tested parts 

Depreciation 
analysis  

Toothed measuring rod Toothed wheel 

Variant - without 
adjustment 

the level of depreciation in the area of 
toothing visually apparent, values of 

depreciation measurable 

the level of depreciation visually not 
detected, values of depreciation 

non-measurable by the apparatus 

variant  -  surface 
modification TiN 

the level of depreciation in the area of 
toothing visually apparent, values of 

depreciation measurable 

the level of depreciation visually 
apparent, values of depreciation 

measurable by the apparatus 

variant -  
plasma nitriding 

the level of depreciation in the area of 
toothing visually not detected (black colour), 

values of depreciation measurable 

the level of depreciation visually not 
detected, values of depreciation 

non-measurable in the apparatus 
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5.  CONCLUSION 

By performing of experimantal verifications, designed alternatives to eliminate of depreciation of a measuring 
rod of a dial indicator we come to the conclusion that: 

1) The measuring rod without any adjustments (an original by its producer): 140,000, 5,000 +/- cycles 

2) The measuring rod with the surface modification - TiN: 77,000, +/- 5,000 cycles 

3) The measuring rod with the surface modification - plasma nitriding: 250,000, +/- 5,000 cycles. 

As stated in the results of measurements of individual adjustments of a tested part of a dial indicator, the level 
of depreciation varies and, thus, also a number of load cycles in case of each adjustment. 

In the total results of testing was found that the surface modification by plasma nitriding is the most suitable 
alternative from the tested ones, as it withstood the highest number of cycles while instant maintaining of 
a toothed wheel. The toothing of such adjustment of the measuring rod withstands 64,28 %t more cycles than 
the original part without any adjustment. The result represents a proof of an increase of its durability. 

The surface modification of TiN is not suitable due to the present depreciation of the toothed wheel. A potential 
solution could be to have also the toothing of the wheel coated. 
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Abstract   

This paper provides a study of sliding wear behavior of Cr3C2-CoNiCrAlY thermally sprayed coating at room 
and high temperature - 600°C. Wear testing was realized by linearly reciprocating Ball-on-Flat sliding wear test 
according to ASTM G133-05, so called fretting test using the tribometer CETR-UMT3. The evaluation 
addresses specifically wear resistance, friction characteristic and sliding wear mechanisms. The coatings were 
examined by SEM imaging. The Cr3C2-CoNiCrAlY HVOF coating proved its potential as a coating for high 
temperature sliding or fretting application. Measured COF decreased together with increasing temperature. 
On the other hand, the wear resistance decreased at high temperature in the vicinity of oxide originated in the 
wear scar. 

Keywords:  Fretting, tribological properties, thermal spraying  

1. INTRODUCTION 

Thermal spraying is a technology of forming a functional surface coatings providing functional protection of 
coated parts. The high velocity oxy-fuel spray (HVOF) method allows to deposit hardmetal (cermet)-based 
coatings with high wear resistance and favorable sliding properties. These characteristics make HVOF sprayed 
coatings suitable for applications in conditions of sliding friction. [2] The evaluated Cr3C2-CoNiCrAlY coating is 
hardmetal coating characterized by a beneficial combination of hard carbides and a matrix, responsible for 
toughness.   

One of the main causes of the fretting movement is vibration. It occurs not only in machinery, but in most 
industrial applications. The fretting loading can often lead to a critical component failure. That is why it needs 
to be studied in detail with respect to used materials and loading condition.  

Fretting is a special case of fatigue wear at the surface. It can be 
tested by laboratory testing equipment, so called tribometers. 
Principle of method is the typically reciprocating sliding movement 
between two surfaces. In our case this method comprises two 
samples: a ball and a flat sample which is held reciprocating linear 
motion, while the bullet is loaded by a constant force. The load is 
applied vertically downwards through the ball on the sample which 
moves horizontally. Principle of the method is shown in Fig. 1 . In 
the contact, the reciprocating friction load produces surface 
stresses that can result in cracks and fretting fatigue. [1] Fretting 
wear appears when the cracks at the surface results in wear 
particles. Then the released wear products stay for some period in 
the reciprocating contact and influence the contact conditions 
crucially, e.g. concentrating the surface load due to the releases 
wear particles and increasing the surface stresses under them. On 
steel surfaces, the contact process wears off the oxide layers on 
the surface, which is exposed to chemical reactions. Often the temperature is simultaneously increased, which 

Fig. 1  Schematic diagram of the test 
ball-on-flat 
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speeds up chemical reactions [1]. These various phenomena occurring during sliding process for a ball-on-flat 
sliding contact are summarized in the Fig. 2 . 

 

Fig. 2  Various phenomena occurring during sliding process for a ball-on-flat sliding contact [1] 

2. EXPERIMENTAL PROCEDURE 

The coated samples were deposited using HVOF (High Velocity Oxygen Fuel) thermal spraying technology 
TAFA JP-5000 in VZÚ Plzeň s.r.o. The deposition procedure, standardly used in VZÚ Plzeň for HVOF 
spraying, was applied. The spraying parameters were previously optimized to reach the low porosity and high 
hardness of Cr3C2-CoNiCrAlY coating [6]. As the substrate material, steel S355J0 was used.  

Tribological measurements were performed using a standard test method for linearly reciprocating Ball-on-Flat 
sliding wear test without lubricant at room and high temperature according to ASTM G133-05. Following 
parameters were used: normal force: 25N, stroke length: 10 mm, oscillating frequency: 5 Hz, sliding distance: 
100 m, counterpart: stainless steel AISI 440C and ambient temperature: 22 ± 3 °C and 600 ± 3 °C. 
Measurements were performed by tribometer CETR-UMT3 in the laboratories of NTC ZČU. During the 
measurement, the dependence of the 
sensed instantaneous Coefficient of 
Friction (COF) on the polished surface 
of the material against a piece of steel 
to the sliding track was scanned. The 
amount of wear was measured by a 
profilometer KLA-tencor P-6 Profiler. 
Data are arithmetic average of three 
measurements. Wear mechanisms 
was evaluated by a scanning electron 
microscope FEI QUANTA 200 with 
EDS detector EDAX NEW XL-30. 

3. RESULTS AND DISCUSSION 

The measured data describing the 
tribological characteristics were 
summarized for ASTM G133 in the 
graph (Fig. 3 ).   

Fig. 3 Wear coefficient and COF measured by ball-on-flat 
oscillating test at a) room temperature and b) high temperature 

(600°C) 
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The results show that coefficient of friction at room temperature is higher than coefficient of friction at high 
temperature. Coefficient of friction at room temperature is 0.70 ± 0.04 and coefficient of friction at high 
temperature - 600°C is 0.42 ± 0.02. The running of the friction coefficient Ball-on-Flat wear test is shown in 
Fig. 4 . The yellow, orange and green curve represents the COF values measured at wear test at room 
temperature. The second gray, blue and purple curve represents the COF values measured at wear test at 
high temperature - 600°C. 

 

Fig. 4 Coefficient of friction measured by ball-on-flat oscillating test  

The wear of the coating was expressed by wear coefficient K [mm3/Nm], including the wear volume loss, used 
load and the wear distance. It was found, that he wear coefficient of the Cr3C2-CoNiCrAlY coating is 
significantly lower at room temperature compared to the wear at high temperature - 600°C: (1.70 ± 1) x 10-6 
vs. (5.10 ± 0.2) x 10-5. 

In the [7], the phenomena of changing the phase composition from Cr-based carbides on to the ceramic oxides, 
under the circumstances of herzian loading and elevated temperature is described. The creation of chromium 
oxides in the wear track can be identified as a reason for COF decrease during high temperature wear testing. 
The same mechanism was previously described for another Cr3C2-NiCr HVOF coating [4].  

On the other hand, the oxide layer can is probably more prone to wear off than the CrC carbide itself. The worn 
particles entrapped in the wear scar accelerate the wear and change the adhesive wear to the abrasive.  

The presence of oxide was proved by the EDX. The elemental analysis showed the amount of oxygen on the 
surface of the groove after the Ball-on-Flat test (Table 1 ).  

Table 1  Elemental composition at the groove after ball-on-flat test at high temperature 

Element C Cr Co Ni Al Y O 

Wt % 4.51 58.64 9.39 9.58 4.29 0.63 12.95 
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The wear mechanism, observed by SEM, is shown in the Fig. 5 . Typical wear mechanisms of HVOF hardmetal 
coatings is preferred gradual wear of the matrix, followed by reducing cohesion between the carbides and the 
matrix and the final releasing of carbide particles. In the case of dry friction the released carbide particles 
remain present in the sliding groove and serve as an abrasive, causing further wear. The wear mechanism is 
thus transformed from the adhesive to abrasive [3, 4]. In the Fig. 6a, b  the area with a significant damage 
bottom loose carbides and deformed matrix can be observed. In [5], the wear mechanism of hardmetal 
coatings is described as a contact between the counterpart surface and  protruding carbide-tipped indenters, 
which occur after a slight wear surrounding matrix. The bottom traces of wear on the test coating at high 
temperature - 600 °C exhibits a greater degree of damage are also signs of dissolved carbide with fatigue 
wear mechanisms. In the HVOF as-sprayed coatings wear scar the tribo-oxidation is identified (Fig. 5c ). The 
oxide film cracks during further loading, taking part in wear process as abrasive medium.  

  

  

Fig. 5  Wear mechanism evaluated after ball-on-flat oscillating test at a), b) room temperature, c),d) high 
temperature (600°C) 

 

a) b) 

c) d) 
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4. CONCLUSION 

Mapping behavior cermet thermal spray at fretting test Ball-on-Flat apparatus using tribometer CETR-UMT3 
brings the following findings: the Cr3C2-CoNiCrAlY coating showed stable friction behavior combined with lower 
wear resistance at high temperature. The change of wear mechanism was connected with presence of oxygen 
in the wear groove. The combination of friction loading and elevated temperature led to the origin of chromium 
oxides, responsible for low COF but higher wear. 
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Abstract 

This paper describes experiments for the development of methods of non-destructive, non-contact surface 
diagnostics. This is oriented on technical systems in metallurgical operations with usage of laser scanners and 
digital image processing techniques. There are presented the results of the surface quality evaluation of 
various metallic materials, in both conditions, cold and hot. The experimental results were used to design 
diagnostic equipment to support decision-making processes concerning controlling processes in metallurgy.  

Keywords: Technical diagnostics, material surface, defects, laser sensors, control 

1. THE QUALITY OF MATERIAL SURFACE   

The main precondition of quality of production on metallurgical plants is observance of technological 
regulations and input raw materials quality and semi-finished products. In the case of continuous casting, 
attention is also focused on the perfect heat crystallizer work. Defects of casting (i.e. the uneven chemical 
composition, internal and external cracks, surface defects of type sealed of nests of casting powder, the 
longitudinal sponge marks of the casting crust, excessive oscillation of oscillation wrinkles, form errors, and 
others) have their primary causes in crystallizer.  

Especially undesirable are cracks in the casting crust of casting caused by ferostatic pressure, temperature 
tension, rubbing in the crystallizer and other mechanical stresses which can lead to tear of casting of crust and 
inrush fo. Temperature tension of in the casting crust of the casting is invoked by uneven shrinking during 
irregular and of intense cooling. [1] [7] 

Dangerous is also influence of shape changes of crystallizer caused by thermal and mechanical stress, which 
has the effect on the reduction of heat removal by reason formation of excessive gap between crust and the 
wall of the mold. 

This process is characterized by various type of input data and their of large numbers. Therefore, it is not 
practically possible, such a process for use in proceedings, mathematical and physically modeled. This article 
deals with evaluation of surface quality metallurgical materials with a focus on the diagnosis and visualization 
of the surface. [6] 

2. DIAGNOSTICS OF METALLURGICAL MATERIALS SURFACE  

2.1. Development of methods for evaluation the surf ace quality  

Within the research activities in the laboratories of the Department of automation and computer engineering in 
metallurgy, VSB-TU Ostrava being developed a method for verifying the quality of surface metallurgical 
materials based on laser sensor (distance). Objective being pursued of the solution is to design methods and 
operating devices providing the information for visualization and evaluation of the surface needed for process 
control. [2] 

Laser sensors, as such, belong to a group of optical sensors. These sensors, optoelectronic, or more 
accurately termed photoelectric today represent in terms of functional scope, and the associated application 
possibilities, sensors most used in industrial automation. They are used in safety applications in demanding 
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measurement and control tasks at the end of the process, but also to make great use when monitoring water 
levels, of the dimension over long distances or when monitoring compliance with content, control of position. 

One reason for the increasing interest in the photoelectric are still smaller size and ever increasing efficiency. 
The advantage is their insensitivity to electromagnetic interferences and noise. The disadvantage is less 
resistance to humidity, heavy pollution and IR radiation. [3] 

Basic of properties of elements used is the conversion of electric current to the electromagnetic waves - light 
and vice versa. The term light shall mean electromagnetic spectrum from ultraviolet region (λ = 0.3 μm) over 
the visible light region (0.38 <λ <0.78 μm) up to the infrared range (λ = 1.2 μm). 

At the beginning of the use of optical sensors were as transmitting elements mostly used light bulbs and as 
elements of receiver are used photocells or photoresistors. Due to the wide range of unfavorable properties of 
these elements were application possibilities of these sensors very limited. [3] 

2.2. The diagnostic device 

The foundation of diagnostic device is a laser sensor optoNCDT 1302/200 working on the basis of triangulation 
measurement, which is connected to the PC via PCI measuring card NI 6221. 

Laser sensor OptoNCDT 1302/200 

Sensor (Fig. 1 ) from Micro Epsilon with a measuring range of 200 mm was chosen for laboratory testing and 

verification of the proposed method, achieves an accuracy of 500 µm with sampling of 750 Hz. 

 

Technical specification: 
 

The beginning of the measuring range [mm] 60 

Middle Range [mm] 160 

The end of the measuring range [mm]  260 

Linearity [μm] 500 

The static noise resolution [  -  ] 40 

Dynamic resolution of 750 Hz [μm] 100 

  

Fig. 1  Laser sensor OptoNCDT 1302/200  

Diagnostic measurements using the measuring card NI  PCI 6221 

Measuring card (Fig. 2 ) from National Instruments PCI slot is relatively efficient device for sensing or 
measuring of analog or digital electrical signals, as well as for generating such signals. [3] At the software 
level, the card is able to cooperate with the operating system Windows and with environments Matlab and 
LabView. 

For diagnostic measurement was assembled computer with the following parameters: 

• Motherboard with PCI slot; 

• Processor AMD Sempron 2800 + 1.60 GHz; 

• 1GB of RAM; 

• Memory disk with a capacity of 20 GB; 

• Windows XP SP2. 
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Technical specifications of memory cards: 

• 16 - Bit, 250 ks / s, 16 analog inputs with 37 - pin D-Sub; 
• Two 16 - bit analog outputs (833ks / s); 
• 10 digital I / O lines, 32 - bit counters, digital triggering; 
• Correlated DIO (2 lines, 1 MHz); 
• 37 - pin D - Sub connector; 
• Controllers NI - DAQmx driver and software NI LabVIEW 

SignalExpress; 

Fig. 2  The measuring card NI PCI 6221 (37 - pin) 

In order that we could scan the surface of the material using a PCI card NI 6221, we must had correctly set 
the program Matlab and thereafter measuring was performed in MATLAB. 

It was further necessary to select parameters:  measuring mode between synchronous and asynchronous, 
type measuring card or other equipment installed, setting the number of samples scanned per second, setting 
the block size of input type, selecting the measurement channel and adjustable output from the block. For 
measurement was selected following settings with the following parameters: asynchronous signal at a 
frequency scanning 10,000 samples per second from a connected channel AI8, 0.08 seconds measuring time 
as a normal type of measurement. These parameters have been set in the window Simulink. 

Measurements, which were performed, you can view in block Scope. The file with the time course of values 
were inserted into a block simout that displays a graphical course of measurement. 

2.3. Testing of components diagnostic system 

Within the of solution this issue was created several of laboratory of prototypes solutions. In Fig. 3  and Fig. 4 
prototype solutions using robotic hand. 

 

Fig. 3 The principle of scanning the surface of the mold using a robotic arm with a laser sensor 

Further is presented the robotic automated diagnostic system, whose main components are linear travel of a 
robotic arm, a laser sensor, control unit and the evaluation PC. 
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Fig. 4  View of the measuring assembly for verification of the surface - the wear surface metallurgical 
materials (measurements in laboratory conditions VSB - Technical University of Ostrava 

The system allows monitoring of the surface of metallurgical materials and creating a of a computer image in 
2D and in 3D embodiments. Example results [4] from laboratory experiments are shown in Fig. 5. 

  

 

Fig. 5  Demonstration of results visualization surface metallurgical materials (original surface, 2D visualization 
with filter, 3D visualization) 
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Laser scanners 

The next stage of laboratory research was to testing of "blue" and of "red" of laser scanner. With these special 
sensors experiments were performed to verify the possibility of the fundamental components of diagnostic 
system. Were scanned surfaces of metallic materials under different conditions. In Fig. 6 are presented 
examples of attempts and example of the results in graphic form. [7] 

   

 

Fig. 6  Examples of attempts with laser scanners (red, blue) and example of the results in graphic form 

3. CONCLUSION  

The quality of production and safety of production in terms of the emergence of surface defects related both 
by technologies, but also with the overall state of the device. Both aspects are still the subject of frequent the 
development and improvement. The complexity of metallurgical processes almost does not permit 
generalization and transferability of results from device to device. On different technologies are completely 
different conditions in the production of different sizes or different steel grades. Therefore, the diagnostic of 
the surface of materials still has an important role in controlling these processes. In the context of research 
activities is issue solving in the long term. [5] 

In solving are applied to modern diagnostic equipment - at present lasers and laser scanners and modern tools 
for evaluating the results of diagnostics - methods of artificial intelligence [4], machine learning. The achieved 
results of laboratory tests show the correctness of the approach to solving and new possibilities in technical 
diagnostics of surface of materials. 
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Abstract   

The study compares the microstructure of the dispersion strengthened Cu - MgO composites prepared by 
thermo-chemical transformations of precursors and mechanical milling followed by spark plasma sintering 
technique. The effect of two different MgO contents (3 and 5 vol.%) on formation and stability of the copper 
matrix nanostructure is analysed. The structure development of the powder during its preparation and compact 
is characterised by metallographic observations and X-ray diffraction analysis. From the results follows that 
both the MgO contents are sufficient for effective strengthening the Cu - MgO nanostructure. 

Keywords: Dispersion strengthened Cu - MgO, mechanical milling, X-ray diffraction analysis, thermal  
                   stability 

1. INTRODUCTION 

Copper is an interesting material for investigation primarily because of its attractive properties at the 
microstructural length scale of nanometers. The observed improvement in properties has been attributed to 
the conjoint and mutually interactive of grain size refinement and increased grain boundary area. The cold 
deformation hardened and precipitates hardened copper alloys are easily softened. It is urgent to develop 
anovel materials with a high thermal stability of the microstructure. The presence of dispersoid in the matrix 
inhibits the grain boundary migration and it thus stabilizes the structure up to the temperatures close to the 
melting point of the matrix. Chemical stability in relation to the matrix, fineness and distribution homogeneity 
in the matrix are the most important demands on the secondary phases [1-3]. In recent years, amount of 
research effort has been expanded into studying and understanding the fabrication characteristics, mechanical 
and electrical property characterization of nc Cu-MgO materials [4-8]. The objective of this work is to obtain 
the nanocrystalline (nc) dispersion-strengthened (DS) Cu - MgO powder material by mechano-chemical 
preparation and to analyse the structural characteristics of bulk materials. 

2. EXPERIMENTAL PROCEDURE 

Experimental materials were dispersion strengthened Cu - 3 vol. % MgO and Cu - 5 vol. % MgO, prepared by 
powder metallurgy technology. The composite powder was prepared by the modification of the original 
mechanical-chemical method based on the mechanical milling in an attritor and a vibrate mill, chemical 
reduction by hydrogen [9]. CuO was prepared by annealing electrolytic copper powder with a purity of 99.7% 
at 250°C in air. The formation of CuO and a fraction of Cu2O can take place during oxidation, therefore the 
conditions of Cu oxidation were optimized in such a way that the full conversion of Cu into CuO was ensured. 
MgO was added to CuO during the crystalization of magnesium hydrogen carbonate from the CO2 
supersaturated aqueous solution of Mg(HCO3)2 [10]. The stability of the Mg(HCO3)2 decreased by expelling of 
the excessive CO2 by heating  the solution. The mixture of CuO with 3 and 5 vol.% MgO was prepared by 
high-energy miling brittle oxidic matrix (CuO) with the addition of MgO phase that represented the dispersoid 
[11]. Mixture was prepared by wet milling CuO with crystallised hydrogenmagnesite in the attritor at 700rpm 
for 1 hour. After milling, the mixture was dried. Homogenization process took place during milling. Then both 
mixtures were then annealed at 550°C under inert atmosphere of 100 % N2 for 30 minutes, after this a reduced 
atmospherewere  of 100% H2 were applied which was followed a second annealing at 150°C in reduced 
atmosphere of 100 % H2. The mixtures were analyzed by the methods of X-ray diffraction, TEM and SEM 
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(materials prepared by FIB). The qualitative phase analyses were performed using  X-ray diffraction method. 
X-ray diffraction patterns were obtained by Philips X´Pert Pro powder diffractometer equipped with Ni-filtered 
Cu Kα radiation using the positional sensitive detector X´Celerator. Qualitative phase analyses were 
determined using the High Score program.[12] 

3. RESULTS AND DISCUSSION 

The microstructure of the compacted Cu-MgO material shows homogenous structure with a high proportion of 
interfaces under light microscopy as it is shown in Fig. 1a . The presence of twins in copper was rarely 
observed. A detailed view of the microstructure obtained by SEM is indicated in Fig. 1b .   

 

Fig. 1  Microstructure of the Cu-MgO material: (a) light microscopy (b) SEM prepared by FIB 

      

Fig. 2 The microstructure of the material Cu-3 vol.% MgO materiál by TEM: (a) detailed view, (b) the 
interaction of particles with dislocation 

The TEM micrograph, Fig. 2 , documents typical microstructure of the studied compact material. The 
microstructure of the composite can be characterized by thepresence of dual grain groups. The coarser - fully 
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recrystallized grains Fig. 2a  with a mean crystallite size above 1 μm have straight, well-defined high-angle 
boundaries. Boundaries of non-equilibrium finely fragmented nano-grains are different curved and they are 
less visible. They are formed by grain fragmentation. As it is shown in Fig. 2b , fine particles of MgO secondary 
phase with sizes about 20 nm are uniformly dispersed in the Cu matrix and they are located at boundaries and 
inside the grains. Dislocation-particle interactions are very common, and this is clearly documented in SEM 
images, Fig. 2b . However and the same time also shows the presence of areas in which are coarser spherical 
MgO particles  with size about 200 nm. These particles are in form of the loosely aggregated nano particles or 
as a large globular particles and they are located mostly at the boundaries of larger grains.  These particles 
are formed by agglomeration and subsequently sintering of initially fine nanoparticles during powder mixture 
preparation, as well as in the process of compaction. Coarse particles of MgO are ineffective to ensure the 
thermal stability of the structure of Cu matrix by disperse strengthening mechanism. 

The effect of the secondary phase amount of the copper matrix crystallite size (D) was evaluated in different 
stages of materials preparation. The crystallite size was calculated from the the diffraction pattern in planes 
(111), (200), (220) and (311). The evolution of the  crystallite size was analysed after each sequential steps: 

a) powder after reduction (RED), 
b) powder after milling in a vibration mill 18Hz / 1hour (REDmix), 
c) after pressing and sintering at 850 ° C (SIN), 
d) after spark plasma sintering (SPS). 

The comparison of the calculated values shows that the crystallites size changes during of the powder 
processing on the composite.  The minimal values of crystallite size are reached after powder milling 
consequently a massive deformation, Fig. 3  and Fig. 4 . Similar changes of the crystallite size were 
demonstrated for the system Cu-Al2O3 in the works [13], [14]. The consolidation process leads to structural 
changes. The crystallites size of Cu matrix increases as a consequence of heat-initiated processes as diffusion 
and recrystallization during sintering. From comparison of the crystallites size after milling and the 
consolidation results that the crystallites size increases in material with 3 vol.% MgO from 39 nm to 115 nm 
and in Cu-5 vol% MgO material from 41 nm to 102 nm. The maintaining of the nanostructure of the starting 
powder after the thermal exposure is very important owing  to achieve the unique properties of the final product 
[15], [16]. 

 

Fig. 3 Crystallite size of the material Cu 3 vol.% MgO material after various stages of preparation for the 
plane (111), (200), (220) and (311) 
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Fig. 4 Crystallite size of the material Cu 5 vol.% MgO material after various stages of preparation for the 
plane (111), (200), (220) and (311) 

4. CONCLUSION   

The experimental results indicated that the addition of MgO secondary phase in the copper matrix is suitable. 
The increase of the Cu grain size in both materials (3 and 5 vol. % MgO), after the heat treatment could related 
with the non-homogeneous distribution of dispersoid particles and particles agglomeration. The appropriate 
solution of this problem is creation of only effective dispersoid particles and reduction in volume fraction of 
particles of the secondary phase. For the preparation of ultrafine powder mixture the intensive mechanical 
milling attritor is suitable, which will provide adequate fineness of the particles and the uniform distribution of 
dispersoid in the matrix. 
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Abstract 

Surface treatments of metals are important areas of mechanical engineering. Galvanizing, which is a zinc 
coating on the steel base material by electrolytic deposition, belongs among the wide range of methods. 
Zn layer protects anodically the base material (usually unalloyed or low-alloy steel) against corrosion. 
In the final phase of the galvanic process final finish is performed - yellow or blue chromate surface coating. 
For correct function of the Zn layer it is important to abide the prescribed thickness. In the electroplating plants 
the thickness of Zn layer is usually measured by magnetic-inductive method. This method is fast, simple and 
non-destructive. The aim of this work is to verify the accuracy of this method using optical microscopy. Optical 
microscopy is here understood as the reference method, because this method is accurate and correct. 

While dealing with the given problems the statistical tests shown, that the differences between the results 
of the two methods are statistically significant. Therefore results of magnetic-inductive method must be 
corrected using the calculated conversion factor. After conversion of the measured values the magnetic-
inductive method can be recommended to operating measurement of the Zn layer thickness on unalloyed and 
low-alloyed steels. Furthermore, it was found that the type of final surface treatment (chromate surface coating) 
does not affect accuracy of measurement of Zn layer. 

Keywords: Galvanizing; Zinc layer; Optical microscopy; Magnetic-inductive method 

1. INTRODUCTION 

One of the important areas of engineering production is surface finishing of metals that provide corrosion 
protection and modify the external appearance [1]. Thus surface finish changes functional properties 
of modified basic materials. Among a wide range of methods we can include galvanic zinc coating, which is 
application of zinc layer on the cold steel. Zinc protects the surface of the material mechanically and chemically 
as well. In a humid environment Zinc creates a galvanic cell with Iron; therefore zinc coating provides anodic 
protection against corrosion to the base material [2-4].  

The thickness of the Zinc layer can be accurately determined by optical microscopy [5]. This method 
is destructive, time-consuming, and economically demanding. Therefore, in galvanic plants is used magnetic 
induction method during production. Measuring probe MP0 Dualscope-R (Fischer) (see Fig. 5 ) contains 
a ferromagnetic core and exciter winding, which is fed by low frequency current. The probe creates in its 
surroundings an alternating electromagnetic field (60-400 Hz). If the probe is in the vicinity of ferromagnetic 
material, the probe will intensify its array. This amplification is measurable in the second coil and corresponds 
to a distance from ferromagnetic substrate to the probe. This method of non-destructive thickness 
measurement of coating is based on the evaluation of the intensity of the electromagnetic field, which is a 
function of the thickness.  

The method is applied as informative and indicative for the simplest operational control. Magnetic induction 
method allows measurement of all non-magnetic layers (zinc, chrome) on the magnetic base material (steel). 
The measurement can be influenced by surface roughness, curvature of the surface, thickness of the substrate 
or alloy coatings with different ferromagnetic conductivity. The accuracy of measurement, changes with the 
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thickness of the coating, the measurement error is lower than 10 % of the thickness  
of the coating in accordance with CSN EN ISO 2178, or 1.5 μm. 

This method is quick and simple. Due to a lower accuracy it is necessary to carry out measurements 
repeatedly. This article aims to verify its truthfulness and accuracy. 

2. EXPERIMENTAL MATERIAL 

It was used steel plate with electrolytic Zinc coating as a base material. Dimensions of the plate were 
50 x 30 x 0.5 mm. For the determination of the composition of the base material there was made "Bulk" 
analysis by Glow Discharge Optical Emission Spectroscopy (GDOES). The measurement was carried out in 
"Bulk mode" spectrometer Spectruma GMBH, exciter conditions 700 V and 35 mA. The results are listed in 
Table 1 . 

Table 1 Bulk analysis of base material 

C Mn Si P S Cr Ni Mo 

hm. % 

0.034 0.449 0.011 0.016 0.006 0.014 0.047 0.013 
 

Cu Ti Co B Pb V W Al 

hm. % 

0.034 <0.0001 <0.0001 0.002 <0.0001 0.014 <0.001 0.054 

Samples were prepared by galvanizing of Zn coating on the surface of the substrate. Before plating, 
the samples were placed on the hanger (see Fig. 1 ). Galvanizing is composed of several successive repetitive 
operations: chemical and electrochemical degreasing, rinsing, pickling, galvanizing, chromating and drying 
(see Fig. 2 ). 

 

Fig. 1 Location of specimens on the hanger  

 

Fig. 2  The basic scheme of the galvanizing process 

After zinc plating there is produced a surface with a matt gray color (see Fig. 3a ). Atmospheric corrosion form 
Zinc corrosion products, which are known as “White corrosion”. This prevents e. g. passivation (chromating of 
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zinc coating). During Passivation is formed protective layer - hydroxy compounds of trivalent chromium and 
Zinc, which increases the corrosion resistance of the coating. The resulting passivation layer is formed of 
amorphous shell. Fig. 3 shows yellow (b), and light blue (c) chromate layer. 

.  

Fig. 3 Samples coated with Zn (a - pure Zn, b - Zn + yellow chromate, c - Zn + blue chromate) 

Comparison of the results of optical microscopy and magnetic-inductive method was performed on 10 samples 
differing in terms of the galvanic process, and thus the thickness of Zn and chromate layer (see Table 2). 
Samples A and B differ by placing on a hanger (see Fig. 1 ). 

Table 2  List of samples with Zn and chromate coating 

Sample Surface finish 

1A 1B Zn + yellow chromate 

2A 2B Zn + yellow chromate 

3A 3B Zn + blue chromate 

4A 4B Zn + blue chromate 

5A 5B Zn + blue chromate 

3. EXPERIMENTAL METHODS 

3.1. Optical microscopy 

Optical microscopy is a destructive method, universal for all types of coatings, except soft coatings (waxes, 
vaseline). In the present work there is optical microscopy taken as a reference method for its precision and 
accuracy. Zn and chromate layer thickness measurements on the samples were performed on an optical 
microscope Olympus IX70 (see Fig. 4 ) at a magnification of 200 x, the results were analyzed using Image Pro 
software Micro G. 

Samples were cut on Struers devices and were embedded by two-part sealing compound Durocit Kit (Struers) 
into forms.  

3.2. Magnetic-inductive method 

The aim of this work was to test the reliability of magnetic-inductive method commonly used in electroplating 
plants to determine the thickness of the Zn and chromate layer. All samples were measured by Dualscope 
MP0-R (Fisher) (see Fig. 5 ) at atmospheric pressure. 
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Fig. 4 Optical microscope Olympus IX70 Fig. 5 Dualscope MP0-R (Fischer) 

 

4. RESULTS AND DISCUSSION 

All analyzes were performed repeatedly at least in ten locations. In Fig. 6  is shown a metallographic image 
of the sample 2A and one image of the sample 4A (see Fig. 7 ).  

All averaged measured values are shown in Table 3 . These results were evaluated by QC-Expert program 
using the "Compare Two Selections - Pairwise Comparison," method and it was demonstrated that the 
differences are statistically significant. Therefore, it was established regression relationship of results of both 
methods (see Fig. 8 ) and a dependency was tested using the "linear regression" method. The result is 
a confirmation of homoscedasticity and normal distribution of residues and therefore the dependency can be 
used. 

 

Fig. 6 Metallographic image of the sample 2A  
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Fig. 7 Metallographic image of the sample 4A 

 

Fig. 8 The relationship between the thickness of Zn and chromate layer measured by optical microscopy  
and magnetic-inductive (MI) method 

The result of a regression is a relationship between the two methods: y = 1.4552x. On the basis of this 
relationship Zn layer thicknesses measured by magnetic-inductive method were converted (third column in 
Table 3 ) and the results were statistically analyzed by paired comparison (fourth column in Table 3 ). This test 
showed that the differences are statistically insignificant and the results can be considered to be correct, after 
divided by a factor of 1.4552. 
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Table 3 Comparison of the results obtained by optical microscopy and magnetic-inductive (MI) method 

Sample 

Thickness of Zn and chromate 
coating measured using 

metallography  

Thickness of the Zn and 
chromate coating measured by 
MI method - measured  values 

Thickness of the Zn and 
chromate coating measured by 
MI method - calculated  values 

μm 

1A 6.0 8.5 5.9 

1B 3.5 7.0 4.8 

2A 14.5 31.0 21.3 

2B 33.0 41.0 28.2 

3A 20.5 46.5 32.0 

3B 14.5 22.0 15.1 

4A 47.0 57.5 39.6 

4B 13.5 25.5 17.6 

5A 25.5 38.5 26.5 

5B 32.0 50.5 34.8 

5. CONCLUSION 

In the framework of the measurement there was determined the thickness of the non-ferrous protective coating 
based on Zn and chromate. It was evaluated the accuracy of measurement of the coating thickness by 
magnetic induction method and compared with the results of microscopy measurement. On the basis of the 
experimental results there were found differences between both measurements. Using regression analysis 
there was determined the correction coefficient by which the results of magnetic induction method were 
recalculated. The obtained results are comparable with the results of the microscopy measurement. Magnetic 
induction method can be fully recommended after conversion of the measured values using the correction 
coefficient. Inaccuracy of the results is also affected by uneven thickness of the coating caused by the 
production process and especially by the placement of samples on the hanger in the galvanic bath. 
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Technical University of Liberec, Liberec, Czech Republic, EU  

Abstract  

The Zn-Mg coatings are considered as the next generation of steel covering that should be used in automotive 
industry since they improve the corrosion resistance of the base material. The weakness of this coating lies in 
its higher hardness and lesser ability of plastic deformation in comparison to the purely zinc coatings. The Zn-
Mg coatings break out and by higher deformation even flake off. This can influence the corrosion properties of 
the material. The experiment described in this article analyses the properties of the Zn-Mg coating in the 
dependence on the extent of deformation by different temperatures. The specimens were gradually deformed 
until their total rupture. Subsequently, the coating of deformed specimens was analysed by using electron 
microscope and the x-ray diffraction method. X-ray diffraction method is used for the evaluation of qualitative 
changes in the real structure of polycrystalline material. This method helps to find a suitable technology that 
do not cause cracking of the Zn-Mg coating. 

Keywords: Coating, Deformation, X-ray Diffraction, Electron microscope 

1. INTRODUCTION 

The article deals with the analysis of a Zn-Mg coating of steel plates used mostly in automotive industry. In 
this experiment the changes of real structure and the surface disturbance of Zn-Mg coating in dependence on 
the degree of strain and temperature are analysed. [1,2] The experiment was carried out by using X-ray 
diffraction method, electron microscope analysis and static tensile test by using a temperature chamber. The 
main aim of the experiment was a comparison of results of two different methods (X-ray diffraction analysis 
and electron microscope analysis) used in this study. The specimens were standardized for the static tensile 
test by using the TIRATES 2300 machine. The specimens were 0.8 mm thick and covered with Zn-Mg coating. 
Individual specimens were loaded with a different tensile force that caused material strain. The experiment 
was performed at two temperatures, firstly, at the temperature of 20°C and the in the temperature of 250°C by 
using the temperature chamber. 

2. EXPERIMENTAL CONFIGURATION OF THE MEASUREMENT DE VICE 

In the first phase, the TIRATES 2300 machine with the temperature chamber was used to create requested 
strain of analysed specimens. Subsequently, Carl Zeiss ULTRA electron microscope was utilised to measure 
the thickness of the Zn-Mg coating and the degree of surface disturbance for various degrees of strain. To 
evaluate the changes in real structure of the material an ISO DEBYEFLEX 3003 device, which uses Debye-
Scherrer method, was used. [4] 

2.1. THE ELECTRON MICROSCOPE CARL ZEISS ULTRA 

The specimens were analysed by using the Carl Zeiss ULTRA electron microscope by acceleration voltages 
from 10 to 20 kV. The images were recorded by using detectors with filtering grid with high efficiency in - lens 
SE detector. Image processing can provide images in the quality up to 3072×2034 pixels. The machine uses 
the Smart SEM program control system. [3] 
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2.2. DEBYE-SCHERRER METHOD ANALYSIS 

To analyse the changes in the real structure of material the backscattering arrangement of the Debye-Scherrer 
method was used. For this purpose, ISO DEBYEFLEX 3003 device with non-filtered radiation from X-ray tube 
with chromium anode, cylindrical primary collimator 1 mm in diameter and image plate detector was employed. 
This method is non-destructive and, therefore, suitable for a qualitative evaluation parameters of real structure, 
i.e. for estimation of crystallite size, the extent of plastic deformation and also detecting the presence of texture. 
The advantage of the image plate detector lies in the simple processing of the image by using a scanner and 
the possibility of repeated use. The measurements were performed with 30 kV high voltage of the X-ray tube 
and electric current of 20 mA. The exposure time of the diffraction patterns from crystallographic planes {112} 
was 150 seconds. [5, 6] 

3. THE SURFACE DISTURBANCE OF ZN-MG COATING IN DEPE NDENCE ON THE DEGREE OF 
STRAIN AND TEMPERATURE 

The specimens were first analysed by using the electron microscope that enabled monitoring the surface at a 
high magnification by retaining the sufficient depth of field.Subsequently, the specimens were analysed by 
using the X-ray diffraction method in order to find out the dependence of both methods by a certain 
deformation. 

3.1. THE SURFACE DISTURBANCE OF Zn-Mg COATING AT TH E TEMPERATURE OF 20 °C 

The cold forming was applied to the steel plates covered with the Zn-Mg coating. [2] Therefore, the first 
experiment was performed at the temperature of 20 °C that is close to the ambient temperature. The specimens 
were deformed by the strain of φ=10 % and φ=45 %, which corresponds to the total damage of the material. 

 

Fig. 1 The images of the surface layer in dependence on the degree of strain at the temperature of 20 °C 
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Fig. 1  shows a certain level of deformation by the strain of (φ=10 %). Even by this relatively low level of strain 
a disruption of the surface layer is caused. Because of its fragility, the Zn-Mg coating breaks out. By a higher 
strain the cranes are increasing. By the strain of (φ=10 %) the width of cracks is about 5 - 6 μm and by strain 
of (φ=45 %) the width of cracks exceeds 20 μm. 

Based on the comparison of the results obtained by using the electron microscope analysis and the X-ray 
diffraction analysis certain correlation between the results of both techniques was found out. For the zero strain 
(φ=0 %) the diffraction line is discrete, which is characteristic for coarse-grained polycrystalline materials. In 
the case of the φ=10 % strain the diffraction line becomes “smoother” that is an evidence of plastic deformation. 
By this strain the surface was disturbed. With a rising strain the surface disturbance is growing and the back-
reflection pattern is becoming continuous and shows the structure of a very fine-grained and plastically 
deformed material. 

4. THE SURFACE DISTURBANCE OF ZN-MG COATING AT THE TEMPERATURE OF 250 °C 

The second experiment was performed at the temperature of 250 °C. To reach this temperature the 
temperature chamber that is placed at the TIRATES 2300 machine was used. The specimens were placed to 
the temperature chamber to heat them sufficiently. Subsequently, the specimens were deformed by the strain 
of φ=7, 15 and 30 %. 

 

Fig. 2 The images of the surface layer in dependence on the degree of strain at the temperature of 250 °C 

The images obtained by using the electron microscope show that by the strain of φ=7 a 15 % no significant 
disruption of the surface layer was caused. The Zn-Mg coating is only deformed according to the plastic 
deformation of the steel sheet. By the strain of φ=30 % cavities are probably formed at the grain boundaries. 
The formation of cavities precedes the disruption of the surface layer. The higher temperature applied during 
the forming of steel plates covered with the Zn-Mg coating positively influence the quality of the surface layer. 
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The back-reflection patterns obtained by using the Debye-Scherrer method show that no significant changes 
in diffraction lines can be proved by individual strains. Based on a small change of individual diffraction lines it 
can be concluded that no significant disruption of the surface layer was caused. 

5. CONCLUSION 

For the Zn-Mg coating at the temperature of 20 °C it is typical that it is susceptible to the creation of cranes 
during the forming. Fig. 1  shows a certain level of deformation by the strain of (φ=10 %). Because of its fragility, 
the Zn-Mg coating breaks out. By a higher strain the cranes are increasing. At the temperature of 250°C by 
the strain of φ=7 a 15 % no significant disruption of the surface layer was caused. (Fig. 2 ). The images obtained 
by using the electron microscope show no significant disruption of the surface layer: The Zn-Mg coating is only 
deformed according to the plastic deformation of the steel sheet. By the strain of φ=30% cavities are probably 
formed at the grain boundaries. By a higher strain a surface layer can be disrupted. The experiment has proved 
that the creation of cranes on the Zn-Mg coating can be eliminated by forming the material at higher 
temperatures. For a further research, the temperatures, by which the surface layer is not disrupted yet, will 
have to be determined. 

The back-reflection patterns obtained by the Debye-Scherrer method show that at the temperature of 20 °C 
there is a change in the real structure of the Zn-Mg coating. Based on these results the Debye-Scherrer method 
could be applied to monitor the formation and subsequent development of the surface disturbance. The method 
is fast, simple, non-destructive and can be carried out on large specimens. The back-reflection patterns 
obtained by the Debye-Scherrer method show that at the temperature of 250 °C there is no significant change 
in the real structure of the surface layer. Therefore, it can be concluded that there is only a small disruption of 
the Zn-Mg coating. 

The use of the steel plates covered with the Zn-Mg coating in practice cannot be unambiguously 
recommended, before additional tests and analyses are performed. These analyses should prove the corrosive 
stability of formed parts. In addition, other tests of individual forming technologies should be carried out 
because forming at the temperature of 250 °C is complicated and economically inefficient. 
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KINETIC STUDY AND OPTIMIZATION OF EAF DUST ATMOSPHE RIC LEACHING IN 
SULPHURIC ACID SOLUTION 

HAVLIK Tomas, KUKURUGYA Frantisek, MISKUFOVA Andrea, JASCISAK Jan 

Technical University of Kosice, Faculty of Metallurgy, Department of Non-ferrous Metals and Waste 
Treatment, Kosice, Slovakia, EU, tomas.havlik@tuke.sk 

Abstract 

This work deals with the possibility of hydrometallurgical treatment electric arc furnace (EAF) dust using dilute 
sulfuric acid solutions. The origin of the EAF dust sample was Železiarne Podbrezová a.s., Slovakia. Zinc 
content in the dust was 17.05 wt.% and zinc was present both as zincite ZnO and zinc ferrite ZnFe2O4. The 
effect of temperature, acid concentration and leaching time on zinc, iron and calcium extraction into the solution 
was investigated in order to optimize leaching parameters. The leaching experiments were carried out in 
temperature range within 20 and 95 °C in aqueous solutions of sulfuric acid with concentrations of 0.05, 0.1, 
0.25, 0.5 and 1 M. The maximum zinc extraction of 95 % was achieved in 1 M H2SO4 at 80°C after 90 minutes 
of leaching, while the iron extraction under the same conditions was 66 %. The main objective of this study 
was to find out conditions at which the maximum amount of zinc passes into the solution while iron remains in 
the solid residue.  Following conditions were specified as optimum: 0.1 M H2SO4, 60 °C. The zinc extraction 
under the given conditions was 65 %, while iron extraction was around 5 %. 

Keywords: Material recycling, hydrometallurgy, leaching kinetics, EAF dust, zinc  

1. INTRODUCTION 

Steelmaking industry is, as any other kind of industry, typical by production of significant amount of by-products 
- wastes, which are in many cases classified as hazardous waste. EAF dust is one of these industrial 
hazardous wastes, which is a material containing of iron oxides and oxides of heavy metals as Zn, Pb, Cd, Cr, 
etc., what means that EAF dust is classified as hazardous waste. 

On the other hand, due to high content of iron (20 - 50 wt.%) and zinc (8 - 35 wt.%), this kind of waste can be 
considered as suitable secondary raw material for iron and/or zinc production. Zinc, in EAF dust, is mostly 
present as oxide ZnO and ferrite ZnFe2O4 while iron can be present as ferrite ZnFe2O4 and Fe3O4 and/or as 
an oxide Fe2O3. Calcium can be present in EAF dust mostly as an oxide CaO, hydroxide Ca(OH)2 and a 
carbonate CaCO3. 

The main reason for recycling EAF dusts are: 

• Zinc recovery - current zinc price is 2188 $/t, 

• Obtaining Fe concentrate, which can be used as an input into blast furnaces or EAF, current price of 
iron ore is 139 $/t,   

• Reducing the amount of hazardous waste or its transformation to non-hazardous waste. 

The methods of processing EAF dust can be divided into pyrometallurgical, hydrometallurgical methods and 
their combination. The best known pyrometallurgical process for processing EAD dust is Waelz kiln process. 
Approximately, 80 % of EAF dust being produced, is processed by this process [1]. Except Walz kiln process, 
also other pyrometallurgical processes such as Primus, Fastmet, Radust, Tetronic, Dereco, Enviroplas, ISP, 
Contop and so on, were developed [2].  

Hydrometallurgical processes for processing EAF dust were so far developed only in laboratory or in pilot plant 
scale. Hydrometallurgical processes developed in pilot plant scale include: Ezinex, Terra Gaia, Amax, UBC-
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Chapparal, Hatch, Cebedeau and Zincex process. The best known among these processes is Ezinex process, 
which is based on alkaline leaching [3].  

Recently, mostly pyrometallurgical processes are used for recycling EAF dust. However, pyrometallurgical 
processes are economically competitive only if the annual amount of produced EAF dust reaches 100 000 
tons, what is impossible to get in condition of Slovak Republic. In contrary to pyrometallurgical processes, 
hydrometallurgical processes are characterized by higher flexibility, lower energy consumption and possibility 
to get economical profit even if lower annual amount of EAF dust (10 000 tons) is being processed. 

2. EXPERIMENTAL 

2.1. Material and experiments 

The sample of EAF dust was subjected to chemical analysis by AAS method with results given in Table 1. 

Table 1 Chemical composition of the sample (AAS) [wt.%] 

Metal Zn Fe Ca Pb Cd Mn Cr LOI 

Content  17.05 27.23 4.42 1.28 0.09 1.03 0.81 7.08 

Two main granular fractions are present in the sample, namely fine fraction (-22 +2 µm), which represents 
37 % and coarse fraction (-47 +28 µm), which represents 35 % of all particles in the sample and 90 % of 
particles have size below 50 µm.  

The XRD phase analysis proved the presence of zinc in the form of zincite - ZnO and in ferritic form as 
franklinite ZnFe2O4. Iron is present in the sample in ferritic form as franklinite and magnetite - Fe3O4. Calcium 
was present as oxide - CaO. Also the presence of SiO2 was confirmed by the phase analysis. 

The leaching experiments were performed in a glass reactor. Sulfuric acid solutions within the concentration 
range of 0.05 - 1 M/l were used as a leaching reagent. Kinetics measurements were carried out within the 
temperature range 20 - 95 °C. The chemical analysis, carried out in order to determine zinc, iron and calcium 
content, was made by means of the AAS method. The effect of temperature and sulfuric acid concentration on 
the extraction of zinc, iron and calcium into the solution was observed in this work. 

3. RESULTS AND DISCUSSION 

3.1. The behavior of zinc 

Fig. 1  shows the kinetics dependencies of the zinc extraction at different sulfuric acid concentration (0.05 to 1 
M), temperatures 20 to 95 °C and ratio liquid to solid L:S equals to 10. It results from Fig. 1  that leaching zinc 
into the solution is a very fast process. Maximum amount of zinc which is able to pass into the solution will do 
that in first minutes of the leaching. The maximum zinc extraction ~75 % was achieved in 1 M H2SO4 at 
temperatures over 60 °C. In case of zinc leaching the influence of temperature is very low. Moderate influence 
of temperature on zinc extraction can be visible only in case of 1 M H2SO4. Fig. 2  shows the dependence of 
leached zinc on sulfuric acid concentration after 60 minutes of leaching. Curves in Fig. 2 indicate that 
maximum zinc extraction was achieved in 1 M H2SO4 at all studied temperature. Moreover, it can be seen that 
further increasing sulfuric acid concentration would lead to further gentle increasing in zinc extraction. 
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Fig. 1  Kinetics dependencies of the zinc extraction on the temperature at acid concentrations  

0.05 to 1M H2SO4 , ratio L:S = 10  
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Fig. 2 Dependence of leached zinc on sulfuric acid concentration at given temperatures after  

60 minutes of leaching, ratio L:S = 10 

3.2. The behavior of iron  

Fig. 3  shows the kinetics dependencies of the iron extraction at sulfuric acid concentration 0.5 and 1 M and 
temperatures 20 to 95 °C. As the iron extraction in case of sulfuric acid concentrations 0.05, 0.1 and 0.25 M 
was under 0.1 %, kinetics curves for these concentrations are not presented in this work.   

It can be clearly seen from Fig. 3 , that kinetics of iron passing into the solution differs from kinetics of zinc. In 
case of iron, it is not as fast process as it was in case of zinc. Temperature has significant influence on iron 
extraction. Maximal iron extraction ~ 40 % was achieved in 1 M H2SO4 at the temperature 80 °C. As the 
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maximum iron extraction was achieved after 90 minutes, there is an assumption that extension of leaching 
time would led to higher iron extraction. As can be seen from Fig. 4  also sulfuric acid concentration has 
significant influence on iron extraction. 
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Fig. 3  Kinetics dependencies of the iron extraction on the temperature at acid concentrations  

0.5 and 1M H2SO4 , ratio L:S = 10 
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Fig. 4 Dependence of leached iron on sulfuric acid concentration at given temperatures after 60 minutes of 
leaching, ratio L:S = 10 

Fig. 5  shows the kinetics dependencies of the calcium extraction at different sulfuric acid concentration (0.05 
to 1 M) and temperatures 20 to 95 °C.  

It results from Fig. 5 , that calcium extraction is not significantly affected by experimental conditions 
(temperature, acid concentration). Maximal concentration was around 20 % and was not depending on neither 
temperature nor acid concentration.  

Absolute calcium concentration in the solution after leaching was in range 400 ÷ 700 µg/ml. This is evidence 
of the fact, that calcium concentration in the solution is primarily given by its limited solubility of CaSO4·2H2O 
and secondly by experimental conditions.  

Solubility of CaSO4·2H2O, according to literature sources [4, 5] is 2.6 g/l (at the temperature 25 °C in diluted 
sulfuric acid solution), what represents concentration of Ca2+ in saturated sulfate solution around 600 µg/ml. 

Leaching time [min]  
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Fig. 5  Kinetics dependencies of the calcium extraction on the temperature at acid concentrations 0.1 and 1M 
H2SO4, ratio L:S = 10 

Fig. 6  confirms the fact that by increasing acid concentration and/or temperature will not lead to higher calcium 
concentration in the solution.     
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Fig. 6  Dependence of leached calcium on sulfuric acid concentration at given temperatures after 60 minutes 
of leaching, L:S = 10 

4. CONCLUSION 

The main aim of this paper was kinetics study of leaching zinc, iron and calcium from EAF dust in sulfuric acid 
solution at L:S ratio equal to 10. Before leaching experiments, also characterization of the EAF dust sample 
was carried out. The sample contains 17.05 % Zn, 27.23 % Fe and 4.42 % Ca (in wt.%). By XRD phase 
analysis phases ZnO, ZnFe2O4, Fe3O4, SiO2 and CaO were identified.  

Results of experimental study showed, that passing of zinc into the solution is a very fast process and 
maximum zinc extraction, at given conditions, can be reached already in first 15 minutes of leaching. Maximum 
zinc extraction at chosen conditions was around 75 % and it was achieved in 1 M H2SO4 at temperature over 
60 °C.  

From kinetics curves of iron can be clearly seen, that passing iron into the solution is not as fast as it was in 
case of zinc. Iron was passing into the solution gradually where influence of temperature was more significant 
than in case of zinc. Highest iron extraction, 40 %, was reached in 1 M H2SO4 at 80 °C after 90 minutes of 
leaching.  

Maximum calcium extraction was 20 % and was not affected by experimental conditions. Absolute calcium 
concentration in the solution was ~ 600 µg/ml and it was given by limited solubility of CaSO4·2H2O.  
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Fig. 7  shows dependence of zinc, iron and calcium extraction on sulfuric acid concentration at 60 °C after 60 
minutes of leaching.  
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Fig. 7  Dependence of leached zinc, iron a calcium on sulfuric acid concentration at given temperatures after 
60 minutes of leaching, ratio L:S = 10  

From Fig. 7  can be seen that, when selective extraction of zinc is needed, maximum 0.25 M H2SO4 can be 
used. At these concentration 50 % of zinc can be leached out into the solution without iron passing into the 
solution  
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METHODOLOGY OF EVALUATION OF HEAT TRANSFER EXPERIME NT ON ALUMINUM 
SAMPLE 

KOMÍNEK Jan, HŘIBOVÁ Veronika, POHANKA Michal 

Brno University of Technology, Brno, Czech Republic, kominek@lptap.fme.vutbr.cz 

Abstract 

Cooling is one of the critical points during aluminum casting. Improper cooling leads to a structure which isn't 
homogenous, full of internal and surface defects. It is necessary to know the boundary conditions (heat transfer 
coefficient or heat flux) for cooling optimization. The boundary conditions for different types of cooling are 
obtained from experiments.  

This article is focused on the cooling of vertical surfaces of aluminum by flat water jets. The sample initial 
temperature was close to the liquid state. The sample was cooled while in a vertical position by a flat water jet 
which hit the upper part of the cooling surface, and then the water flow down along the surface. The 
temperatures were recorded during the experiment by a set of thermocouples which were installed inside the 
sample. Thermocouples were placed closed to the cooled surface at different heights. The moving horizontal 
Leidenfrost front between nucleate and film boiling could be observed during the experiment. This front moved 
downward along the sample surface. 

The aim of this work is to evaluate the boundary conditions for described measurements. The evaluation held 
due to the solution of the 2D inverse task, similar to Beck’s sequential methods. The computation procedure 
was modified to be able to deal with the moving Leidenfrost front between low and height cooling intensities. 
Results are presented in a form of heat transfer coefficients as a function of position and temperature. 

Keywords: Aluminum casting, 2D inverse task, heat transfer coefficients, sequential approach 

1. INTRODUCTION 

Controlling the temperature field history inside a material is important for many industrial applications, including 
casting. In some applications, the temperature history (especially temperature gradients) determinates the final 
material structure. In other applications temperature inhomogeneity leads to defects due to internal tension. 

The temperature field inside a material can by simulated numerically if the boundary conditions are known. 
The Heat Transfer Coefficient (HTC) is frequently used as a form of boundary condition. The HTC can by 
calculated by an empirical formula (from textbooks [1, 2]) for simple geometry, short temperature range and a 
special type of cooling. However, in most cases the boundary conditions are obtained from measurement by 
solving the Inverse Heat Conduction Problems (IHCP). 

This article deals with the 2D IHCP for a highly heat-conductive sample made from aluminum. The sample 
was cooled using a flat water jet in the impact area and by water flowing along the surface below. Solving the 
IHCP is made more difficult by the Leidenfrost effect combined with a special type of cooling conditions. 

2. DESCRIPTION OF THE EXPERIMENTS 

2.1. Experiment description 

The test sample was a small aluminum board (slab). The sample was placed in the vertical position during the 
experiment. A set of thermocouples were placed inside the sample close to the cooled surface at different 
heights along its length (see cross section of Fig. 1 ). 
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Cooling is caused by flat water jets which impact the upper part of the cooling surface (impingement zone), 
and by the water flow down along the surface (see Fig. 1 ). 

Two different cooling regimes can be observed during the experiment. First type is intensive cooling from the 
beginning (even at high temperature) in area close to the impingement zone. Second type is low cooling from 
the beginning until the Leidenfrost temperature is reach. The second type is occurs at the rest of cooling 
surface. 

 

Fig. 1  Cross section of aluminum sample  

2.2. Leidenfrost effect 

The Leidenfrost effect (LF effect) creates a situation where the heat flux does not monotonically increase as a 
function of the temperature difference between the surface and the surrounding temperature. The temperature 
for which the heat function reaches the local minimum is called the Leidenfrost temperature. This point is 
located between the transition and film boiling regimes; see Fig. 2  [1]. 

 

Fig. 2  Typical boiling curves for water at 0.1 MPa, I - Convection, II - Nucleate boiling, III - Transient boiling, 
IV - Film boiling 

3. INVERSE HEAT CONDUCTION PROBLEM 

3.1. Direct versus Inverse problem 

Tasks to find effects from known causes are called direct tasks, while tasks for observed (known) effects but 
unknown causes are called inverse tasks [3]. 

Specifically, for the heat conduction problem: 

• Causes - initial temperature and boundary conditions 

• Effects - temperature distribution over time 
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Some simple direct problems can be solved analytically. For other, more complex direct problems(for example, 
temperature-dependent material properties), numerical methods FDM [4], FVM [5], FEM [6] can be used. 

Inverse heat conduction problems are usually referred to as ill-posed. Even a small change in input data can 
lead to significant differences in results. Solving such a problem much more complicated than solving direct 
tasks. If the inverse heat conduction problem is linear, then the full domain method [3], Tikhonov’s 
regularization [7], etc. can be used. A sequence method is preferable to use for temperature-dependent 
material properties or large amounts of data. The basics of Beck’s sequential method [3] are described in the 
next chapter. 

3.2. Beck’s sequential method for 1D problems 

The basic idea of the sequential approach is to solve the entire task step by step in time. In each time step tn 
there is Nf the measured temperature at an interior point at time tn, tn+1,..,tn+Nf to obtain the heat flux Qn at the 
boundary at time tn. Qn is determined from the solution of a minimization problem: 
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where Yi are measured temperatures, Ti|Qn are temperatures calculated using a direct calculation for constant 
heat flux Qi = Qn. 

Formula (2) can be used in a linear case.  
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where Ti are temperatures calculated for zero heat flux and Φi  are sensitivity coefficients. 

In other cases, a different standard minimization method can be used. For example Brent’s optimization 
method (which was used in this article) [8]. 

Nf is the number of forward time steps and operates as a regularization parameter. These 
methods are unstable for small values of Nf and results become too smoothed for large 
values [9]. The optimal number of forward time steps is usually searched manually or is 
obtained by some criteria. 

3.3. 2D problem with M thermocouple along the surfa ce 

With some modification, the method which was described previously can be used to 
solve a 2D problem. The boundary conditions on the cooling surface are represented by 
the M functions. Each heat flux function corresponds to one temperature sensor. Values 
from i-th heat flux function Qi(t) are used as a boundary condition on the part of the 
surface which is closest to the center of the i-th temperature sensor in the direct problem 
(see Fig. 3 ) 

The error term (2) is extended by temperature difference contributions from all 
temperature sensors. The new minimization task at time step tn is to find the N value for 
Q1(tn), Q2(tn), …,QM(tn). 

 

Fig. 3  Heat flux 
function 

allocation to the 
surface area 
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3.4. Modification for solving task with a moving Le idenfrost front 

The heat flux as a function of only time (not vertical position), was 
assumed in the previous chapter. This assumption is correct if the real 
heat flux is almost homogeneous at the interval where it is approximated 
by the calculated heat flux function. Unfortunately, this is not true for 
experiments described earlier in this text, because the heat transfer 
coefficient is strongly dependent on temperature and surface 
temperatures are inhomogeneous in the vertical direction, as well. In 
other words, a small temperature inhomogeneity (near the LF 
temperature) in the vertical direction can cause large heat flux 
inhomogeneity which can be seen in the typical HTC function of 
temperature in Fig. 4 . 

The consequences of this imprecision can be seen in the smooth shape of the HTC function around the LF 
point (Fig. 6 ) or even in small differences between measured and calculated temperatures (Fig. 7 ).  

Inhomogeneity in the vertical direction can be theoretically suppressed by reducing the spacing between 
thermocouples. In practice, a minimal distance between thermocouples is used, because each thermocouple 
slightly distorts the temperature field in the surrounding material. 

The sample is undercooled (under the LF temperature) in the area where the water jet strikes the surface at 
the beginning of the experiment. Then, the undercooled area begins expanding downward along the surface 
due to heat conduction inside the material. Surfaces with a higher temperature than the LF temperature are 
almost uncooled by water flow. Consequently, only the positions of points where the surface temperature is 
equal to the LF temperature are critical for the inverse calculation. The aforementioned points lie on a horizontal 
line which can be called the Leidenfrost front (LFF). 

The inverse calculation method is modified so that the mowing LFF always lies on a border between areas on 
the surface which corresponding to the functions HTCi and HTCi+1. This is performed by shifting the borders 
during calculation (see Fig. 5 ). The speed of LFF motion can be observed in the experiment optically or can 
be determined by solving a two-stage optimization problem; the first stage is part of the IHCP, the second is a 
velocity determination based on residual errors from the first stage). 

 

Fig. 5 Region corresponding to Qi-1, Qi, Qi+1 with shifting borders at time 

4. DISCUSSION 

This method was tested on temperature records from measurement. Comparison of the measured and 
calculated temperature for both methods is shown on Fig. 6 . Evaluated HTC by both methods are similarly in 
first cooling regime (near to impingement zone). Different value form second zone are shown in Fig. 7  
exemplified by three HTC functions. 

Fig. 4  Typical shape of the HTC 
function 
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Fig. 6  Comparison of measured temperature with calculated temperature 

 

Fig. 7 Comparison of relative HTC function with and without shifting of borders 

5. CONCLUSION 

Cooling experiments with an aluminum sample were done. Boundary conditions were obtained by solving the 
2D inverse heat conduction problem (with and without shifting boundary modification). A comparison of these 
two methods (Figs. 6, 7 ) shows that despite the fact that the temperature difference is not very large; the 
differences in heat flux are substantial. 
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STRUCTURE AND PROPERTIES OF ALUMINUM ALLOYS WITH AD DITIONS OF TRANSITION 
METALS PRODUCED VIA COUPLED RAPID SOLIDIFICATION AN D HOT EXTRUSION  

KULA Anna, BLAZ Ludwik   

AGH - University of Science and Technology, Faculty of Non-Ferrous Metals, Cracow, Poland, EU  

Abstract    

Rapid solidification (RS) of Al - TM alloys (TM: Fe, Ni, Mn), combined with following mechanical consolidation 
of RS flakes was used to produce highly refined structure of the materials. RS flakes were manufactured using 
spray deposition of the molten alloy on the rotating water-cooled copper roll. The preliminary consolidation of 
the RS-flakes was performed at 320 °C by means of vacuum compression and 100-tonn press. As-compressed 
billets were then extruded at 400 °C using extrusion ratio λ = 19. Mechanical properties of as-extruded 
materials were examined at 20 °C - 550 °C by compression tests performed at constant true strain rate of 5·10-

3 (s-1). It was found that the most effective strengthening of RS materials result from combined dispersion 
strengthening related to highly refined constituent particles and solid solution strengthening due to Mg addition. 
The effect of increased mechanical properties is pronounced at low and intermediate deformation 
temperatures, while at elevated temperatures deterioration of the properties is observed. Structural 
observations confirmed beneficial influence of the rapid solidification on an effective refining of intermetallic 
compounds, which is particularly visible for alloys with high concentration of transition metals.   

Keywords: Aluminum, rapid solidification, hot extrusion, transition metals 

1. INTRODUCTION 

Conventional precipitation hardenable aluminum alloys are well known for their use as light-weight components 
in numerous engineering applications. Their usage, however, is strongly limited to the product service at low 
temperatures considerably lower than 300 °C, since higher service temperature affects their microstructure by 
its degradation, which in turn reduces mechanical properties. The development of rapid solidification (RS) 
processing has allowed refining structural components of aluminum alloys that provide superior properties of 
the product with respect to conventional materials tested at ambient and elevated temperatures [1-3]. The 
most promising materials in this regard are the aluminum based alloys with addition of transition metals (TM) 
such as: Fe, Ni, V, Mn, Cr etc. [4-5]. Superiority of rapid solidification (RS) over industrial metallurgy (IM) 
methods is associated with the formation of highly dispersed intermetallic particles, which guarantees effective 
strengthening of these alloys. Further potential advantages of rapid solidification emerge if combined with 
plastic consolidation (PC) by hot extrusion [6-7]. Due to high dispersion of precipitates, fracturing of relatively 
brittle phases does not occur during the material processing Consequently, effective refinement of Al-matrix 
grains gives an extra strengthening effect to the overall strength of the material. Additionally, recent research 
results lead to the conclusion that the strength of the Al-TM alloys can be further increased by the addition of 
magnesium to aluminum matrix. It has been reported that the solid solution strengthening due to Mg addition 
effectively increases mechanical properties at low and intermediate temperatures [8-9]. In this paper the 
influence of rapid solidification on the microstructure and mechanical properties of Al-TM, (where TM = Mn, 
Fe, Ni) alloys was analyzed. Selected transition metals are known to form coarse intermetallic particles during 
traditional crystallization, however if rapid solidification and powder metallurgy techniques are applied 
advantageous morphology of intermediate and constitutive phases is expected to occurs. The research 
program was focused on the microstructural features of RS materials and their affect on the material properties 
of both RS-materials and samples produced by conventional ingot metallurgy (IM) method.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1210 

2. EXPERIMENT 

Series of binary and ternary Al-TM (TM: Fe, Ni, Mn) alloys were prepared in order to determine the effect of 
rapid solidification on the structure and properties of the materials. The composition of tested materials has 
been carefully selected in order to show the effect of: (i) different type of alloying elements, (ii) different alloying 
concentration and (iii) magnesium addition. The chemical composition of tested materials is shown in Table 1 .  

Table 1 Nominal and analyzed composition of tested alloys 

Nominal composition 
(mass %) 

Analyzed composition 
(mass %) 

Density (Mg/m 3) 

Al-2Mn Al-2.02Mn 2.72 

Al-4Fe Al-4.34Fe 2.78 

Al-4Fe-4Ni Al-4.29Fe-4.06Ni 2.89 

Al-4Fe-4Ni-5Mg Al-3.94Fe-3.95Ni-4.59Mg 2.80 

The alloy ingots were manufactured by means of common metallurgy method using pure Al and pure alloying 
components. RS procedure was carried out utilizing argon gas atomizing of the melt and subsequent 
quenching of the spray on a water-cooled rotating cooper roll. The preliminary consolidation of as received 
RS-flakes was performed using vacuum compression under a pressure 100 MPa to produce cylindrical billets 
of 45 mm in diameter. The billets were then hot extruded at 400 °C with a cross-section reduction of λ = 19. 
Finally, extruded rods of 7 mm in diameter were received. For comparison purposes material counterparts 
prepared by conventional techniques were studied as well. Samples with dimensions 8 mm in length and 6 
mm in diameter were machined from the as-extruded rods and used for compression tests. Compression tests, 

within the temperature range of 25 °C - 550 °C, were carried out at constant true strain rate 5⋅10-3 (s-1) using 

modified Instron testing machine. Flaked graphite was used to reduce the friction between the sample and 
anvils during compression testing. The sample was water-quenched within 1 - 3 s after completion of the 
deformation at εt ≈ 0.4. Hitachi SU-70 scanning electron microscopy (SEM) equipped with SE, BSE and TE 
detectors was used for microstructure observations. Samples for SEM observations were prepared using 
standard metallography methods, i.e.: mechanical grinding and polishing with diamond suspensions. Thin foils 
for SEM-TE (Transmitted Electrons) observations were finally polished by means of electrochemical method 
and Struers TENUPOL polishing system. 

3. RESULTS AND DISCUSSION 

Preliminary microstructural investigations of rapidly solidified Al-TM alloys revealed similar features of their 
microstructure. Commonly known attribute of RS procedure is related to effective suppression of the 
intermetallic grains growth in comparison to coarse grained industrial materials. However, it was found that the 
effect of particles size reduction is more pronounced for highly concentrated alloys (e.g. Al-4Fe-4Ni) than that 
for materials with low TM content (e.g. Al-2Mn). Therefore, for the purpose of this paper, experimental results 
related to significantly varied microstructural features will be presented. Typical microstructure of as extruded 
Al-2Mn and Al-4Fe-4Ni alloys, observed at low magnifications are shown in Fig. 1 . One can conclude that the 
microstructure of both Al-2Mn IM (Fig. 1a ) and Al-2Mn RS (Fig. 1b ) alloy is very similar, wherein evidently 
larger intermetallic particles are observed in industrial material (Fig. 1a ).  
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Fig.  1 SEM microstructure of (a, b) Al-2Mn, (c, d) Al-4Fe-4Ni alloys produced by (a, c) conventional IM 
method and (b, d) rapid solidification technique 

Fig. 2 STEM microstructure of as extruded (a) IM Al-2Mn and (b) RS Al-2Mn alloys 

On the other hand, significant improvement in the reduction of primary intermetallic compound size for Al-4Fe-
4Ni alloys is observed, as shown in Fig. 1c  and Fig. 1d . Some locally observed differences in the particles’ 
morphology observed in Fig. 1d  correspond to the different solidification rate of a liquid-metal which are varied 
in their size; i.e. the coarser drop is formed the slower solidification rate and coarser particles in individual flake 
are grown. It is worth to note that the grain size of both industrial and rapidly solidified Al-2Mn alloys is very 
similar as evidenced in Fig. 1 a, b  and Fig. 2 . It is known that Mn addition is often used in metallurgy practice 
to reduce the grain coarsening in commercial aluminum alloys. As so, the conclusion on similar grain size for 
IM and RS Al-2Mn alloys seems to be acceptable. Opposite effect was observed for alloys with Fe and Ni 
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additions; relatively coarse-grained microstructure has been usually observed for IM materials, while RS alloys 
exhibit enhanced effect of the grain size refinement [10]. 

 

 
 

Fig. 3 Element map distribution for as extruded Al-2Mn IM and Al-4Fe-4Ni IM alloys  

Preliminary identification of particles composition in tested alloys was performed by means of SEM/EDS 
analysis. Distribution of elements shown in Fig. 3  lead to the conclusion that the intermetallic phases observed 
in the microstructure of Al-2Mn consist of aluminum and manganese, while particles observed in the 
microstructure of Al-4Fe-4Ni were found to be ternary compounds, which consist of aluminum, iron and nickel.  
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Fig. 4 (a) Examples of true stress-true strain curves for rapidly solidified Al-2Mn and Al-4Fe samples.  
Deformation temperature is marked on the figure. Effect of deformation temperature on the maximum true 

stress for: (a) rapidly solidified Al-TM (TM: Mn, Ni, Fe) alloys and (b) its ingot metallurgy counterparts 

Hot compression tests on as extruded materials were performed at constant strain rate of 5·10-3 s-1 within 
temperature range of 20 - 550 °C. Representative stress-strain curves, which are typical in their shape for all 
tested materials are shown in Fig.  4a. True stress-true strain characteristics observed at high deformation 
temperatures is typical for aluminum alloys undergoing dynamic recovery [11]. Maximum flow stress value 
depends on deformation temperature as shown in Figs. 4a, 4b . Combination of rapid solidification with hot 
extrusion procedures results in increased flow stress value with respect to IM materials (Figs. 4a, 4b ). The 
effect of enhanced mechanical properties is more pronounced for the materials with relatively high 
concentrations of transition metals, i.e. Al-4Fe, Al-4Fe-4Ni alloys. One may expect further improvement of 
mechanical properties if addition of Mn content increases. Addition of Mg was found to intensify the 
strengthening effect of tested material, particularly at low and intermediate temperatures (Figs. 4a, 4b ). This 
result suggests that rapid solidification combined with solid solution hardening due to Mg leads to significant 
improvement of mechanical properties.  

4. CONCLUSIONS 

• Rapid solidification combined with hot extrusion was found to be very effective method for refining 
structural components, particularly for the alloys containing high concentrations of transition metals. 
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• The most effective strengthening of Al-TM alloys occurs if the microstructure refinement is combined 
with solid solution hardening attained due to Mg addition.    

• Addition of Mn efficiently reduces the grain size in both IM and RS Al-2Mn alloys.       
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Abstract   

High strength aluminum alloys are commonly used as structural materials, particularly in the areas of industry 
where high specific strength is required. It has been already recognized that among all wrought aluminum 
alloys, precipitation strengthened 2xxx and 7xxx series alloys exhibit the highest mechanical properties. 
However, it is also known that those alloys suffer from poor corrosion resistance. Contrary, 5xxx series are 
characterized by excellent corrosion resistance properties and moderate strength. It is known that mechanical 
properties of Al-Mg system can be effectively increased by the plastic working or structure refinement. In this 
work, results of RS-PC (rapid solidification followed by plastic consolidation) material preparation route in 
application to the commercial EN AW-5083 alloy are presented. For comparison, conventionally cast and 
extruded EN AW-5083 alloy was studied as well. It was found that in as-extruded condition RS-PC material 
exhibits 50% higher yield strength (YS = 300 MPa) with respect to conventionally prepared alloy (YS = 200 
MPa). Further increase of strength was obtained by cold rolling. Such high mechanical properties of RS-PC 
alloys were found to be a consequence  of highly refined structure with an average grain size below 1 µm. 
Received results suggest than RS-PC 5083 aluminum alloy, can be considered as high strength material 
comparable to precipitation strengthened 2xxx series aluminum alloys. 

Keywords: Rapid solidification, plastic consolidation, sub-microcrystaline aluminum alloys, EN AW-5083  
         alloy 

1. INTRODUCTION     

Aluminum alloys which are characterized by high mechanical properties are often applied in very demanding 
branch of industries such as: sport, military, automotive and aircraft. Excellent specific strength makes them 
best choice for the high stressed components. Typically all wrought aluminum alloys are divided by groups in 
which 2xxx and 7xxx series are considered as the strongest ones. Despite the undeniable advantages those 
alloys suffers from low corrosion resistance and poor weldability. It is not a case for the aluminum 5xxx series 
where the magnesium addition is the major alloying element. Generally, 5xxx alloys combines moderate 
strength, good corrosion resistance, good weldability and formability. 

Due to lack of effective precipitation strengthening mechanism of this system, solution strengthening and work 
hardening are the only available options for mechanical properties enhancement. It has been shown that the 
mechanical properties of this particular group of alloys can be significantly improved by application of non-
standard processing techniques [1-3]. Two different approaches prevail: severe plastic deformation SPD and 
rapid solidification RS followed by the plastic consolidation PC. SPD route produce material with sub-
microcrystaline or nanocrystalline structure by application of the high amount of deformation. Special 
processing methods such as ECAP or HPT which are characterized by high hydrostatic component of stress 
tensor were developed in order to achieve deformation not available by any conventional processing 
techniques. However, this approach comes with major drawback - in most cases dimensions of processed 
samples are very limited. Second approach is based on application of fast cooling during crystallization of the 
alloy. As a result non-equilibrium structure can be obtained. Depending upon the heat extraction rate as well 
as alloy composition, extension of elements solubility, formation of new phases and structure refinement can 
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be achieved. Full advantages of this technique can be exploited by application of rapid cooling rates in the 
range of 104 to 106 K/s. This requires special processing methodology in which, due to requirement of fast heat 
extraction, at least one dimension of crystallized alloy should be small. For this purpose typical techniques as 
powder atomization or melt spinning are used. Bulk form of material can be recreated by means of diffusion 
(sintering) or plastic (hot extrusion) consolidation. It was shown that hot extrusion method is very efficient for 
plastic consolidation of various highly dispersed forms of aluminum alloys [4, 5]. A major advantage of plastic 
consolidation (PC) above the sintering technique is minimized temperature influence during forming which is 
very important factor during RS material processing. By application of RS-PC route, high strength and high 
thermal stability aluminum alloys can be prepared [6 - 8]. 

One of the strongest alloy of Al-Mg system is the 5083 alloy with addition of 4.5 wt.% of magnesium. Previous 
work shows that RS route allows increase yield strength by 50 % with respect to the same cast, homogenized 
and extruded alloys [9]. What is more important strength increase is obtained without loss of material plasticity. 

2. EXPERIMENTAL DETAILS 

Aluminum alloy within specification given by the standard EN AW-5083 (Table 1 ) was subjected to two-step 
processing route: rapid solidification RS followed by hot extrusion. Melt spinning process was used to prepare 

overcooled, rapidly solidified ribbons with thickness of 50 µm and width of approximately 3 mm. Molten and 

overheated to 700 °C alloy was cast through small orifice in the bottom of quartz crucible onto copper wheel 

rotating with circumferential speed of 20 m/s. 

Table 1  Chemical composition of EN AW-5083 alloy (wt.%) 

Mg Mn Si Zn Fe Cr Ti Al 

4.00-4.90 0.40-0.10 max. 0.40 max. 0.25 max. 0.40 max. 0.25 max. 0.15 balance 

Obtained material was cut and cold compacted to form of 40 mm diameter and 70 mm height billets, by 

application of 250 MPa pressure which resulted in 80 % of theoretical density of green body. Prior extrusion 

billets were preheated to the temperature of 450 °C during the time of 20 min. Cross section of extruded profiles 

was 3x15 mm, which corresponds to the cross section reduction ratio of λ = 25. For comparison purposes, 

industrial material (5083IM) was prepared as well. Molten alloy was cast to steel crucible homogenized at 490 

°C for 12 h and extruded at the same conditions as 5083RS material. Hardening curves were received based 

on cold rolling experiment. During rolling, at steps corresponding to the multiple values of 0.2 true strain, 

mechanical properties were evaluated. For given deformation value, bone-shape standard specimens  

(lo/do = 5) were electro-spark cut from the profiles and subjected to tensile test measurements. Experiments 

were performed on Zwick Z50 machine at room temperature and initial crosshead speed of 10-2 s-1. At each 

measurement point at least three tests were performed. 

Microstructure investigations were performed by means of transmission and scanning electron microscopy. 

Samples were cut perpendicular to extrusion direction and mechanically polished. Thin TEM foils were 
prepared by the mechanical thinning followed by the twin-jet electro polishing. For both preparation routes 

conventional Struers techniques and reagents were used. 

2. RESULTS AND DISCUSSION 

2.1. Structure     

Structural features of IM and RS materials differ approximately by one order of magnitude. For this reason two 
SEM imaging modes were used: BSE (back scattered electrons detector) for IM material and TE (transmited 
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electron detector) for RS material. It is important to notice the heavy phases contrast inversion for BSE and 
TE detectors (white phases of BSE imaging mode becomes black in TE mode).  

Typical structure of as-extruded 5083IM material is presented in Fig. 1. One can observe that grain size is not 
uniform, large grains of an average size 50 µm coexist with smaller ones of average size 5 µm. It was also 

found that higher amount of smaller grains occupied outer regions of extruded profiles. It can be result of high 

strain introduced to the outer layers of material during extrusion, which promotes grain size refinement in those 

regions. Furthermore, bimodal distribution of white phases was observed as well. Large particles with an 

average diameter of 20 µm were surrounded by evenly distributed fine, below 1 µm in size, phases. Based on 

the chemical analysis (presented elsewhere [9]), white particles were identified as phases containing Mn, Fe 

and Cr elements. 

  

Fig. 1 Structure of 5083RS alloy subjected to different processing routes: a) conventionally cast and 
extruded IM (imaging mode: SEM, BSE), b) rapidly solidified and extruded (imaging mode: STEM) 

  

Fig. 2 Structure of deformed to 0.6 true strain a) 5083IM alloy (imaging mode: SEM, BSE) b) 5083RS alloy 
(imaging mode: STEM) 

As extruded 5083RS material exhibits completely different structure. Fig. 1b  presents typical structure of the 

alloy with grain size in the sub-micron range. It is important to notice that characteristic features of the structure 

such as grains and phases size were homogenous over entire cross-section of investigated profile. Fine, 

titanium and chromium rich phases [9], with size below 50 nm are distributed evenly along grain boundaries 

as well internal grain regions. There was no indication of internal porosity, thus full plastic consolidation of 
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flakes can be assumed. Both IM and RS sample are characterized by the low dislocation density, which 

suggest that dynamic recrystallization process was active during hot extrusion. Example of deformed to 0.6 

true strain 5083IM and 5083RS material structure is presented in Fig. 2 . Due to high dislocation density grain 

boundaries are not clearly distinguishable for both BSE and STEM modes used.  

2.2. Mechanical properties     

Figs. 3a  and 3b present strain-stress curves obtained from tensile test experiments of cold rolled IM and RS 
material respectively. Typical for Al-Mg system PLC effect is clearly visible for both RS and IM as-extruded 
material. However, in the case of 5083RS material serration are much more pronounced with comparison to 
5083IM material. Work hardening of profiles results in suppression of PLC effect. 

Cold rolling process leads to substantial strength increase with simultaneous loss of material plasticity. Based 

on the tensile test curves yield strength YS, ultimate tensile strength UTS, and total elongation ε were 
determined. Received results are shown in Fig. 4 . Maximum deformation of 0.6 true strain was possible to 
obtain for IM material before cracking initiation on the sample edges. Tensile tests of 5083IM material were 
therefore performed only within specified deformation range. 

 

Fig. 3 Tensile stress - strain curves for 5083IM and 5083RS materials obtained at room temperature and 
initial strain rate of 10-2 s-1 
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In case of RS material upper limit for cold rolling deformation without specimen failure is 1.0 of true strain. RS 
material exhibits much higher mechanical properties with comparison to IM alloy for all imposed deformation 
range. Initially, as extruded and rapidly solidified material has 100 MPa higher YS than IM counterpart (50% 
YS increase). This dependence is maintained for IM and RS alloys for cold rolled specimens as well. Similar 
behavior is observed for UTS parameter. So, high strength of RS alloy can be explained by highly refined grain 
size of 5083RS alloy [8]. It is worth to mention that strain hardening component is independent from initial 
material structure. Room temperature plasticity of RS material is higher than IM material over entire 
deformation range. It can be attributed to absence of hard brittle intermetallic phases that can initiate material 
cracking. Further enhancement of plasticity can be obtained at elevated temperature due to activation of 
alternative deformation mechanism such as grain boundary sliding [10]. Such behavior is strongly promoted 
by grain size refinement, as in the case of RS materials. 

 

 

 

 

 

 

 

 

 

Fig. 4 Effect of cold working on mechanical properties of 5083IM and 5083RS materials 

3. CONCLUSIONS 

• As-extruded 5083RS material exhibit 50% higher YS with comparison to 5083IM material. Strength 
increase can be attributed to RS material structure refinement. The ultimate tensile strength of the 
additionally deformed RS alloy is above 500 MPa, which is comparable to high strength heat treated 
aluminum alloys.  

• Hardening curves for both materials presents similar shape, however UTS and YS of the material are 
100 MPa higher for all deformation range. 

• Cast and extruded material poses limited formability in comparison to RS material. After 0.6 of true strain 
imposed by cold rolling process cracks are formed at the sample edges. On the contrary, maximum true 
strain that can be imposed for RS alloy during cold rolling process is 1.0.   
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Abstract   

The microstructure and mechanical properties of powder metallurgical Al7075 alloy modified by the addition 
of 1 wt. % Zr were studied. The gas atomized powder was consolidated by spark plasma sintering (SPS) to a 
fully dense compact. The powder particles of the typical size below 50 μm had a cellular to columnar or 
equiaxed dendritic microstructure (the size in the order of μm) with a large fraction of intermetallic phases at 
the boundaries. During sintering at 500 °C for 3 min the grain structure remained nearly unchanged. Optical 
microscopy revealed a bimodal microstructure. The grain size remained unchanged during annealing at even 
500 °C for 10 hours. The microhardness of the SPS compact material was 150 HV. The annealing at 500 °C 
for 10 hours resulted in a decrease of microhardness to 110 HV. Natural aging at room temperature gradually 
enhanced the microhardness to its initial value. Tensile tests performed on naturally aged samples at room 
temperature revealed a brittle behaviour. Ductility of 14 % was found at 500 °C. Both the measurements of the 
strain rate sensitivity parameter m and results of light and scanning electron microscopy revealed the operation 
of grain boundary sliding. 

Keywords : Al7075 alloy, zirconium, spark plasma sintering, powder metallurgy 

1. INTRODUCTION 

The precipitation strengthened Al-Zn-Mg-Cu alloys (series 7XXX) are widely used in transportation and 
construction industry. Their high strength can be achieved by a suitable heat treatment consisting of solution 
annealing followed by artificial aging at elevated temperatures or natural aging at room temperature [1]. The 
strength can be also influenced by the grain size. A reduction in grain size enhances the strength at room 
temperature due to the strengthening effect of grain boundaries. On the other hand grain boundaries can act 
as sites of dislocation annihilation at elevated temperatures which can reduce the strength and result even in 
superplastic behaviour. Grain boundaries can also influence the precipitation sequence as they are preferential 
sites for precipitation of strengthening phases. The fine grained structure can be produced by a large variety 
of methods - e.g. by a special thermomechanical treatment resulting in a statically recrystallized microstructure 
[2] or by equal channel angular pressing resulting in the grain size in the sub-microcrystalline range [3]. 
Alternatively, the powder metallurgical route can be used for the production of materials with a very fine 
microstructure. The main problem of the powder metallurgical route is to retain this microstructure during the 
consolidation step performed usually at high temperatures [4].   

Spark plasma sintering (SPS) represents a relatively novel technique for consolidation of powders [5]. This 
technique combines pressure with heating by low voltage pulsed DC current flowing through the sample. High 
current density and large Joule heat can be evolved at contact places between powder particles where the 
temperature highly exceeds the set one. This way, the sintering occurs at these affected surfaces whereas the 
particle cores retain their original microstructure. The rapid heating and reduced sintering time avoid 
undesirable processes like recrystallization or grain growth.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1222 

In this work, the Al7075 alloy modified by the addition of Zr as grain stabilizer was prepared by the combination 
of gas atomization and SPS. The microstructure and mechanical properties were investigated after various 
thermal treatments in order to verify especially the stability of the material at elevated temperatures.  

2. EXPERIMENTALS 

The Al7075 + 1 wt. % Zr alloy (the composition is given in Table 1 ) was remelted in silica crucibles of the high 
energy gas atomizer at 900 °C and the melt was atomized with nitrogen and then passivated in 2 steps in 
order to achieve a controlled oxidation. The resulting powder was sieved and the fraction with the powder 

particle size below 50 µm was used for further experiments.  

The powder was consolidated by SPS using the following scheme: free heating from room temperature to 425 
°C, heating to 500 °C with the heating rate of 100 °C/min simultaneously with the pressure increase up to 60 
MPa, holding at 500 °C for 180 s, free cooling with parallel unloading. The cylinders with the radius of 25 mm 
and height of 10 mm were prepared with nearly 100 % density.  

Morphology and microstructural investigation was performed both on powder and sintered samples using light 
microscope Olympus IX70 and scanning electron microscope (SEM) FEI Quanta 200F which was equipped 
by EDAX Trident for X-ray analysis. The electron back scatter diffraction (EBSD) experiments were carried out 
using the high-resolution field-emission scanning microscope LEO 1530 (Carl Zeiss) equipped with a Nordlys 
II (Oxford Instruments) detector.  

The microhardness was measured using an automatic microhardness tester Qness Q10A+ with Vickers 
indentor and applied load of 50 g. The microhardness of powder material was measured on particles 
embedded in an acrylic cold mounting resin. The measurement on compacted samples was performed on 
planes parallel to the direction of the applied stress during sintering. In order to obtain good statistics the areas 

of 6 x 6 mm were investigated with the distance between individual indents of 200 µm. The duration of 
microhardness measurement on each sample was about 10 h. 

Tensile tests were performed both at room temperature and 500 °C using an Instron 5882 machine. 
Rectangular dog bone shaped tensile specimens with a gauge length of 17 mm and cross section 5.8 mm x 1 
mm were machined from compact material parallel to the direction of applied stress during SPS. The strain 
rate sensitivity parameter  
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was evaluated by the strain rate change method. The tensile specimen was pre-strained at the strain rate of 
10-3 s-1 up to 5 % of elongation, where the strain rate was abruptly reduced to 10-4 s-1. Afterwards, the strain 
rate was increased in small steps up to fracture. Some tensile specimens were polished prior to straining and 
their surface after straining was studied using SEM. 

Table 1 The composition of examined alloy from energy dispersive spectroscopy 

Element Zn Mg Cu Zr Si Al 

wt. % 5.7 2.4 1.8 1.0 0.36 balance 
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3. RESULTS 

The morphology and internal structure of nearly spherical powder particles is shown in Fig. 1 . Cellular, 
columnar and dendritic microstructure with intermetallic phases located predominantly at boundaries was 
formed during rapid solidification. EBSD experiments performed on powder particles revealed the presence of 
grains divided by high angle boundaries (Fig. 2 ).  

  

Fig. 1  The microstructure of a powder particle, SEM     Fig. 2 The EBSD micrograph of a powder particle 

The microstructure of sintered samples exhibits a bimodal character (Fig. 3 ). The original powder particles of 

the size reaching up to 50 µm are still clearly visible. Numerous smaller grains with the size in micrometer 
range can be found along boundaries of original powder particles. SEM investigation revealed that the internal 
microstructure of original powder particles was retained during SPS. The only difference can be found in the 
distribution of intermetallic phases. The continuous distribution of intermetallic phases along intercellular or 
interdendritic boundary regions observed in powder particles was replaced by discrete precipitates arranged 
into chain-like structures (Fig. 4 ).  

  

Fig. 3  The microstructure of the sintered material, 
light microscopy 

Fig. 4  The microstructure of the sintered material, 
SEM 
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The results of microhardness measurements are summarized in Table 2. Microhardness was found to be close 
to 100 HV in the powder material and nearly 150 HV in the sintered material. The microhardness map obtained 
from a large area revealed a very good homogeneity of the sintered material (Fig. 5 ). The influence of heat 

treatment on microhardness was tested on the sintered material. Annealing at 500 °C for 5 and 10 h followed 
by water quenching resulted in a microhardness decrease to about 110 HV. Natural aging of the material 

annealed at 500 °C for 10 h was accompanied by a gradual increase of microhardness to values corresponding 
to the initial sintered material (Fig. 6 ). 

 
Fig.  5 The microhardness map of the 

sintered  sample 
Fig.  6 The influence of natural aging on the microhardness 

for the sample annealed at 500 °C for 10 h 

Table 2  The dependence of microhardness on the heat treatment temperature and its duration  

Material Powder Sintered 

Temperature of annealing (°C) room room 500 500 

Duration of annealing (h) undefined undefined 5 10 

HV 95 ± 18 148 ± 8 113 ± 5 110 ± 5 

The tensile tests revealed a brittle behaviour of studied material at room temperature. High temperature 
mechanical properties were tested at 500 °C. The corresponding deformation curve in Fig. 7  shows ductility 
of 14 %. The strain rate sensitivity parameter m was found to be 0.3. Fig. 8 shows the surface of the preliminary 
polished sample after tensile test at 500 °C. The micrograph shows the operation of grain boundary sliding 
predominantly along boundaries of original powder particles.  

4. DISCUSSION 

Gas atomization can be used for the preparation of fine grained materials. This positive influence of high 
solidification rate was confirmed also in our Al7075 + Zr alloy where a fine internal structure was observed in 
powder particles. Because of high content of alloying elements the boundaries between cells or dendrites are 
decorated by continuous layers of intermetallic phases. Because of mostly very different crystallographic 
orientation the cells can be considered as grains.  

Spark plasma sintering was selected for the consolidation of powder particles. During this process, the powder 
material is exposed to elevated temperatures for a relatively short time and only regions close to the contact 
points between powder particles are strongly affected. The particle interiors are nearly unaffected and retain 
their fine-grained structure. The sintering temperature of 500 °C is sufficient for the processing of compact 
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material with a nearly 100% density. On the other hand the temperature is low enough to prevent the changes 
in internal grain structure, especially the grain growth. The microstructural stability is also supported by the 
presence of numerous intermetallic phases located along internal boundaries in original powder particles and 
also by the presence of Zr. This element forms in Al-based alloys small particles of the Al3Zr phase which are 
considered as one of the most efficient inhibitors for grain boundary migration [6].  

 

 

Fig.  7 The tensile test curve of the sample strained at 

500 °C with a strain rate of 1 mm/min 

Fig.  8 The surface of the sample with a mirror-like 

polished surface after the tensile test at 500 °C 

Microhardness measurements were performed both on the powder and sintered materials. A large standard 
deviation observed in the powder material can be explained by the fact that only one indent was applied to 
each powder particle. Thus, the measured values of HV correspond to different powder particles which can 
have slightly different solidification microstructure. On the other hand, a low standard deviation of 
microhardness in sintered material proves its very good homogeneity. The microhardness of the Al7075-based 
alloys depends strongly on their phase composition, i.e. on the history of thermal treatment. The peak values 

of microhardness close to 160 HV were found in materials containing a dense distribution of metastable η´-
MgZn2 particles [7]. Our powder material contains predominantly continuous layers of the (Zn,Al,Cu)49Mg32 
phase with a low fraction of Mg2(Zn,Al,Cu)11 phase [8]. Consequently, relatively low values of microhardness 
were found. During sintering the material was exposed to the temperature of 500 °C which is higher than the 
temperature of solution treatment. It can be therefore expected that the intermetallic phases will be at least 
partially dissolved. After sintering the compact material was free cooled and during this stage new particles 
were formed usually as chains of discrete precipitates along boundaries. The fraction of (Zn,Al,Cu)49Mg32 
phase decreased at the expense of Mg(Zn,Al,Cu)2 phase [8]. These changes in phase composition are 
responsible for high microhardness values of the sintered material.  

The observed changes in microhardness during thermal treatment are similar to those observed in classical 
ingot metallurgical materials. Annealing at 500 °C followed by water quenching represents the solution 
treatment resulting in a significant softening. A gradual time dependent increase in microhardness reflects the 
natural aging and formation of strengthening precipitates from the oversaturated solid solution formed during 
solution treatment. 

The brittleness of sintered materials reflects probably the presence of oxide particles at the surface of original 
powder particles. The formation of cracks can be partially suppressed at elevated temperatures. Nevertheless 
the ductility even at 500 °C remains low. The measurement of the parameter m and the observed grain 
boundary sliding suggests the possibility of superplastic behaviour in case that the negative influence of oxides 
is removed.      



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1226 

5. CONCLUSION 

The microstructure and mechanical properties of the Al7075 + 1 wt. % Zr alloy prepared by gas atomization 
and spark plasma sintering were investigated. The microstructure of both powder and sintered material is fine 
grained. The composition and morphology of strengthening phases is changed during sintering. Consequently, 
the microhardness of sintered material is higher. The microhardness of the sintered material can be changed 
by thermal treatment similarly to classical ingot metallurgical Al7075 alloys. The fine microstructure is 
preserved even during long term annealing at 500 °C. The mechanism of high temperature plastic deformation 
is similar to that observed in superplastic materials however ductility is reduced by oxide particles on the 
surface of original powder particles. 
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Abstract  

Exova Plzeň tests the load control fatigue test according to the required specifications due to the quality control 
on rolled aluminum sheets and plates.  

Although the machining process is described in specifications in a very detail way, the first test results were 
approximately 10 % lower than expected. Some round robin test results met the requirements while some 
others did not. At first the program was focused on the final step of sample machining, i.e. polishing. Based on 
consulting other Exova laboratories, West Bohemian University and some producers for turning tool tips, the 
range of compression residual stress was determined. 

At the beginning of the program it was incorrectly anticipated that the compression residual stress is caused 
by polishing; late on was proven that it is caused especially by turning. Next steps were focused on the testing 
of different types of commercially available tool tips and their geometry. These tests didn’t bring satisfactory 
results. It led to the first tests of our tool tip modification. In 2011 we started cooperating with the Hofmeister 
Ltd. Company, who are capable to machine tool tips by laser technology. 

ČVUT FJFI developed a method of residual stress measurement for our round aluminum samples. At least 
one sample was machined by each modified tool tip and analysed by ČVUT subsequently. 

The current results indicate positive progress in reaching the required residual stress level. The repeatability 
of production and the life time of tool tips are still to be verified. 

Keywords: Fatigue, residual stress, tool tip, modification, surface roughness 

1. INTRODUCTION  

Exova Plzeň started a business relationship with a supplier of rolled aluminum sheets and plates. The load 
control fatigue test is required by specifications for the quality control. Four blanks are removed from each 
product, turned and polished in order to produce test specimens. Since 2010 Exova Plzeň has become one of 
two laboratories in the world able to machine and test this type of samples in the required quality. 

2. SPECIFICATION AND REQUIREMENTS 

Four blanks are removed from each aerospace aluminum alloys plate. The plates are made from alloys 7050T 
7451, 7475T 7351 and 7075T 7351. Thicknesses of these plates are between 38.1 to 240 mm. Machining and 
test is performed according to specifications BMS, MEP, AMS, etc. The test specimen is simple round sample 
of 12.7 mm diameter (Fig. 1 ). 

The specification describes the machining process and requests some steps. The final machining pass must 
be less 0.38 mm and Ra less 0.9 μm. The polishing must be longitudinal and min. 50 μm must be removed. 
This layer must be removed in three steps by 400 and 600 grit paper and crocus cloth [2, 3]. 

The test must be performed according to ASTM E466. Purpose of the test is material´s quality (casting and 
rolling issues - porosity, inclusions...). The test conditions are load control fatigue test, sin waveform, R ratio 
0.1, frequency at 20 or 30 Hz, max. stress 241 MPa and run out 300 000 or 800 000 cycles [2], [3]. 
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Fig. 1 Test specimen [2] 

The test results show the quality of the material. Two criteria are described for the material. The first is for 
individual test result, where each specimen must reach min. 90 000 or 350 000 cycles (depends on the 
specification). The second is for log. average of all four results, where the average must exceed. 120 000 or 
760 000 cycles. 

3. ROOT CASE ANALYSIS 

Although the machining process is described in 
specifications in a very detail way, the first results were 
approximately 10 % lower than those of expected. It was 
caused by the initiation from the specimen surface. The 
crack initiation should start from internal defects like 
porosity (material´s quality check). It is expected, that 
the internal defect will be greater than approximately 50 
µm (Fig. 2 ).  

Several round robin tests were performed. Some of them 
met the requirements while some others did not. The 
subsequent program for identifying the reason of the 
premature crack initiation was also based on the round 
robin testing. At first the program was focused on the 
final step of sample machining, i.e. polishing. The reason 
of behaviour was revealed after a few months of testing 
different types of polishing and consulting other Exova 
laboratories, West Bohemia University and some 
producers for turning tool tips.  

Based on our experiences and many round robin tests, we found the problem is connected to in the residual 
stress level after machining. That is why the cooperation with the Czech Technical University in Prague (ČVUT) 
FJFI started. 

Fig. 2  Internal defect 
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4. APPLIED PROCESS 

At the beginning of the program it was incorrectly expected that 
the compression residual stress is caused by polishing; later 
on has emerged that it is caused especially by turning. Next 
steps were focused on the testing of different types of tool tips 
and their geometry. These tests still did not bring satisfactory 
results. It led to the first tests of our tool tip modification (Fig. 3 ). 
These tests of controlled modification were based on 
Exova Glendale Heights laboratory experience. The tool tips 
were modified on Inco 718 at first and later on steel bars as 
well. In 2011 we started cooperating with Hofmeister Ltd. 
Company, who is capable to machine diamond tool tips by 
laser technology with a very high repeatability. 

Because the reference material was not available in sufficient 
quantity, it was very difficult to perform the comparative fatigue 
test on a reasonable number of samples. That is why the 
cooperation with the Czech Technical University in Prague 
(ČVUT) was started. X-ray diffraction analysis was used for the 
evaluation of macroscopic residual stresses. The evaluation of 
diffraction patterns was difficult, because of the grain size and 
rolled structure of material (Fig. 4 ). ČVUT developed a method 
of residual stress measurement for our round aluminum 
samples and turn by the specimen during the measurement. At 
least one sample was machined by each modified tool tip and 
analysed by ČVUT subsequently.  

On Fig. 5  is the description of the process from A to E. It means 
from worn tool tip to machined tool tip by laser. Both tool tips 
are always scanned and the shapes compared.  

 

 

 

 

 

 

 
 
 
 
 
 

 

Fig. 3  Modified diamond tool tip 

Fig. 5  Process from the wearing of tool tip, up to laser made tool tip [4] 

 

Fig. 4  Diffraction patterns without and 
with rotation [6] 
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5. RESULTS 

During the research process more than fifteen different tool tips were tested as supplied by many suppliers. 
Twenty polishing, ten machining methods and their combinations were used and tested. Up to now were 
performed 120 residual stress measurements after machining and polishing too.  

When we started the cooperation with the Hofmeister company, we started scan all tool tips after their 
modification. Exova modified (worn) appx. 50 tool tips. Specimens were turned by these tool tips and residual 
stresses were measured. Depends on results we chose some tool tips, which were scanned and the shapes 
were compared. Based on shape similarities, we defined the shape for modification by laser. After the laser 
modification shapes were compared, specimen machined and residual stress measured again. On Fig. 6  are 
two scanned tool tips modified by Exova and two by Hofmeister. Tool tips 14E and 19E worn by Exova had 
smooth tool face. One of the first laser modified 13H tool face was very rough. During the time Hofmeister 
bought new laser with better resolution and optimal parameters for the modification. One of the latest laser 
modified 31H tool face is comparable with 19E tool face.   

 

 

Because the residual measurement is expensive, we would like to find correlation between surface rougnes 
and residual stress after turning. We decided to scan the surface on an turned area in a range 1x3 mm and 
measure area surface rougness. We recieved from each measuremnt appx. 20 values, which describe the 
area surface roughness. On Fig. 7 are surface roughness areas for four modified tooltips described above. 
Based on available small number of results, it is not possible exactly describe the relationship between area 
surface rougness and residual stress right now.  

Hofmeister modified more than 30 tool tips. By each one one specimen was turned and residual stress was 
measured. Results are shown on Fig. 8 . The first tool tips showed high scatter between σL and σT. During the 
time the process was improved and scatter was reduced. We also started polish turned specimen after the 
first residual stress measurement. The differences between turned and polished values indicate that the 
residual stress in a depth under the surface has different profile. It was removed appx. 50 µm thick layer during 
the polishing. It always increased the residual stress compared to turned specimen.   

 

Fig.  6 Scanned tool tips 
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Fig. 7  Area surface roughness 

 

Fig. 8  Process from the wearing of tool tip, up to laser made tool tip 

6. CONCLUSION  

Our results proved that we are able to carry out testing according to client´s needs. Based on our experience 
and residual stress measurement, we are able to guarantee the failure from an internal defect (porosity, 
inclusions…). We can produce required tool, even if shape function is still not fully understood. We are able 
also to produce tool tips, which will roughly make required residual stress in surface after turning. By using a 
different geometry we are able to produce the residual stress between +50 up to -300 MPa.  

We still have some challenges to solve:   

• Repeatability of the tool tip modification by laser  

• Surface roughness after machining 

• Depth function of residual stress 

• Tool life 
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Abstract   

In this study ultrafine grain structure evolution during high pressure torsion of commercial aluminum alloy 
AA6082 at increased temperature is presented. Two different initial states of the alloy were prepared by 
thermal treatment. The progress in structure refinement in dependence on the shear strain level was 

investigated by TEM in thin foils. The impact of different amount of strain εef was analyzed with respect to the 
effect of increased temperature. The results of microstructure analyses confirmed that ultrafine grain (UFG) 
structure was already formed in deformed disc upon the first turn, regardless the initial structure of alloy.  The 
heterogeneity in UFG grain structure development across the deformed discs was observed in thin foils, 
supporting by micro hardness results scattering. By increasing strain value, applying different number of turns 
(N-2,4,6), more effectively homogenized UFG microstructure was observed across the deformed discs. The 
effect of increased deformation temperature became evident and dynamic recrystalization modified locally 
received UFG structure. The retardation of new grains growth and higher thermal stability of UFG structure 
was observed, when two steps thermal treatment of alloy, introducing quenching and ageing, was executed 
prior sample deformation. The strength measurement results, yielded from tensile tests, showed that the effect 
of structure strengthening was degraded by local recrystallization of deformed structure. The results received 
at torque measurements versus the time then showed that the torque required to deform the sample was 
increasing until the first turn and then kept stable or even decreased.   

Keywords: Aluminum alloy, ultrafine grain structure (UFG), pressure torsion, torque, deformation behavior 

1. INTRODUCTION        

Severe plastic deformation (SPD) of metals and alloys can lead to grain refinement and finally to the formation 
of nanocrystalline structure. During the last two decades bulk nanostructure materials or materials with 
submicron structure, prepared by severe plastic deformation, have been investigated intensively. The 
production of fine grained metallic materials by SPD led to a large extent of investigation focusing on the 
microstructure development and related to mechanical properties. It is well known that SPD of metallic 
materials, involving different deformation processing ECAP, ARB, HPT and further deformation techniques is 
capable of producing ultrafine grained materials with sub-micrometer, or even with nanometer grain size  
[1, 2].          

High pressure torsion is an effective deformation process of severe plastic deformation for producing ultrafine 
grained structure in metallic materials. Usually a sample for the HPT deformation is used in a form of disc, 
recently also the ring samples used for deformation [3]. Compared to other SPD processes the HPT offers a 
large number of advantages, as stated in [4]. At this deformation method shear strain is introduced in proportion 
to the distance from the disc centre, so that an inhomogeneous microstructure develops across the deformed 
disc. Among all available deformation methods HPT deformation represent a simple and effective method, 
which allows producing reproducible and well defined structure in samples. High applied pressure prevents 
fracture of sample and quantitative parameters of deformed sample response during torsion test can be 
compared with developed microstructure. The wide range of results, available for various materials deformed 
by HPT, confirmed saturation in structural refinement across the deformed discs and the strength and hardness 
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increase as strain increases [5, 6]. The results point out that there are differences in the development of 
microstructure among pure metal, multiphase steels and alloys [7, 8]. The improvements in the tool design led 
to a relatively well defined conditions of torsion deformation what resulted markedly in increase of HPT 
experimental deformation. 

In this study, aluminum alloy AA6082 (EN AW6082), of two different initial structural states, was processed 
with HPT at increased temperature. The differences in fine structure development were analyzed with respect 
to different initial alloy structure, due different applied thermal treatment of alloy. Furthermore, microstructure 
evolution was examined and related to the hardness and torque in dependence of the effective strain applied. 

2. EXPERIMENTAL PROCEDURE       

A commercial aluminum alloy EN AW 6082 was supplied in as-cast rods with diameter of 20 mm. Prior HPT 
deformation two structural states of alloy were prepared by thermal treatment as follows:  
S1 - annealing at 540°C/1.5 h followed by water cooling (solution + quenching applied); 

S2 - S1 + ageing at 160°C for 12 hours; 
(precipitation hardened alloy); 

The resulting microstructures prepared using 
thermal treatments S1 and S2 are presented in 
Fig. 1 . The prior ageing treatment of alloy was to 
prepare different initial structure characteristics in 
alloy with respect to search a precipitation effect in 
alloy on structure refining. The presence of the 
secondary particles, was an aim to investigate the 
effect of these secondary particles β' phase 
precipitates (Mg2Si) on deformed structure 
formation due to the presence of the secondary 
phases as precipitates in the alloy matrix. The initial 
microstructure in bulk resulting from casting 
process and thermal treatment, consisting of 
solutioning and ageing treatment is presented in 
Fig. 1 a, b . The as-cast  structure modification was 

then apparent after  rod  forming (Fig. 1a) , but there were not observed a detectable changes in structure after 
solutioning a) and ageing b) treatment of the alloy prior ECAP deformation. The disc samples of 10 mm for 
HPT deformation were prepared from thermally treated rods (according S1 and S2 procedures) in Fig. 1 a, b . 
The as-cast structure was modified with aim to homogenize the alloy as-cast microstructure.  

The samples for HPT were prepared from as-cast and thermally treated rods in form of discs with thickness of  
diameter of ~ 8 mm. HPT experiment was conducted using the deformation facilities able to produce high 
shear straining. The facilities consisted of upper and lower anvils having a shallow hole of 8 mm in diameter 
and 0.8 mm in depth at the centre. The discs were deformed by torsion up to 6 turns. Each sample was placed 
in the hole and the lower anvil was rotated with respect to the upper anvil at increased temperature of 350 °C 
with a rotation speed of 0.4 rpm under pressure of 4 GPa. The rotation was terminated after an N turns of 1, 
2, 4 or 6. The equivalent Von Misses strain εeq as a function oh the number of turns N was calculated according 
to the relationship N = εeq = 2 π n r/√3. The size effective strain εeq conducting N = 1, 2, 4 and 6 turns was εeq 

~ 15, 30, 60 and 90. The discs were deformed by torsion up to 6 turns. 

The changes in mechanical properties in relation to straining level (number of turns N performed) were 

 
Fig.  1 Micrographs of initial microstructures of the   

alloy: a) as-cast; b) solutioning and ageing 
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The changes in mechanical properties in relation to straining level (number of turns N performed) were 
determined by micro hardness across the deformed disc by static tensile tests using sub-size tensile pieces 
cut off aside the centre of the discs (in radial direction) and by in-situ measurement of the torque. 

The disc samples  subjected  to  HPT straining were ground using emery paper Grit P1200 and thus the Vickers 
micro hardness was measured at deformed discs edge (across) and in centre. The load of 50 g (HV10) was 
applied and the average value was taken from the 4 measurements approximately at the same distance from 
the centre of the disc.  

Transmission electron microscopy (TEM) was used to evaluate the ultrafine grain microstructures evolution 
with respect to site on deformed discs and the number of turns at corresponding εeq. Discs with 3 mm in 
diameter were cut from the deformed disc at the centre and at its periphery. After disc thinning and polishing 
the TEM micrographs were obtained using JEOL JEM 2000FX operating at 200 kW. The purpose of the 
selected conditions was to evaluate the effect of difference in strain magnitude across the deformed disc at 
peripheral and axial position of the deformed disc, on ultrafine grain microstructure development. 

3. RESULTS AND DISCUSSION  

Investigated material, the commercial aluminum alloy AA6082, initially was of the coarse structure as 
documented in Fig. 1 . Using HPT deformation method in order to refine a coarse steel structure to submicron 
size needs the application of large strain, usually with an equivalent strain more then 2. However, the strain 
heterogeneity across the deformed disc when using HPT deformation method, the larger straining (εeq - 6) is 
needed to obtain uniform UFG microstructure. Electron microstructure detailed analysis of thin foils prepared 
from deformed discs experienced different equivalent strain εeq revealed formation of various structural 
characteristics in dependence of strain used and selected localization on the deformed disc. 

3.1. Microstructure analysis   

In order to compare the magnitude of torsion straining at different position across the deformed disc the TEM 
micrographs in Fig. 2 present microstructures of differently thermally treated alloy (state S1 and S2), which 
developed in deformed discs experienced torsion deformation resulting from the first turn (N1).  

    

Fig.  2 TEM micrographs of HPT deformed   structure developed at edge and centre of deformed discs. a) S1 
edge; b) S1 centre; c) S2 edge; d) S2. The first turn (N1) 

The set of individual figures represents the ultrafine grain structures and tangled dislocation network structure 
in deformed discs of both alloy states, which were developed at the edge and at the centre of deformed discs 
at temperature of 350°C. There is clear evidence that finishing the first turn (εeq ~ 15) the heterogeneity in 
development of a fine grain structure was still observed across the discs, no matter what thermal treatment of 

 N1 

  a 

  200 nm 200 nm 200 nm 500 nm 
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alloy was applied. At disc periphery, the new grains having high angle boundaries were found applying the first 
turn and others. In the central area of the disc, tangled dislocation networks or partially recovered and 
rearranged dislocation network (almost sub grains), were found together with new grains. There were not 
observed evidences that increased temperature of deformation, by any way or another could modify or 
eventually supported growth of newly formed grains. 

Conducting N = 6 turns (εeq ~ 90), the initial equiaxed coarse grained structure was found significantly modified 
across the deformed disc and ultrafine grained microstructure was formed and found almost across whole 
deformed discs, for both initial structure condition of alloy, as can be seen in Fig. 3 .   

Fig. 3  TEM micrographs of HPT deformed which structure developed at edge and centre of deformed 
discs. a) S1 edge; b) S1 centre; c) S2 edge; d) S2. The sixth  turn (N1) 

The size of individual new grains were scattered over the wide region from 200 nm to 1 µm. Randomly, in 
central part of deformed disc, which was subjected to ageing for 12 h at temperature of 160 °C after solutioning 
and then quenched in water, the areas with partially recovered dislocation structure were found, as can be 
seen in Fig. 3b . Probably, this fact can be attributed to lower straining at the centre at the centre of the 
deformed disc, driving force for formation of the less deformed structure, due to lover driving force, resulted 
from straining at increased deformation temperature in this central area of disc. 

3.2.   Mechanical properties 

In order to characterize the changes in mechanical properties with respect to applied large shear deformation 
and in dependence of applied straining, the various methods of testing were applied. Local Vickers 
microhardness data presented in Table 1  were measured across the deformed discs. The tensile properties, 
using small tensile samples, were evaluated at room temperature. The torque, which was measured in time of 
loading, contains next to the torque necessary to deform the sample solely a contribution from region of the 
burr as well [7]. So this contribution to deformation process in some way then appears to be difficult for solely 
evaluation.  

3.3. Hardness results  

Microhardness development after different deformation exposures was the most available method to estimate 
the mechanical strength [8, 9]. In present work, this experimental exposure method was mainly used to 
determine the change of the strengthening across the deformed disc, (at the disc periphery and in the disc 
centre), after application of different strain εeq and compared with hardness of initial alloy. The measured 
Vickers hardness records (HV3) for both alloy states and for executed different number of turns is stated in 
Table 1 . The hardness dependencies manifest different deformation behaviour of treated alloy in dependence 
of the initial state of alloy. The received results point out to an effect of softening, which was detected in 

200 nm 200 nm 500 nm 200 nm 
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deformed discs after performing sixth turns in quenched state and after the second and more turns for 
quenched and aged state, regardless of the position on the disc, see Table 1 . While for solution and followed 
by ageing treated alloy (S2) the gradual decrease of hardness was measured for higher number of turns that 
is for Nos. 2, 4 and 6. The effect of aging process included into alloy treatment procedure, with respect to 
structure modification due to increase an intermetallic precipitation, showed only negligible effect for structure 
modification. Considering this fact, the local dynamic recovery and recrystallization may contribute to structure 
softening. The resulted UFG grain structural characteristics at deformed disc edge supports this selective 
growth of fine grains, as can be seen in Figs. 2  and 3. 

Table 1  HV hardness as the function of the turns and indent position (Q - quenching, Ag - ageing) 

Alloy 
state 

Turns     

 N 
DIT 
(mm) 

DFT 
(mm) 

HV3 

  L         C       R 

S1   Q N1 0.92 0.64 83      112     83 

S1   Q N2 0.94 0.65 83      111     82 

S1   Q N4 0.95 0.63 110    118    108 

S1  Q+Ag  N6 0.95 0.61 102    110    102 

S2  Q+Ag N1 0.94 0.65 116    120    105 

S2  Q+Ag N2 0.94 0.65 105    113    105 

S2  Q+Ag N4 0.95 0.61 108    121    109 

S2  Q+Ag N6 0.95 0.63 101    112    101 

3.4.  Tensile deformation behaviour  

In order to obtain mechanical strength values the small size 
specimens for tensile tests were machined out of HPT deformed 
samples, Fig. 4 . Tensile deformation behavior of HPT samples was 
evaluated at room temperature and the data on load and elongation 
for all samples were recorded. The deformation results in form of load 
and elongation are documented in Fig. 5 a, b . As deformation results 
point out, it was observed difference in strength values with respect to 
higher stress applied for both structural states of alloy, as number of 
the turns was increasing. It means that reverse phenomenon, 
regarding the strength, was observed at tensile testing. The effect, 
however resulted in strength decrease. As the effective strain (number 
of turns) increased the strength values were decreasing for all 
exposed specimens, regardless the initial heat treatment this 
experimental alloy experienced. Evaluating the deformation results 
with respect to received deformed substructure, the reason of this 
"softening" was initiated by applied processing conditions (temperature and straining level) of deformation 
process. In deformed substructure, as structure characteristics show, not only ultrafine structure formation is 
evident but also recovery and recrystalization process contributed to modification of the final structure and 
locally to the growth of the initial fine grains especially on the pheripheral part of the deformed discs. The drop 
in the strength values and also   appearance of short hardening period on deformation records (see Figs. 5 a, 
5 b) in case of the highest straining (N4, N6 turns), is probably the support of recovery process. 

 

  

Fig.  4 The specimen for tensile 
testing 
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The softening, which appeared in both structural states of the alloy more or less deny the efficiency of ageing 
for alloy matrix strengthening by Mg2Si (ß’) precipitates, what was anticipated aim of íntroduced heat treatment 
schedule.     

3.5.  Torsion deformation  

In order to characterize the changes in mechanical properties due to the large shear deformation (high 
pressure) and under constant nominal pressure of 4 GPA was performed. The deformation method is 
convenient to developed large shear deformation, which then can influences mechanical behaviour of severely 
deformed materials. The selected in-situ measured torque recorded at increased temperature of 350°C and 
for different strains εeq in dependence of turns number (N1 and N6) for quenched (a) quenched and aged (b) 
experimental alloy were performed. The results on torsion behaviour are presented in Figs. 6  and 7.  

 

                                                         

 

At the beginning of deformation a region of intense strain hardening was effective. Such specific behaviour 
resulted as strain was increasing as the number of turns was increasing, as well. In both structures it was 
accompanied by the drop of torque. A one of the reason behind of this softening appearance could be the 
progress in recrystalization process, probably due to applied quite high deformation temperature. Possible 
effect to make contribution to deformation behaviour appears to be a precipitation effect of Mg2Si (β) particles 
due ageing, however this effect is controversial. Conducting N = 6 turns (εeq ~ 90),  the initial equiaxed coarse 

Fig.  5 a Tensile test records expressed in terms 
of load and elongation: a) S1 initial state 

 Fig.  5 b Tensile test records expressed in terms  
of load and elongation: a) S2 initial state 

Fig. 6  In-situ measured torque curves 
experienced the first turn N1, N2, N4 and N6 

turns for structural S2 alloy state 

Fig. 7  In-situ measured torque curves 
experienced the first turn N1, N2, N4 and 

N6 turns for structural S1 alloy state 
 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1239 

grained structure was found significantly modified across the deformed disc and ultrafine grained 
microstructure was formed and found almost across whole deformed discs, for both initial structure condition 
of alloy, as can be seen in Fig. 3 . The sizes of individual new grains were scattered over the wide region from 
200 nm to 1 μm. Randomly, in central part of deformed disc, which was subjected to ageing for 12 h at 
temperature of 160°C after solutioning and then quenched in water, the areas with partially recovered 
dislocation structure were found. as can be seen in Fig. 3 . Probably, this fact can be attributed to lower 
straining at the centre of deformed disc, driving force for formation of the less deformed structure, resulted 
from straining at increased deformation temperature in this central area of disc. 

4. CONCLUSIONS              

The technology of severe plastic deformation was applied to aluminum alloy AA 6082 with aim to study the 
influence of large monotonic shear on formation of deformed microstructure development and mechanical 
properties respond. Two different initial Al alloy states, for high pressure torsion deformation technology were 
prepared to evaluate the effect of present secondary particles in alloy matrix, resulted from prior thermal 
treatment of the alloy. The idea to evaluate the presence of the secondary phases in alloy matrix on formation 
of ultra fine grained structure, have been realized. The results received from structural analyses and from 
mechanical testing showed some controversial deformation behaviour of the alloy, regardless the different 
initial state of the alloy. In refine deformed were not found the fine precipitates after severe deformation. On 
the other side the effect of softening was observed for the both initial states of the alloy, experienced different 
initial treatment. The effect of softening was found for both initial alloys states.                      
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Abstract   

Twin-roll cast AA3003 series aluminum alloy was subjected to several passes of asymmetric rolling at room 
temperature. This process is more effective in the grain refinement than conventional cold-rolling. During 
subsequent annealing at elevated temperatures the deformed grains are replaced by new ones by static 
recrystallization, which starts near the surfaces of strips. Higher strain imposed by rolling results in a decrease 
in recrystallization temperature. Nevertheless, the rolling direction remains apparent even after full 
recrystallization. 

Keywords: Twin-roll casting, asymmetric rolling, microhardness, recrystallization  

1. INTRODUCTION 

Twin-roll casting (TRC) is an alternative method to direct-chill casting techniques for the production of 
aluminum alloys. Among the advantages of twin-roll casting are mainly high casting speed and more 
economical production [1]. Recently, many works were devoted to investigations of microstructure evolution in 
TRC alloys, eg. [2, 3]. However, new methods how to further improve strength of TRC sheets are under an 
intensive research. Main possibilities are modification of chemical composition and application of severe plastic 
deformation [4, 5]. 

Asymmetric rolling (ASR) is a method of severe plastic deformation (SPD), the aim of which is to reduce grain 
size to submicron range and thus increase the strength of the material. Asymmetric rolling has greater 
economic efficiency than other SPD techniques such as accumulative roll bonding and equal channel angular 
pressing, since it produces large volumes of deformed material and can easily be implemented on industrial 
rolling mills [6]. 

Asymmetric rolling with different angular velocities of rolls gives rise to intense plastic shear strains, which 
result in grain refinement and hence improvement of mechanical properties. The most common implementation 
of different angular velocities is the use of rolls with the same diameter but different speed [7, 8]. The ASR 
gives rise to a simple shear and compressive strains and develops a shear texture [9].  

The aim of the present study is to evaluate the microstructural changes during asymmetrical rolling and 
subsequent isochronal annealing of modern twin-roll cast AA3003 aluminum alloy. 

2. EXPERIMENTAL 

An AA3003 series aluminum alloy was studied. The amount of main alloying elements is as follows: 1.02 wt.% 
Mn, 0.20 wt.% Fe, 0.53 wt.% Si and 0.17 wt.% Zr. This alloy was manufactured by twin-roll casting in industrial 
conditions to thickness 8.5 mm. Afterwards the sheet was ASR treated in laboratory conditions with higher 
speed of the upper roll and speed ratio 4. After each step the sheet was rotated by 180° around the rolling 
direction. First step led to the thickness reduction to 5.3 mm, second one to 3.5 mm, third to 2.5 mm, fourth to 
1.9 mm and the final thickness after fifth asymmetric rolling pass was 1.4 mm.  
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Mechanical properties of ASR sheets were tested by Vickers microhardness (HV) measurement with a load of 
100 g at QNess A10+ microhardness tester. Microstructure changes were observed in polarized light by light 
optical microscope Olympus GX51 after electrochemical polishing by Barker solution [10]. The recrystallization 
process was monitored during isochronal annealing in an air furnace with the step 50 K/50 min. 

3. RESULTS AND DISCUSSION 

3.1. Asymmetric rolling  

The initial state of the studied alloy after twin-roll casting consists of grains elongated in the rolling direction 
(RD) and inclined towards the sheet surface, with their length of approximately 200 μm. The grain structure is 
inhomogeneous through the sheet thickness - the grains are more flat near both the sheet surfaces and 
a macro-segregation of particles of α-Al(Mn,Fe)Si phase [11] is present in the central part of the sheet 
(Fig. 1a ).  

During asymmetric rolling the thickness of the sheet is reduced and grains are flattened and elongated. The 
microhardness gradually increases with the number of ASR passes (Fig. 2 ). From the initial value of 55 HV0.1 
the microhardness rises to 80 HV0.1 after the first pass and reaches 95 HV0.1 after five passes. The evolution 
of the microhardness is similar in both planes perpendicular to the rolling direction and to the transverse 
direction (TD).  

The microhardness distribution is inhomogeneous through the sheet thickness, which is demonstrated on 
Fig. 3 . This figure represents microhardness distribution in the plane perpendicular to the transverse direction 
in the sheet after three passes of ASR. Microhardness is higher near sheet surfaces, where grains are more 
flattened and also in the central part of the sheet, where the macro-segregation of primary phases occurs. The 
non-uniformity of microstructure after ASR is connected with the heterogeneous structure of the TRC sheet. 
This heterogeneity is demonstrated on the grain structure of the sheet deformed by one pass of ASR on 
Fig. 1b ). 

After further rolling to the thickness 1.4 mm the differences in the grain shape within the sheet thickness 
become less distinct, pancake grain structure develops and the grain length reaches several mm (Fig. 1d ). 

3.2. Isochronal annealing 

The high temperature stability of the asymmetrically rolled sheets is examined during isochronal annealing 
with heating rate 50 K / 50 min from room temperature to 600 °C. The evolution of microhardness for different 
number of ASR passes during the annealing is shown on Fig. 4 .  

At annealing temperatures below 200 °C slight increase of microhardness is observed. Such an increase in 
microhardness was described by Huang et al. [12] in severely deformed aluminum and is attributed to depletion 
of the aluminum matrix from dislocations and formation of dislocation cells. In such materials with reduced 
dislocation density new dislocation sources have to be activated to enable further deformation; thus, a higher 
stress is required. Similar behavior was observed on the same alloy processed by equal channel angular 
pressing [13] and on similar material deformed by accumulative roll bonding [14]. This effect gets more 
significant with increasing deformation. 

Microhadness starts to decrease in the course of annealing above 200 °C. The higher was the implied 
deformation, the more pronounced is the microhardness drop between 200 and 400 °C. At 400 °C the 
microhardness is the same for all sheets regardless the number of undergone asymmetric rolling passes and 
reaches value around 80 HV0.1. At this stage the grains are still heavily elongated in the rolling direction.  
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Fig. 1 Light optical micrograph of grain structure of twin-roll cast alloy (a). Elongated grain structure after one 
(b) and five (d) passes of asymmetric rolling. Recrystallized grains after annealing to 600 °C of ASR sheets 

deformed by one pass (c) and after annealing to 450 °C of sheet deformed by five ASR passes (e) 

Above 400 °C significant drop of microhardness takes place and recrystallization occurs in all the sheets. 
Recrystallization starts near the sheet surface. The original grains are finer near the surface than in the central 
part and also the microhardness is higher, which is connected with higher stored deformation energy. Thus, 
driving force for recrystallization is higher in these areas and recrystallization starts there. Some fractions of 
grains near the surface grow to a larger size as compared to the central part of the sheet. 

The temperature of recrystallization is highly dependent on the sheet thickness, which is closely connected 
with the stored deformation energy in the matrix. At 450 °C the sheet deformed by five passes of ASR is fully 
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recrystallized (Fig. 1e ). The newly formed grains are much shorter; however, the rolling direction is still 
apparent. The average size of recrystallized grains is 70 μm in the rolling direction and 25 μm in the normal 
direction and is not significantly influenced by the number of ASR passes (Fig. 5 ). 

Recrystallization of sheets deformed to lower extent begins at higher annealing temperatures. Example of 
a partially recrystallized structure is given in Fig. 6a . Materials deformed by 2, 3 and 4 passes of ASR are fully 
recrystallized at 550 °C (Fig. 6b ), material deformed by only one pass with the lowest stored deformation 
energy is fully recrystallized after annealing up to 600 °C (Fig. 1c ). 

 
 

 

Fig.  2 Microhardness evolution with decreasing sheet 
thickness during asymmetric rolling; values are measured in 
planes perpendicular to transverse direction (TD) and rolling 

direction (RD) 

Fig.  3 Microhardness distribution after 3 
asymmetric rolling passes measured in the plane 

perpendicular to the transverse direction 

 

 

Fig. 4 The evolution of Vickers microhardness in sheets asymmetrically rolled to various thicknesses during 
isochronal annealing with 50 K / 50 min rate 
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Fig. 5 Recrystallized grain size after annealing up to 600 °C in normal (ND) and rolling direction (RD) for 
sheets after different number of asymmetric rolling passes  

 

Fig. 6 Grain microstructure of sheets processed by three ASR passes and annealed to 500 °C (a) and 
550 °C (b). Deformed parts in (a) are marked by black ellipses, recrystallized by white ones 

4. CONCLUSION  

Twin-roll cast aluminum alloy was subjected to severe plastic deformation by several passes of asymmetric 
rolling with the speed ratio of rolls equal to 4. ASR leads to formation of pancake grain structure and substantial 
increase in microhardness. 

The higher is the stored deformation energy induced into the material during ASR, the lower is the thermal 
stability at elevated temperatures and sheets recrystallize at lower temperatures. The grain structure remained 
inhomogeneous after recrystallization with the average grain size 70 μm, which is lower than in twin-roll cast 
sheet. 
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Abstract   

The main objective of severe plastic deformation (SPD) methods is to obtain material with ultra-fine grained 
microstructure. Large deformations introduced during SPD processes result in extensive refinement of initial 
coarse microstructure which has significant influence on overall mechanical properties of such materials. In 
this work 413.0 aluminum alloy has been subjected to extrusion and equal channel angular pressing (ECAP). 
Metal chips obtained from machining process have been pre-compacted into a form of cylindrical billets and 
then extruded at elevated temperature into longitudinal square profile with cross section of 10 x 10 mm. In the 
second part of the experiment samples cut from this extrudate has been subjected to ECAP deformation 
through the 90° die. Mechanical properties were determined by uniaxial tensile tests and microhardness 
measurements has been performed. Structural observations did not reveal any significant changes in particles 
size after ECAP but enhancement of mechanical properties has been noticed and attributed to the work 
hardening of the aluminum matrix. 

Keywords: ECAP, extrusion, mechanical properties, aluminum alloys, solid bonding 

1. INTRODUCTION  

Constant efforts to improve mechanical properties by structure refinement resulted over the recent years in a 
development of different SPD methods like e.g. ECAP, HPT, ARB or high speed machining. These processes 
enable to obtain UFG materials with an average grain size far below 1 µm [1]. In this group ECAP, developed 
in 1980s, is one of the most extensively used processes among all of SPD. In this method small portion of 
material usually in a cylindrical or cuboid form is being pushed through a steel die assembled by two channels 
intersecting at an angle Φ from 90° to 150°. Magnitude of shear strain γ that can be applied during only one 
ECAP pass is relatively small [2], but by applying multiple passes total deformation can be significantly 
increased. Because of this SPD methods can be used to improve mechanical properties of materials, which 
are characterized, by poor ductility and toughness such as Al-Si alloys. Various studies [4-5] show that use of 
ECAP on Al-Si alloys leads to microstructure refinement and improves their strength. In contrast to ECAP 
machining processes like turning or milling allow to obtain large shear strain (>>1) in just a single pass however 
small dimension of fabricated chips enforce need for additional material consolidation. 

The main aim of this studies was to examine limitation of microstructure refinement and properties 
improvement of AlSi alloy by combine turning and ECAP process. In order to eliminate negative effect of 
cooling liquid during consolidation of chips after cutting dry machining was carried out. Due to simplicity, low 
costs and variety of suitable material forms (powders, RS ribbons etc.) solid state bonding has been 
accomplished by extrusion [7-10]. 

2. EXPERIMENTAL MATERIALS AND PROCESSING 

Experimental studies were divided into two consecutive steps. At first 413.0 aluminum casting alloy in a form 
of round rods and with chemical composition presented in Table 1  were subjected to turning. As a result large 
chips (Fig. 1a ) with an average size of 21.6 x 3.7 x 1 mm were produced. Cutting was performed with tool feed 
rate of 0.2 mm/s and rotation speed of 315 rev/min. Received chips were subjected to cold compaction under 
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the pressure of 240 MPa. Cylindrical billets, 10 mm in height, 40 mm in diameter, weight of 25 g and density 
of 2.07 g/cm3 were produced. Seven of such billets were finally hot extruded into a form of 10 x 10 mm square 
profile. Temperature and ram speed during extrusion were 450 °C and 3 mm/s respectively. At the second 
stage of experimental procedure samples from solid bonded (SB) profile were cutted and ECAP procedure 
with different number of passes (1-4) was performed. In order to acquire relatively high plastic strain 90° 
channel die was used. Additional rotation (90°) of sample was performed after every pass. 

Table 1 Chemical composition of 413.0 alloy 

Element Si Fe Cu Mn Mg Zn Ni Ti Total others Al 

Weight % 10.58 0.38 0.51 0.24 0.28 0.1 0.12 0.06 0.08 Balance 

Uniaxial tensile tests were performed for samples machined from as extruded profile and specimens after 
ECAP deformation. Tensile tests were carried out at room temperature at a constant strain rate of 8 × 10-3 s-1 
using Zwick Z050 testing machine. Moreover, additional hardness measurements were performed on 
longitudinal cross section under the indenter load of 9.807 N. Average HV value was calculated based on at 
least 10 measurement results. 

 

 

 

 

 

 

 

 

Fig. 1 a) Macro view of chips after machining process; (b) cylindrical billet after cold compaction  
c) SB profile d) ECAP samples after every pass 

In order to evaluate effectiveness of consolidation process as well as overall influence of the ECAP deformation 
on the microstructure refinement scanning electron microscopy observations were performed by using Hitachi 
SU-70 microscope. Samples for SEM studies were prepared by grinding and polishing of longitudinal cross-
sections of tested materials.  

3. RESULTS AND DISCUSSION 

3.1. Surface quality 

Fig. 1  shows profile surface after extrusion (Fig. 1c ) and ECAP samples (Fig. 1d ) after different number of 
passes. Due to lower shear strain and temperature at the beginning of extrusion process consolidated profile 

a c 

b d 
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in its front section revealed lack of sound bonding between individual chips which can be observed as small 
serrations on a surface (Fig. 1b ). This roughness diminishes with profile length and after ≈35 mm, smooth and 
glossy face of a profile can be observed. In addition, ECAP sample after first pass exhibit small and shallow 
cracks on the sample top edges (Fig. 1d ). As can be observed successive pressing through the ECAP die did 
not enforce any further fractures propagation. Densities of all examine samples exhibit constant value of 2.66 
g/cm3 which indicates lack of critical voids inside material. 

3.2. Microhardness and mechanical properties 

Results of Vickers hardness tests are presented in Fig. 2 . One can observe that profile after extrusion exhibit 
the lowest HV value among all tested materials. By applying only single ECAP pass microhardnes increases 
to ~100 µHV while following second, third and fourth pass gains additional ~10 µHV. Such microhardness 
relation is a direct result of two strengthening mechanism cooperation. Primarily, severe plastic deformation 
during machining leads to refinement of brittle phases while at the same time matrix strengthening due to 
dislocation multiplication occurs. Following processing of the material by hot extrusion, results in activation of 
recovery processes, which in turns trigger off material softening. Further application of ECAP deformation 
restores matrix hardening and continue phase refinement.    

 

Fig. 2 Microhardness evolution during number of ECAP passes for 413.0 

Similar effect can be observed for samples after tensile test. Typical tensile curves have been presented in 
Fig. 3 . Yield stress (YS), Ultimate Tensile Strength (UTS) and strain (ε) were determined from as received 
tensile characteristics. Results in Table 2 represent an average value of YS, UTS and ε, which were 
determined for at least three tensile measurements. One can observe that similarly to microhardness tests 
results, SB material exhibit the lowest strength properties, however plasticity of the material is the highest 
among all tested alloys (Fig. 3, Table 2 ). Significant increase in mechanical properties after first and second 
ECAP pass has been observed (Fig. 3, Table 2 ). Further ECAP deformation induced by third and fourth pass 
did not effect on mechanical properties. Plasticity of the material decreases drastically after just one pass and 
remains at constant level through further ECAP deformation (Fig. 3, Table 2 ). 
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Fig. 3 Typical engineering stress-strain curves for 413.0 samples. 

Table 2 Mechanical properties of 413.0 before and after ECAP process. Every value in the table represents  
   an average value determined from three separate tensile tests 

Sample YS (MPa) UTS (MPa) ε (%) 

SB material 109 218 26 

1 ECAP pass 293 355 9 

2 ECAP passes 314 391 9 

3 ECAP passes 309 383 9 

4 ECAP passes 311 387 8 

3.3. Structure evolution 

Microstructure observations of SB profile alongside with a material after first and fourth ECAP pass has been 
presented in Fig. 4 . Exanimated materials revealed no signs of discontinuities which suggest sound bonding 
of as-extruded profiles. White particles visible on the picture represent Al-Fe-Si phases, while light grey 
corresponds to Si primary crystals. These brittle and hard phases crack during machining and are directly 
responsible for chips breakability [11].   

In addition, thin-foils observations of samples after extrusion and four ECAP passes (Fig. 5 ) revealed 
noticeable differences.  As-extruded material is characterized by clear defined and uniform structure which 
may suggest occurrence of recovery processes during hot extrusion. At the same time sample after ECAP 
posses highly deformed, inhomogeneous microstructure which in general can be attributed to work hardening 
and large distortions imposed during pressing through the die. 

Silicon particle size distribution after extrusion and first and last ECAP passes is shown in Fig. 6 . It can be 
seen that particles size gradually shifts to lower values after each operation. The largest difference in size can 
be observed between SB and first ECAP pass. Distribution after four passes shows only slight decrease in 
overall particles size. The mean size of Si particles after solid bonding were found to be 2.54 µm, while after 
1st and 4th ECAP pass size of particles was 2.00 µm and 1.99 µm respectively. Similar analysis performed for 
Al-Fe-Si particles revealed no significant differences in size. 
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Fig. 4 Microstructure of 413.0 alloy after a) extrusion, b) first and c) fourth ECAP pass 

 
Fig. 5 Thin-foils microstructures prepared from samples after a) extrusion and b) fourth ECAP pass 

 
Fig. 6 Size distribution of Si particles in as-extruded material, after 1st and 4th ECAP pass 
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CONCLUSIONS 

1) Plastic consolidation of 413.0 metal chips at temperature of 450 °C and ram speed of 3 mm/s results in 
material with good solid bonding and surface quality. 

2) One ECAP pass contributed to significant increase in mechanical properties. This can be ascribe to 
deformation of aluminum matrix and brittle phase refinement. However, due to small changes of Si and 
intermetallic phases major part of material strengthening effect can be ascribed to the work hardening 
process. 

3) Further deformation (2-4 ECAP passes) has negligible influence on mechanical properties. 
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Abstract 

This paper deals with influence of microstructure of magnesium alloy AZ91 on its mechanical properties. 
Tensile characteristics and microstructures of cast and extruded state of the alloy, and both of these initial 
states after equal channel angular pressing (ECAP), were compared. It was found that tensile properties are 
not only determined by the grain size but another aspect plays also an important role because the highest 
values of σ0.2 proof stress and tensile strength were achieved for the alloy in extruded state despite its higher 
average grain size compared to both ECAPed states of the alloy. Compared to this, microhardness seems to 
be related only to grain size. 

Keywords: AZ91, microstructure, ECAP, tensile properties 

1. INTRODUCTION 

Magnesium as one of the lightest metallic structural materials is very attractive for those industries where 
weight reduction is demanded, especially in automotive and aerospace. However, mechanical properties of 
these materials in natural state are not sufficient for many applications and possibilities for improving its 
properties by mechanical processing are limited due to inherent features of magnesium’s HCP crystal lattice  
[1, 2]. Despite this fact, improving of mechanical properties of magnesium and its alloys is conducted via 
mechanical processing in different ways. Conventional forging or extrusion is usually sufficient but in some 
special applications more sophisticated and expensive methods for further improvement of properties are 
applied. Different methods of severe plastic deformation (SPD) or combination of mechanical processing and 
heat treatment are usually used [3-6]. 

Tensile strength of magnesium and its alloys is low but can be improved effectively by grain refinement 
achieved just by simple extrusion. Further grain refinement can be obtained by SPD methods, but in this case 
another factors than grain size sometimes come into consideration; therefore the resulting properties are 
strongly dependent on all processing conditions [6-8] and, moreover, alloys prepared this way usually exhibit 
lower thermal stability of their microstructure [9,10]. For this reason all conditions (e.g. initial grain size, 
reproducibility of the method, application temperature) during material processing should be evaluated. 

In this paper, the microstructure and its influence on tensile properties and microhardness of Mg alloy AZ91 in 
as cast state, after extrusion and after equal channel angular pressing (ECAP) of both mentioned states were 
analyzed. 

2. MATERIAL AND EXPERIMENTAL METHODS 

Two different initial states of the AZ91 alloy were used in this work; AZ91 alloy in as-cast state and AZ91E 
after extrusion, with chemical composition given in Table 1 . Billets of material of both these initial states were 
subjected to ECAP process. Billets of as-cast initial state (state 1) were processed by ECAP in Ufa State 
University laboratory, Russia, by six passes through ECAP die (the angle between channels Φ was 120°) at 
temperature 300 °C using route BC (state 3). Billets of extruded initial state (state 2) were prepared by ECAP 
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(exECAP) in the laboratory of Politecnico di Milano, Italy, by four passes through the die (the angle between 
channels Φ was 110°) at temperature 200 °C using route BC as well (state 4). Microstructural analyses of all 
four states of the alloy were performed using light microscope Zeiss Axio Observer Z1.m and scanning electron 
microscope Zeiss Ultra Plus 50. 

Samples for tensile tests were machined from ECAPed billets so their longitudinal axis was identical with the 
extrusion and also ECAP direction. Dimensions of the gauge length of the tensile samples differed due to 
differences in available volume of the billets and were ϕ 6 mm × 30 mm for the alloy in state 1 and 3, ϕ 8 mm 
× 40 mm for the alloy in state 2 and ϕ 5 mm × 25 mm in  state 4. Tensile tests were performed using Zwick 
Z250 testing machine at room temperature with loading speed 2 mm/min. Microhardness HV0.1 was measured 
using Leco LM 247AT microhardness tester. 

Table 1  Chemical composition of raw materials 

Material 
Al 

(wt.%) 
Cu 

(wt.%) 
Fe  

(wt.%) 
Mn 

(wt.%) 
Si 

(wt.%) 
Zn 

(wt.%) 

Other 
(each) 
(wt.%) 

Other 
(total) 
(wt.%) 

Mg 
(wt.%) 

as-cast 
(state 1) 9.043 - 0.003 0.144 - 0.748 - - Balance 

extruded 

(state 2) 
8.70 0.001 0.003 0.20 0.04 0.67 <0.01 <0.03 Balance 

3. RESULTS 

Microstructure observations showed that the material in state 1 had typical appearance of a cast structure with 
really large grains (even larger than 1 mm) with eutectic on the grain boundaries (Fig. 1 ). Microstructure of the 
material in state 2 consisted of equiaxial grains with average grain size of 15.9 μm (Fig. 2a ), Mg17Al12 particles 
aligned along extrusion direction were also present as expected (Fig. 2b ). Microstructures of both processing 
variants exhibited significant grain refinement after ECAP: microstructure of the material in state 3 was bimodal 
with smaller grains in areas rich in Mg17Al12 particles and coarse grains in areas free of those particles, having 
average grain size of 6.1 μm (Fig. 3 ). Microstructure of the material in state 4 was rich in Mg17Al12 particles 
and almost unimodal with average grain size of 1.2 μm retaining just a few larger grains (Fig. 4 ). 

 

Fig. 1  a) Microstructure of the cast material (state 1), b) detail of the eutectic (light microscope) 
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Fig. 2  a) Microstructure of the extruded material (state 2) - transversal plane,  
b) morphology of Mg17Al12 particles - longitudinal plane (light microscope) 

 

Fig. 3  a) Microstructure of the ECAPed material (state 3) - longitudinal plane (light microscope), 
b) Illustration of bimodality of the microstructure - longitudinal plane (secondary electrons) 

 

Fig. 4  a) Microstructure of the exECAPed material (state 4) - longitudinal plane (channeling contrast), 
b) Orientation map of the microstructure - longitudinal plane (inverse pole figure map - ND - EBSD) 
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Based on the results of tensile tests (Fig. 5, Table 2 ) the lowest values of σ0.2 proof stress (87 MPa), ultimate 
tensile strength (168 MPa) and also elongation (3.1 %) were achieved for material in state 1. It was found that 
subsequent ECAP process (state 3) brought significant improvement to mechanical properties (σ0.2 proof 
stress - 160 MPa, ultimate tensile strength - 321 MPa, elongation 15.6 %) as expected.  

Material in state 2 exhibited better mechanical properties even compared to the one in state 3 (σ0.2 proof stress 
- 260 MPa, ultimate tensile strength - 366 MPa, elongation - 15.7 %) despite higher average grain size.  

Mechanical properties of the material in an state 4 were comparable (σ0.2 proof stress - 251 MPa, ultimate 
tensile strength - 359 MPa, elongation - 11.9 %) with the same in extruded state. Nevertheless, it is visible in 
Fig. 5  that stress-strain curves were of a slightly different shape. This behaviour suggests that the material in 
state 4 exhibited different character of strengthening than the extruded one (state 2). 

Contrary to these results, microhardness increased with diminishing grain size (Table 2 ). 

 

Fig. 5  Engineering stress-strain curves of the samples at room temperature 

Table 2  Grain size and room temperature mechanical properties of analysed materials (average values) 

Material 
Average 
grain size 

(μm) 

Proof 
stress σ0.2 

(MPa) 

Ultimate tensile 
strength 
(MPa) 

Elongation 
(%) 

Microhardness 
 (HV0.1) 

as-cast (state 1) >500 87 168 3.1 68 

extruded (state 2) 15.9 260 366 15.7 74 

ECAPed (state 3) 6.1 160 321 15.6 80 

exECAPed (state 4) 1.2 251 359 11.9 101 

4. DISCUSSION 

Tensile properties of the analysed materials are not dependent entirely on the average grain size. Whereas 
there is significant improvement of mechanical properties resulting from ECAP processing of the material in 
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as-cast state (state 3), the quantitative change of mechanical properties after ECAP of the material in extruded 
state (state 4) is rather insignificant, although grain refinement during ECAP is considerable in both cases. 
Also the mechanical properties of the material in as extruded state (state 2) are better compared to the material 
in ECAPed state (state 3 and 4) despite having higher average grain size. This behaviour was already 
discovered for magnesium alloys prepared under similar conditions: according to literature data this effect is 
probably caused by texture modification exhibited during ECAP, which counteracts the influence of grain size 
refinement [4-8]. The bimodality of the material in ECAPed state could also play an important role. 

Tensile properties of the material in exECAPed state (state 4) were comparable, or rather slightly lower, than 
that of the material in extruded state (state 2); but it can be clearly seen that the character of strengthening 
during plastic deformation differs. This is probably caused by high amount of small Mg17Al12 particles in the 
microstructure of the material in exECAPed state. 

The correlation between microhardness and average grain size is much stronger than between tensile 
properties and grain size, which also corresponds with experiments performed on similar alloys [5, 7]. 

It is worth noting that according to the mentioned experiments [5, 7, 8] tensile properties improve until some 
particular number of ECAP passes after which they start to decrease. Without further experiments it is not 
certain if the analysed material after six passes for the ECAPed state (state 3) and four passes for the 
exECAPed state (state 4) is already beyond that limit or there will be some improvement with further ECAP 
passes. 

Although no further improvement of mechanical properties by ECAP processing of extruded material was 
achieved it can be assumed according to Ying et al. [6] that mechanical properties could be improved by 
additional heat or thermo-mechanical treatment. 

5. CONCLUSION 

• Microstructure and its influence on tensile properties of magnesium alloys after different processing 
conditions were examined. 

• The best σ0.2 proof stress and ultimate tensile strength was achieved with extruded alloy (state 2) having 
average grain size 15.9 μm. 

• Both examined ECAPed alloys (of different initial states) (state 3 and 4) exhibited smaller average grain 
size than simply extruded material (state 2) (6.1 μm for material in ECAPed state, 1.2 μm for material in 
exECAPed state and 15.9 μm for material in just extruded state). Nevertheless, their tensile properties 
were lower probably due to texture modification during ECAP and microstructural features such as 
bimodality in grain size distribution. 

• Microhardness increased with decreasing average grain size up to 100 HV for material in exECAPed 
state (state 4).  
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Abstract  

Twin-roll casting is a technique which allows production of high quality thin magnesium alloys strips with 
enhanced microstructure. However, further treatment using severe plastic deformation or annealing is required 
to improve mechanical properties of strips. Equal channel angular pressing is a very effective tool for grain 
refinement. In the present study the effect of annealing on the microstructure of twin-roll cast AZ31 magnesium 
alloy strip after equal channel angular pressing was studied. A significant grain refinement occurs already after 
two passes in both as-cast and aged alloys. Light and scanning electron microscopy were used for 
microstructure observations. The evolution of mechanical properties was investigated using Vickers 
microhardness measurements. The increase of microhardness with increasing number of ECAP passes was 
observed.  

Keywords: Magnesium alloy, twin-roll casting, ECAP 

1. INTRODUCTION 

Development of new casting and deformation techniques and its application to light structural materials, such 
as magnesium alloys, is now under a huge interest. Moreover, sheet production of magnesium alloys is 
hindered because the formability of magnesium at room temperature (RT) is limited. Since rolling forms strong 
basal texture in magnesium sheet with the c-axis parallel to the normal direction [1], the activation of non-basal 
slip systems is restricted. Thus, due to the limited number of slip systems, elevated temperatures are required 

for activation of non-basal slip systems, such as prismatic { } >< 02110110  or pyramidal { } >< 02111110  

and { } >< 32112211 .   

One of the casting technologies successfully applied on magnesium alloys is twin-roll casting (TRC). It allows 
production of magnesium alloy strips of the 4-6 mm thickness with high solid solution supersaturation and 
relatively large grains [2]. This process incorporates casting and hot rolling into one step and, therefore, is 
assumed to be more efficient. Such strips can be easily used for a further processing by heat treatment or 
severe plastic deformation (SPD). The latter allows preparation of materials with decreased grain size and 
improved mechanical properties. Fabrication of ultrafine grained (UFG) materials with the grain size of about 
1 µm and less improves the strength of the material at low temperatures through the Hall-Petch relation [3, 4]. 
The refinement of the microstructure has a significant impact on essential properties of magnesium sheets, 
such as strength, ductility and corrosion resistance [5, 6]. Due to a bigger total grain boundary fraction and, 
thus, higher impedance to the dislocation motion, UFG magnesium alloys can in some cases exhibit 
superplasticity [7, 8]. It was also shown by Kubota et al. [9] that the intergranular fracture occurs in magnesium 
alloys with relatively large grain size. On the other hand, Mohri et al. reported [10] the limitations faced in alloys 
with the small grain size. Thus, the decreasing of the grain size can change the fracture mechanism and 
mechanical behavior of magnesium alloys. 
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Recently, a variety of SPD technologies was developed. Among them equal channel angular pressing (ECAP) 
[11], high pressure torsion (HPT) [12] and accumulative roll-bonding (ARB) [13] are the most commonly used 
for the lightweight alloys. ECAP has been successfully used on different magnesium alloys [14]. Several 
studies have dealt with the continuous ECAP which can be applied on metal sheets [15]. Thus, the combination 
of TRC and ECAP appears to be an effective approach for the grain refinement of magnesium sheets.  

This paper examines the microstructure, grain size and texture of the 5.6 mm thick TRC AZ31 magnesium 
strip after one, two, four and eight ECAP passes. The influence of a heat treatment before the ECAP process 
on final microstructure is considered. The relation between Vickers microhardness and the number of ECAP 
passes is studied. Microstructure observations and orientation maps were obtained using electron back scatter 
diffraction (EBSD). 

2.  EXPERIMENT 

Twin-roll cast AZ31 magnesium alloy with chemical composition listed in Table 1 was used for further ECAP 
processing. Temperature of the melt before TRC was 650 °C and casting rate was 1.8 m / min. Samples with 
dimensions 4.9 x 4.9 x 40 mm3 were cut from the TRC strip with the longer side parallel to the transverse 
direction (TD) of the strip. Two sets of samples were used for the ECAP processing: 1st - as-cast and 2nd - 
aged at 450 °C for 10 h in an air furnace and then quenched. The samples were deformed at 230 °C with 
processing speed of 7 mm / min. The angle of intersection between the two channels was 90° and the route 
Bc was chosen for the deformation. For the microstructural and texture studies specimens were grinded and 
finally polished using ion mill. EBSD experiments were performed using FEI Quanta FEG scanning electron 
microscope. Orientation maps were measured by scanning an area 150x150 µm2 with a step of 0.2 µm. Vickers 
microhardness (HV0.1) values were also examined on ECAP samples and compared with the initial state. 

Table 1 Chemical composition of TRC AZ31 magnesium alloy (wt. %) 

Al Zn Mn Ca Cu Fe Mg 

3.45 0.98 0.28 0.002 0.002 0.004 balance 

3.  RESULTS AND DISCUSSION 

Fig. 1  shows micrographs of a twin-roll cast AZ31 magnesium strip in the as-cast and annealed states. Aging 
at 450 °C for 10 h leads to recrystallization and a significant decrease in the grain size from 150 to 50 µm. This 
decrease can be explained by the dissolution of secondary phase particles arranged into a dendritic structure 
is observed after the aging. This effect was shown earlier by Humphreys [16]. 

 
Fig. 1 Microstructure of (a) as-cast and (b) annealed (at 450 °C for 10 h) TRC AZ31 magnesium alloy strip 
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ECAP processing of the AZ31 magnesium alloy specimen cut from the TRC strip with the TD parallel to the 
pressing axis at 230 °C was made. One ECAP pass on the as-cast material leads to the formation of a bimodal 

microstructure which is in agreement with earlier studies [17]. Fig. 2a  shows that finer grains of the size of 
about few microns are formed on the boundaries of large elongated grains. The average diameter of larger 
grains is about 100 µm. Although the material aged at 450 °C for 10 h before ECAP also exhibit the bimodal 
structure after one pass (Fig. 3a ), smaller grains are larger (5 µm) than those observed in the as-cast material. 
However, grains orientation does not differ in the as-cast and aged alloy and a majority of grains regardless 
the size has c-axes parallel to the TD. 

 
Fig. 2 Orientation maps and pole figures of as-cast TRC AZ31 magnesium alloy strip after  

a) one, b) two, c) four and d) eight ECAP passes 

After the second ECAP pass the grain refinement in both materials is observed. However, the bimodal 
microstructure is still more pronounced in the as-cast material (Fig. 2b ), while more homogeneous distribution 
of the grain size is present in the aged specimen (Fig. 3b ). The microstructure comprises larger grains of 50 
µm and finer ones of 4 and 8 µm in as-cast and aged materials, respectively. The rotation of the specimen due 
to the chosen route Bc results in the 90° tilt of the texture around the normal direction (ND) in both samples.  

After four ECAP passes balancing of the microstructure occurs in both samples accompanied by the grain 
refinement (Figs. 2c  and 3c). In the as-cast alloy grains of less than 1 µm are formed. Their c-axes lie in 
(RD, TD) plane and they are rotated 45° with respect to RD. On the other hand, coarser grains of the size of 
around 3 µm are observed in aged specimen. Figs. 2d  and 3d show that further ECAP processing does not 
significantly alter the microstructure and texture of the TRC AZ31 magnesium alloy. 

According to the Hall-Petch relation between the grain size and strength (Equation 1), where σγ is a yield 
stress, d - average grain diameter, kγ and σ0 - empirical constants, grain refinement will result in the 
improvement of mechanical properties. 

2/1
0

−⋅+= dkγγ σσ   (1)  
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The microhardness observations presented in Fig. 4  indicate the increase of the strength in the as-cast and 
heat treated alloy after ECAP. When compared to the initial values microhardness increases by 25 % after 
already the first pass and by almost 35 % after eight ECAP passes in both materials. However, microhardness 
values are higher for the as-cast TRC strip during the entire processing and achieve 90 MPa after eight passes.    

 
Fig. 3 Orientation maps and pole figures of TRC AZ31 magnesium alloy strip aged at 450 °C for 10 h after  

a) one, b) two, c) four and d) eight ECAP passes 
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Fig. 4 Vickers microhardness (HV0.1) of the as-cast and aged at 450 °C for 10 h TRC AZ31 magnesium 

alloy after one, two, four and eight ECAP passes 

4. CONCLUSION 

TRC AZ31 magnesium alloy strip was processed by ECAP at 230 °C. TD of the strip was parallel to the 
deformation axis. The effect of pre-annealing at 450 °C for 10 h before ECAP on the microstructure and texture 
was considered. Bimodal microstructure was observed in both the as-cast and the aged materials after one 
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and two passes. However, after two passes it is more pronounced in as-cast alloy. Vanishing of such a 
microstructure occurs after four ECAP passes followed by a significant grain refinement. Grains formed after 
eight passes are significantly finer in the as-cast material than in the annealed one. The EBSD studies showed 
a consistent rotation and strengthening of the texture during SPD in both materials. Microhardness increases 
with increasing number of ECAP passes and is higher for the as-cast AZ31 magnesium alloy.  
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Abstract   

In this year at our workplace (the Department of Engineering Technology - Technical University of Liberec) we 
were engaged in metallurgical research on copper and its alloys, especially crystallization. This research was 
never widely performed in the Czech Republic (even in times of Czechoslovakia) it was due to the demanding 
technologies of copper alloy castings and also because the melting of alloys must be provided with the 
necessary melting facilities. This paper contains a description of the crystallization of copper alloys and their 
equilibrium diagrams, experimental casting of selected copper alloys, melt metallurgical preparation and 
metallographic evaluation of the structure of castings. 

Keywords: Copper alloys, brass, crystallization, solidification, structure 

1. INTRODUCTION   

Currently, copper alloy castings are increasingly applied in various industrial branches. Their production is 
relatively expensive and technically difficult. Their utilization is associated with high thermal conductivity and 
corrosion resistance. This issue has been addressed in publications [1-5]. For the foundry industry are used 
both known groups of copper alloys - bronzes and brasses. Bronzes are used for manufacturing of highly 
stressed components e.g. wreaths gears, worm gears, the housing, saddles of pumps, valves for high 
pressure. Brasses are used for the production of gear wheels, special nuts, bearing housings, parts of pumps, 
valves, and they have a good resistance to seawater. Currently electric conductive copper begins exceptionally 
be used for the manufacture of special, very small castings. Therefore, copper and its alloys retain long historic 
role since the time of Eneolith (about 7000 years BC) to the present. 

2. CRYSTALLIZATION OF COPPER ALLOYS WITH EQUILIBRIU M DIAGRAMS 

Crystallization of copper alloys depends on the thermodynamic conditions of phase transition. The copper 
alloys melt becomes the crystalline phase occur if the thermodynamic conditions, i.e. the Gibbs energy 
decreases. This assumes that the crystallization occurs at constant temperature and constant pressure. 
Another condition for crystal formation is hypothermia of the melt. This is going on at castings due to thermal 
accumulation ability of foundry mould. The crystallization process is also practically governed by method of 
heat removal from the melt. The crystallization nuclei are the driving force of crystallization. At non-
homogenous melts form upon crystallization nuclei during heterogeneous nucleation. In practice occurs this 
type of nuclei formation. The melt always contains foreign particles, whether these residues of slag, fragments 
of furnace linings, oxides, silicates, but also sometimes intentionally added inoculants and modifiers. These 
particles facilitate to crystallization, because at heterogeneous nucleation is sufficient undercooling 0.02 TKR 
[6, 7]. The basis for the crystallization of copper alloys or for brass is an equilibrium diagram Cu - Zn, see 
Fig. 1a , and for crystallization of tin bronzes diagram Cu - Sn, see Fig. 1b . Bronze structure Cu-12Sn after 
crystallization and cooling is conditioned by low value of the partition coefficient Sn in Cu, this leads to 

considerable tin microsegregation and in the structure at normal temperature occurs δ phase also in alloys 
with substantially lower tin content than corresponds to its maximum solubility (15.8 wt.% Sn), see Fig. 1b . 
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Crystallization of multicomponent copper alloys, e.g. brass Cu-31Zn-1Mn-1Al is very complicated. These 
systems are characterized by a series of intermediate phases and chemical compounds [6 to 13]. 

  
                                     a)                                                                                     b) 

Fig. 1 The equilibrium diagram a) Cu - Zn; b) Cu - Sn [13] 

For brass alloys containing 30 wt. % of zinc proceeds crystallization according to the following scheme: 

)(
915950

)%30( Cu
Ctill

ZnL α → °                                                                                                    (1) 

In the Cu-30Zn alloy is α phase rich on copper, which crystallized with the FCC lattice of dimensions  
3.608·10-10 m. It is a typical solid solution of substitution type where parts of the copper atoms are replaced by 
atoms of zinc.  

Bronze with a tin content of 12 wt. % is located in the equilibrium diagram. Here are formed four temperature 
areas of transformation (1000 °C, 799 °C and 586 °C, 520 °C, 350 °C) and runs to form a biphasic structure. 
Crystallization of this bronze proceeds in two stages. The first stage takes place in temperature range 1000 to 
799 °C: 

)()(
7991000

)%12( qapb
C

Sn LL −−
°− + → α                                                                                           (2) 

Note: a, b, d, p, q there are imaginary points corresponding to places in equilibrium diagram according to the 
specific crystallization.    

The solid solution α is a substitution solid solution of tin in copper. It has a face-centered cubic lattice. The 
second stage takes place at temperature 799 ° C: 

residualL pk
C

pq )()(
799

)()( αβα + →+ °                                                                                      (3) 

Note: This reaction proceeds in non-equilibrium conditions. 

In further cooling down at temperature 586 °C is going on eutectoid disintegration of  β phase: 

γαβ + → °C
d

586
)(                                                                                                                 

(4) 

Note: In brackets is α phase composition. 
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High temperature intermetallic phase β is an electron compound Cu5Sn, which has a body centred cubic lattice 

and electron concentration of 3:2. Another high-temperature intermetallic phase γ is the electron compounds 
Cu31Sn8. Cu31Sn8 has a body centred cubic lattice and electron concentration 21:13. After the end of eutectoid 

disintegration consists the alloy structure of a solid solution α, the mixture of phases (α + γ).  

3. EXPERIMENTAL CASTING OF SELECTED COPPER ALLOYS 

The aim of this paper was to evaluate the crystalline structure of castings, cast into a metal and into a sand 
mould. At the same time it was worked with the assumption that the metal mould had a great heat accumulation 
ability causing smaller crystalline structure than castings cast into a sand mould. It was also monitored 
microstructure and hardness of the castings. Used alloys are listed in Table 1 . Conductive copper was used 
from a purely experimental aspect for comparing the results of crystallization. Table 1  shows the chemical 
composition of the materials, which was monitored at analyzer BRUKER Q4 TASMAN. 

Table 1 Detected chemical composition of copper alloy cast plates 

 
Alloy 

Chemical composition (wt. %) 

Zn Sn Al Si Mn Ni Pb Cu Others 

Cu-30Zn 31.00 0.59 0.650 0.042 0.64 0.18 0.47 66.30 0.128 

Conductive copper 0.006 0.29 0.005 0.180 0.002 0.06 0.01 99.35 0.095 
Cu-12Sn 0.021 12.61 0.005 0.017 0.002 0.16 0.15 86.87 0.309 

Cu-31Zn-1Mn-1Al 39.58 0.77 1.16 0.17 1.15 0.25 0.74 55.86 0.320 

Copper smelting and smelting of the selected alloys (see Table 1 ) was carried out in an electric resistance 
melting furnace type 11016S from CLASIC company. The whole experimental material was melted in a 
graphite crucible by using a small amount of charcoal. For casting test was used a metal mould whose cavity 
is plate-shaped with dimensions 80 x 80 x 10 mm see Fig. 2 .  

Used alloys were after melting process metallurgic treated and gradually poured from a purely research 
purposes into the mould at 20 °C. The face of the mould was treated with paint DICOM 5 of the thickness of 
0.2 mm. Used sand mould was prepared from bentonite mixture at our department. Casting temperature for 
all used alloys was 50 °C above the liquid temperature of the specific alloy. Filling time for all used moulds was 
3 seconds. In this way were castings produced from all used copper alloys. By the experiments into the metal 
mould was cooling rate 40 °C/s. By the experiments into the sand mould was cooling rate 5 °C/s. Hardness 
measurement was conducted pursuant to Brinell according to standard ČSN EN ISO 6506-1. The hardness 
values of the copper alloy castings are listed in Table 2. 

Table 2 The measured hardness values HBS (∅ 5mm; F = 2450 N) 

Alkou 

Measuring points Sample 
average 
hardness 

HBS 

The 
standard 

deviation of 
hardness 

HBS 

Coefficient of 
variation [%] 

1 2 3 4 5 6 7 

Poured into the metal mould preheated to 200 ° C 

Cu-30Zn 51 52 54 53 52 54 52 52.6 1.05 1.99 

Conductive Cu 46 48 49 47 48 48 47 47.6 0.90 1.89 

Cu-12Sn 131 131 130 132 128 129 128 129.9 1.46 1.15 

Cu-31Zn-1Mn-1Al 170 173 171 171 171 172 172 171.4 0.91 0.53 

Poured into the sand mould 

Cu-12Sn 128 129 127 130 127 127 126 127.7 1.28 1.00 

Cu-31Zn-1Mn-1Al 165 168 166 168 165 166 168 166.6 1.29 0.77 
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Fig. 2 The metal mould used for gravity die casting with Cu-30Zn alloy sample 

4. METALLOGRAPHIC STRUCTURE EVALUATION OF THE CASTI NGS 

Metallographic evaluation of the copper structure was performed on the light microscope Neophot 21 (Carl 
Zeiss Jena). For metallographic observation were samples prepared by standard metallographic method 
(grinding, polishing and etching). To emphasize the microstructure were used in some cases two types of 
etchants. Samples were observed at various magnifications. During the metallographic evaluation of the 
copper alloys structures were applied knowledge of [8, 10-13]. Composition of the etchant: 2 g potassium 
dichromate, 8 ml sulfuric acid, 4 ml saturated NaCl solution and 100 ml distilled water. Figs. 3  to 6 show the 
structures of copper alloys filled into the metal mould. Due to that for casting production were frequently used 
Cu-12Sn and Cu-31Zn-1Mn-1Al alloys, therefore was monitored their crystalline structure after casting into the 
sand moulds, see Figs. 7, 8  and Fig. 9 . 

   

 

Fig. 3 Structure of Cu-30Zn alloy, poured into the metal mould, etched 
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Fig. 4 Structure of the conductive copper, poured into the metal mould, etched 

   

   

Fig. 5 Structure of Cu-31Zn-1Mn-1Al alloy poured into the metal mould, etched 
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Fig. 6 Structure of Cu-12Sn copper alloys, poured into the metal mould, etched 

      

Fig. 7 Structure of Cu-12Sn copper alloys, poured into the sand mould, etched 

 

Fig. 8 Structure of the Cu-12Sn alloy, poured into the sand mould, etched 

    
Fig. 9 Structure of the Cu-31Zn-1Mn-1Al alloy, poured into the sand mould, etched 
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Cu-30Zn  - after casting into metal moulds (Fig. 3 ) had a brass structure formed by equiaxed dendrites. 
Equiaxed dendrites which crystallize in the final stage of crystallization were formed by a solid solution which 
was enriched with zinc (dark places) in the structure of the brass. The crystalline structure of the dendrites had 
a length from 45 to 230 μm.  

Conductive copper  - after casting into the metal moulds were in the structure areas with the contents of 
oxides. Copper crystals are shown in Fig. 4 . The crystals had a typical dissected shape and reach a length 
from 20 to 120 μm. The width of the dendrites reached up to 30 μm. For a better view we would for further 
experiments have to electrolytically polished samples.  

Cu-12Sn  - after casting into the metal mould ran complicated crystallization even cooling of this bronze, 

according to the equilibrium diagram Cu - Sn. The resulting structure was composed of a α solid solution and 

of (α+δ). Phase (α+δ) is shown in Fig. 5.  

Cu-12Sn  - after casting into a sand mould ran complicated crystallization and by slow cooling of bronze arised 

a dendritic structure. Eutectoid (α + δ)  was excluded between the grains of solid solution α (see Figs. 7 and 
8). The basis of the eutectoid was the phase δ (Cu41Sn11). Structural components formed a solid solution α 

and eutectoid mixture α + δ. The dark areas in the structure in Fig. 8  of bronze form the α phase. Bright areas 
form eutectoid see Fig. 8.  

Cu-31Zn-1Mn-1Al - after casting into metal moulds crystallized brass in the shape of fine elongate grains (see 

Fig. 6 ) formed by a mixture of solid solution α rich in copper (light grains) and β solid solution rich on zinc (dark 

areas).  

Cu-31Zn-1Mn-1l  - after casting into a sand mould crystallized this multi-component brass in shaped coarse 

elongated grains (see Fig. 9 ), consisting of a mixture of solid solution α rich on copper (light grains) and further 

consisting in solid solution β rich on zinc (dark areas). When comparing the crystallization Cu-31Zn-1Mn-1Al 
in the sand and in the metal mould than crystal size when casting into a sand mould were elongated with a 

maximum length of 162 µm and width of 50 µm. The size of the crystals during die casting was finer and 

crystals reached a maximum length of 70 µm and maximum width of 12 µm. 

5. CONCLUSION 

Crystallization, solidification and cooling of copper alloys cast is related to the character of foundry moulds and 
the heat dissipation from the solidifying casting. Crystallization of the tin bronzes is influenced by the cooling 
rate. During solidification of bronzes arrive the crystallization in a narrow temperature range.  In the process 
of cooling they exhibit substantial volumetric and also linear shrinkage. The crystalline structure of tin bronze 

was formed by solid solution α and by eutectoid which is a mixture α + δ (Cu41Sn11). When we compare the 
crystallization of the corresponding alloy casted into a sand mould and into the metal mould it was obvious that 
the metal mould have a higher accumulative capability than sand mould. In the metal moulds were constituted 
a more favorable thermal ratio and then crystallization for the given alloy was more fine. When we compare 
the crystallization Cu-31Zn-1Mn-1Al in the sand and in the metal mould than crystal size when casting into a 

sand mould were elongated with a maximum length of 162 µm and width of 50 µm. The size of the crystals 

during die casting was finer and dendrites reached a maximum length of 70 µm and maximum width of 12 µm. 
The Cu-30Zn crystalline structure of the dendrites had a length from 45 to 230 μm (casted into metal mould). 
The crystals of conductive copper have had a typical dissected shape and reached a length from 20 to 120 
μm (casted into metal mould). The width of this dendrites reached up to 30 μm (casted into metal mould). 
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Abstract 

Cu60Zr30Ti10 (at.%) metallic glass was prepared in two forms: as a rod of diameter 3 mm and length of 26 mm 
and as a thin ribbon wide 5 mm and thick 35 μm. Chemical composition of the alloys was as certain by 
Scanning Electron Microscopy (SEM) coupled with EDX analysis. Phase composition was evaluated by X-ray 
diffraction (laboratory and high-energy XRD at synchrotron). Thermal stability of rod and ribbon samples was 
investigated by Differential Scanning Calorimetry (DSC), where thermal characteristics such as glass transition 
temperature, crystallization temperature and subsequent supercooled liquid region were compared for the two 
materials. Based on performed in-situ high temperature X-ray diffraction experiment we were able to determine 
changes in phases composition of the Cu60Zr30Ti10 amorphous alloys upon an annealing. 

Keywords: Bulk metallic glasses (BMG), Cu60Zr30Ti10, suction casting, melt spinning, thermal stability 

1. INTRODUCTION     

Metallic glasses have an interesting combination of properties (high hardness and strength values, excellent 
corrosion resistance, large elongation limit, good combination of magnetic properties, etc.) which make them 
attractive for engineering and high-tech applications. Among metallic glasses, there is a group of non-
crystalline solids  called Bulk Metallic Glasses (BMG), which can be obtained by continuous cooling from the 
liquid state with section thickness of at least 1 mm (nowadays there is a tendency among researchers to 
designate a glass as BMG with the requirement of the minimum diameter value to be 10 mm) [1]. To form a 
BMG, an alloy must fulfill 3 empirical rules formulated by Inoue [2]. Several exceptions to these empirical rules 
have been noted and one of these exceptions is connected to the ternary system of Cu-Zr-Ti. Cu - based 
glassy alloys have been synthesized in recent years in various forms (ribbons, bulk rods) and maximum 
diameter of the Cu-based BMG alloys was reported to be 12 mm in Cu42Zr42Ag8Al8 alloy [3 - 5]. Great ductility, 
which is uncommon for the vast majority of metallic glasses, predetermines Cu-based glasses for applications 
where deformation can be converted into measurable units such as fluid flow rate or electric signals and in this 
way they can be applied for different kinds of construction materials or sensors [6]. Cu-based systems (Cu-Zr-
Ti, Cu-Hf-Ti, Cu-Zr-Ti-Hf) can be produced in a fully glassy state with a critical thickness of 4 mm. They can 
be used for structural applications. They have excellent mechanical properties with a tensile strength of about 
2100 MPa, compressive plastic strain of 0.8 - 1.7 %, compressive fracture strength of 2200 MPa (Cu-Zr-Al) 
and a plastic strain of 0.2 % [7]. Das et al. [8] has reported work - hardenable ductile bulk metallic glass of the 
composition of Cu47,5Zr47,5Al5, which exhibits high strength of up to 2265 MPa together with extensive work 
hardening and a large ductility of 18 % measured by uniaxial compression tests. This remarkable ductility is 
attributed to special microstructural features at the atomic scale, which enable easy and homogeneous 
nucleation of the shear bands and continuous multiplication during deformation [8]. Ternary system of the 
composition of Cu60Zr30Ti10 (at.%) belongs to the family of Cu - based bulk glassy alloys formed by Inoue et al. 
and is one of the exceptions to the Inoue empirical rules for high glass-forming ability (nanocrystalline 
microstructure of the BMG). This bulk metallic glass exhibits a large compressive plastic strain of 1.6 % with a 
high tensile and compressive strength of 2000 MPa. The supercooled liquid region was reported to be 37 °C. 
Since the reduced glass transition temperature (Trg=Tg/TL, where Tg is the glass transition temperature and TL 
is the liquid temperature) is relatively high (it was reported to be 0.62), good glass forming ability is expected. 
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Nanocrystalline microstructures with a size of 3 ÷ 5 nm were always observed from the as-quenched state. 
Park et al. [13] reported single phase amorphous state of the Cu60Zr30Ti10 ribbon. These observations suggest 
that the crystallization occurs when cooling rate is not fast enough to suppress the crystallization and relatively 
high plastic strain observed from the as-cast bulk Cu-Zr-Ti alloy is probably due to in-situ formed nanocrystals 
[9 - 14]. 

The main aim of this paper is to present the results of our own work on the ternary alloy of the composition of 
Cu60Zr30Ti10 at.%. Equipment of the Laboratory of Progressive Alloys of Materials and the Laboratory of 
Thermal Analysis of Institute of Materials Research allowed us to pass through the entire process - from the 
preparation of the material to the characterization with focus on thermal stability of the melt-spun ribbon and 
as-quenched rod. 

2. EXPERIMENTAL PROCEDURE 

Cu60Zr30Ti10 alloy was prepared by arc-melting of the pure elements under a zirconium - gettered argon 
atmosphere. The alloys were remelted several times due to homogeneity (problem of evaporation was 
neglected because of low vapour pressure of the elements) and finally cylindrical rods of the diameter of 3 mm 
and the length of 26 mm were prepared in suction casting facility attached to the arc melter. There were several 
efforts until the rod was quenched because of choosing the appropriate suction parameters like temperature 
of the water - cooled copper crucible, argon overpressure and optimal weight of the sample. The amorphous 
ribbon of the thickness of 35 μm was prepared by melt-spinning technique under an argon atmosphere. 
Chemical composition of both samples was verified by SEM coupled with EDX microanalyser and the 
quantitative analysis proved good agreement with specified composition. The amorphous nature of the 
specimens was verified by X-Ray diffraction using Philips X´Pert Pro diffractometer with Cu Kα radiation. In 
order to investigate phase composition of the material upon an annealing, in-situ hard XRD measurement was 
carried out in transmission (Debye-Scherrer) geometry at the BW5 wiggler beam line [15]. Monochromatic 
synchrotron radiation of the energy of 100 keV (λ = 0.0124 nm) was used. The beam of photons illuminating 
sample had cross-section of 0.5 x 0.5 mm, diffracted X-rays were recorded by a 2D image plate detector Perkin 
Elmer XRD 1621 (2048 pixels x 2048 pixels, size of a pixel: 200 μm x 200 μm). In this experiment the 
Cu60Zr30Ti10 amorphous ribbon was cut into small pieces and put into a quartz capillary of the inner diameter 
of 0.8 mm. The capillary was mounted into a Linkam THMS600 resistive heater furnace with a maximal 
operating temperature of 600 °C. The temperature in the samples vicinity was measured by a thermocouple. 
The samples were heated up from the room temperature up to their crystallization point at a heating rate of 10 
°C/min. After reaching the required temperature, the glasses were illuminated by the X-ray beam for 20 s and 
2D XRD patterns were recorded by the detector. Additionally, a time of about 15 s was needed for data transfer 
from the detector to a computer to relax the detector and to stabilize the temperature. The XRD intensity was 
radially integrated to 2Θ by using the Fit2D software. From the diffraction patterns we identified phases using 
the CMPR [16] toolkit. Thermal stability and characteristic temperatures were examined also by differential 
scanning calorimetry (Perkin Elmer DSC 8500) at a heating rate of 10 °C/min in an argon atmosphere. The 
compositional analysis was performed by energy - dispersive X-ray spectroscopy analysis installed in a field 
emission scanning electron microscope (Jeol JSM - 7000 F). Mechanical (compressive) tests have been 
realized on cylindrical specimen of the diameter of 3 mm and the length of 6 mm at room temperature using 
200 kN Zwick - Extensometer. 

3. RESULTS  

The X-ray diffraction patterns of the rod (a) as well as the ribbon (b) exhibit broad diffraction maxima (see 
Fig. 1 ) - characteristic feature for the glassy structures. XRD measurements indicate that the Cu60Zr30Ti10 alloy 
can be quenched as a single amorphous phase material with the diameter of 3 mm and more.  
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Fig. 1 X-Ray diffraction pattern obtained from the rod (a) and the ribbon (b) samples. Measurements were 
carried out on diffractometer Philips X´Pert Pro with Cu-K radiation, position sensitive detector and the scan 

step of size 0.03342 degree 

 

Fig. 2  DSC curves normalised to sample weight for the as-cast rod (red) and the as-spun ribbon (blue) 
measured at the heat rate of 10 K/min show clear endothermic glass transition and exothermic crystallization 

peaks 

Fig. 2 shows DSC curves of the as-cast rod and from the melt-spun ribbon obtained upon continuous heating 
with a rate of 10 °C/min, all performed in an argon protective atmosphere. Both the curves exhibit a distinct 
glass transition, followed by a supercooled liquid region and strong exothermic reactions caused by 
crystallizations. The values of glass transition temperatures and crystallization temperatures slightly differ as 
can be seen on Fig. 2 and in the Table 1. Supercooled liquid region increased from the value of 32 °C for as-
cast rod to the value of 36 °C for as-spun ribbon.  

Table 1 Values of significant temperatures of the Cu60Zr30Ti10 ribbon and the rod obtained from DSC curves  
             at a heating rate of 10 °C/min in an argon atmosphere 

sample Tg [°C] 
Tx1 onset 

[°C] 
Tx1 
[°C] 

Enthalpy 

[J/g] 

Tx2 
[°C] 

Enthalpy 

[J/g] 

Tx3 
[°C] 

Enthalpy 

[J/g] 

ΔTx=Tx-
Tg [°C] 

ribbon 443 479 489 17.79 535 31.89 690 3.79 36 

rod 435 467 481 10.49 530 13.81 645 3.76 32 

rod 

rod  
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The ribbon seems to be more glassy than the rod because of higher value of the magnitude of heat produced 
by the exothermic transformations - it is known that sample having a higher value of the magnitude of heat has 
more volume fraction of the amorphous phase. Uneven widths of the supercooled liquid regions and different 
values of the significant temperatures are presumably features of un-identical glassy structure after casting / 
spinning of the rod and the ribbon. The observed differences indicate that structure of rods contains some 
amount of nanocrystals (not detected by the XRD) acting as nucleation centers facilitating crystallization of this 
alloy. This assumption need to by verified by transmission electron microscopy or by the other similar 
unambiguous technique. 

 

Fig. 3  XRD patterns of the ribbon with phase evolution for various temperatures: in the glassy state, after 1st 
and after 2nd crystallization 

Fig. 3  shows XRD patterns taken from the ribbon samples at different temperatures. In the picture we can see 
4 distinct curves belonging to 4 various temperatures - temperature at which the ribbon is still in the glassy 
state followed by 3 temperatures after 1st and 2nd crystallization peaks. At the temperature of 150 °C, the ribbon 
is preserving the glassy structure manifested by the broad and diffuse peaks. Once the temperature increases 
and reaches the value of 514 °C, we can see distinct change of its character. We identified products of the 
glassy phase transformation as hexagonal Cu1.35Zr0.825Ti0.825 and two face centered cubic phases having 
significantly different lattice parameters - Cu0.92Ti0.08 and a new - CuZr phases. As the temperature continuous 
to increase, above the second crystallization peak 553 °C, hexagonal Cu1.35Zr0.825Ti0.825 phase begins to disolve 
and transforms into the two fcc phases - Cu0.92Ti0.08 and a new - CuZr phase which space groups and lattice 
parameters of all the identified phases are listed in Table 2 .  

Table 2 Lattice parameters of the identified phases in Cu60Zr30Ti10 at.% ribbon  

Formula Space Group a [nm] c [nm] Reference 

Cu1.35Zr0.825Ti0.825 P63/mmc (194) 0.51775 0.83673 [18] 

Cu0.92Ti0.08 Fm-3m (225) 0.508 - [19] 

CuZr Fm-3m (225) 0.365 - - 

The room temperature compressive stress-strain curve obtained from rod of nominal composition of 
Cu60Zr30Ti10 at. % is shown in Fig. 4 . The rod exhibits an elastic regime of 7.5 % before yielding, which occurs 

0.1 0.2 0.3 0.4 0.5 0.6  0.7  0.8  
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at about 1640 MPa stress. After yielding the stress increases with increasing strain up to the fracture, which 
takes place at 1790 MPa stress and a strain of 8.4 %. This results in a plastic strain of 0.9 %. 

 

Fig. 4  Room temperature compressive stress - strain curve for the rod of nominal composition 
of Cu60Zr30Ti10 with aspect ratio of 2 (6 mm length and 3 mm diameter) prepared from the cast rod 

4. CONCLUSION 

In this work thermal stability, phase analysis and compression characteristics of BMG Cu60Zr30Ti10 (at.%) were 
examined. Thermal parameters of the rod and the ribbon were evaluated and compared. Characteristic 
temperatures differ manifesting unequal glassy structure of the samples. Phase evolution of the ribbon was 
described in relation to distinct temperatures at which the sample was heated. Hexagonal Cu1.35Zr0.825Ti0.825 
and two cubic - Cu0.92Ti0.08 and new - CuZr phases with enhanced lattice parameters were identified. The yield 
strength, the elastic and plastic deformation and the compression fracture strength were evaluated. 
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Abstract   

In this work, a Zn-1.6Mg alloy was studied. The alloy composition was chosen according to the results of our 
previous work, which was focused on the research of biodegradable materials. The mechanical properties of 
such cast alloy are similar to the characteristics of human bones. Moreover, the Zn-1.6Mg alloy satisfies the 
requirements of biocompatibility. These facts determine the alloy for use in medicine as a suitable material for 
temporary implants. The alloy was studied in three different stages of processing: a cast form, an extruded 
form and, finally, a rapidly solidified alloy prepared by melt-spinning with the following hot extrusion. The main 
aim was to prepare a Zn-1.6Mg alloy with fine structure which ensures the improvement of mechanical 
properties. Microstructure was evaluated by optical and electron microscopy; mechanical properties 
(compressive strength, hardness) were measured and corrosion rate was evaluated in model physiological 
solution.  

Keywords : Biodegradable material; zinc; magnesium 

1. INTRODUCTION    

Zn-Mg alloys have been tested as biodegradable alloys at different applications. The biodegradable materials 
are used as a temporary replacement of damaged tissues in the human body where the alloys gradually 
degrade [1, 2]. Therefore, after healing of the damaged tissue, reoperation for the removing of the implant is 
not required. Thus, the patient is spared of other operations and, moreover, also cost associated with the 
treatment is reduced. Zinc and magnesium meet the condition of biocompatibility - single metals or possible 
degradation products are not toxic to the body or carcinogenic and they do not cause allergic reactions. Zn 
and Mg are biogenic elements and they are important for the proper functionality of many vital functions in the 
human body. The recommended daily allowance (RDA) of magnesium for the human body is 300-400 mg. The 
human body is able to self-regulate excess amount when the daily limit is exceeded. For zinc, the recommended 

daily allowance (RDA) is lower - 15-40 mg [3]. For pure magnesium, the high corrosion rate is a problem, since 
it is associated with the release of large quantity of hydrogen, the increase of pH and, finally, the deterioration 
of the material [4]. By combining zinc and magnesium, a lower corrosion rate should be achieved. Moreover, 
zinc improves the mechanical properties (compressive strength and hardness) and therefore the mechanical 
properties compared to Mg-Zn alloys should be improved [5]. 

In this work, particular attention was paid to the Zn-1.6Mg alloy. This composition was selected because of its 
mechanical properties approaching the properties of human bone [3]. Alloys the having higher content of 
magnesium were found fragile and behaved as micro-galvanic a cell that was caused by different nobility of 
Zn and Mg. The micro-galvanic cells were formed between Zn intermetallic matrix and emerging phases and 
it increased corrosion rate. For alloys with lower Mg content and fine-grained structure, this effect is less 
pronounced [4]. 

The tested alloy was characterized in three different states of processing. The main objective was to prepare 
an alloy with the finest structure. The examined phases of processing were following: the state of cast, extruded 
alloy and, finally, rapidly solidified alloy prepared by melt-spinning followed by extrusion. The microstructure 
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was evaluated by optical and electron microscopy, mechanical properties (pressure test, Vickers hardness) 
were determined and, also, corrosion rate in model physiological solution was tested. 

2. EXPERIMENT 

For the preparation of alloy, pure Zn (99.95 %) and pure 
Mg (99.9 %) were used. The Zn-1.6Mg alloy was cast 
into a brass mold in ambient atmosphere. The 
homogeneity of structure was achieved by intensive 
mixing by a graphite rod. The temperature of casting did 
not exceed 500 °C. The composition of the prepared 
alloy was verified by X-ray fluorescence analysis (XRF).   

Then individual doses (approximately 100 g each) were 
prepared for the manufacture of tin ribbons. At this 
case, the casting temperature was 450 °C and 
protective Ar atmosphere was used. The molten batch 
was extruded by a rotating disk of copper (Fig. 1 ). 
Three values of rotation speed 9 m / s (10 Hz), 19 m / s 
(20 Hz) and 28 m / s (30 Hz) - were chosen. 

The ribbons were mechanically crushed and they were subsequently compacted at ambient temperature under 
the load of 70 KN. The prepared compact tablets were extruded at 300 °C. The ratio between the surface of 
samples and the constrictions (the extrusion ratio) was 10. The structure of rapidly solidified alloy was observed 
using a light metallographic microscope (Olympus PME-3). The details of structure were documented by 
scanning electron microscope with an EDS analyzer (TESCAN VEGA 3 LMU, Oxford Instruments). The phase 
composition was verified by X-ray diffraction analysis (XRD) using X´Pert Pro. Mechanical properties were 
determined by Vicker hardness measurement (HV5) and a pressure test (yield strength). 

The corrosion rate of alloys was measured using an exposure test (ASTM standard G-31-72) three times for 
each alloy. For the corrosion test, a physiological solution of 9 g NaCl in 1 l of demineralized water was used 
(which is similar to blood plasma containing chloride ions). The samples (5 mm in diameter, 5 mm in height), 
were weighed before inserting into the solution. The exposure testing was carried out at 37 °C for 168 hours 
(t) in 500 ml of solution in a closed container. After the exposure tests, corrosion products were chemically 
removed (by aqueous solution of 200 g CrO3 in 1 l of water at 80 °C according to ISO 8407). Subsequently, 

the samples were weighed. The corrosion rates (vc) in mm per year was calculated from weight loss (∆m) 
according to the following eq. (1): 

vc = (∆m / ρ S t) 8760   (mm / a)          (1) 

The density of Zn-1.6Mg alloy (ρ) was exactly calculated according to the alloy composition. During the 
exposure, the pH change of solutions was measured, as well.  

The structure, mechanical properties and corrosion behavior were compared in a cast state (marked as C), 
after hot extrusion at 300 °C (marked as E) and, finally, with a sample rapidly solidified, pressed in a form and 
hot extruded (marked as RS+E). 

3. RESULTS AND DISCUSSION 

A picture of thin ribbon which was prepared by the melt-spinning method is in the Fig. 2a . In the cross-section 
picture (Fig. 2b ), there is visible microstructure inhomogeneity on one side of the ribbon. The shape and size 
of grains vary with the distance from the cooling wheel. The smallest grains were formed in tight contact with 

Fig.  1 The method of melt spinning a) an overall 
diagram, b) detail of melt contact with melt 

spinning wheel [6] 
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the cooling wheel, where the fastest cooling was achieved. On the opposite side of the ribbon, metastable 
phases with the largest grains were crystalized (Fig. 2b ). The microstructure of thin ribbon was in detail 
documented by scanning electron microscope (Fig. 2c ).   

a)    b)      

c)  

Fig. 2 a) Rapidly solidified ribbon    b) The microstructure of thin ribbon     c) Detail of ribbon 
  (rotation speed 10 Hz)                                       (cross-section)                        microstructure 

The comparison of the Zn-1.6Mg alloy microstructures after different treatment (as cast condition (marked as 
C), hot extrurusion (marked as E) and rapid solidification by melt-spinning method (marked as RS+E)) can be 
seen in the Fig. 3 . 

The Fig. 3a  presents the microstructure of the Zn-1.6Mg as cast alloy. The coarse-grained structure contains 

primarily α-Zn phase (light areas) and α-Zn +Mg2Zn11 eutectic (dark areas). The effect of the hot extrusion is 
documented in the Fig. 3b , c. The fine-grained structure is visible especially in the cross-section picture. The 
alloy prepared by the rapid solidification method (melt-spinning followed by extrusion) produced the finest 
microstructure (Fig. 3d , e). In the longitudinal section, the grain orientation in the direction of extrusion is clearly 
visible. 

     
a)                                             b)                                                       c) 
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                               d)                                                        e) 

Fig. 3 The microstructure of Zn-1.6Mg (same magnification): a) as cast: primarily α-Zn phase (light areas) 

and α-Zn +Mg2Zn11 eutectic (dark areas); b) after hot extrusion at 300 °C (longitudinal section); c) after hot 
extrusion at 300 °C (cross section); d) after rapid solidification at 10 Hz (longitudinal section); e) after  rapid 

solidification at 10 Hz (cross-section). All samples were etched with a solution of 40 g CrO3, 3 g Na2 SO4, 200 
ml H2O 

 

Fig. 4 XRD diffractogram of the Zn-1.6Mg alloy ribbons prepared by the melt-spinning  and also of compact 

samples  prepared by the pressing followed by the hot extrusion ( α-Zn phase marked as 1; MgZn2 phase 
marked as 2; Mg2Zn11 phase marked as 3) 

The phase composition of ribbons and compacts were verified by X-ray diffraction analysis (Fig. 4 ). Three 
speeds of rotation during the solidification of ribbons (10 Hz, 20 Hz, 30 Hz) was compared. The ratio of present 
phases (MgZn2 and Mg2Zn11) was changed with the rotation speed only slightly. The negligible influence of the 
rotation speed was demonstrated also at the comparison after pressing followed by extrusion. 
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Table 1  Mechanical properties of prepared alloys 

  Hardness Tensile yield strength  

  (HV5) (MPa) 

as cast 82 315 

extruded 93 385 

RS+E (10 Hz) 120 423 

RS+E (20 Hz) 123 424 

RS+E (30 Hz) 124 348 

The Table 1  presents the mechanical properties of all prepared alloys. The hardness of the cast alloy was 
increased by the extrusion process. After rapid solidification, a further increase was achieved a fine-grained 
structure and due to the presence of Mg2Zn11 intermetallic phases. The values of tensile yield strength (TYS) 
are also summarized in the Table 1 . There is a similar trend as in the hardness value measurement. Fine grain 
structure of the alloys prepared by the melt-spinning (with subsequent compaction and hot extrusion) 
noticeably improves the mechanical properties of the material. The highest rotation speed did not ensure 
sufficient cooling rate and therefore the value of the yield strength was lower. 

The corrosion behavior of alloys was tested by corrosion exposure tests in a model physiological solution. 
Corrosion rates were determined from the weight loss in time. The Fig. 5  shows that the finer structure of the 
material causes slower corrosion in comparison with the as cast alloys. The cooling rate during the rapid 
solidification had no influence on the corrosion behavior. 

 

Fig. 5  Corrosion behaviors of all prepared alloys in a model physiological solution  

The initial pH of solution was 5.6 and, during the test, it was increased to a value of approximately 7.6. The 
increase in pH was probably caused by the formation of hydroxide ions during the corrosion process of the 
alloy. The composition of the corrosion products was tested after exposure using X-ray diffraction analysis. It 
confirmed the presence of zinc oxide ZnO and zinc dichloride oktahydroxide Zn5Cl2(OH)8. 

4. CONCLUSION 

The Zn-1.6Mg alloy was prepared by the melt-spinning with different speeds of cooling (10 Hz, 20 Hz, 30 Hz). 
The resulting thin ribbons were crushed and subsequently compacted at ambient temperature and, finally, 
extruded at 300 °C. This method of preparation resulted in significant improvement of microstructure. The 
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phase composition, mechanical properties and corrosion behavior were compared with an alloy of the same 
composition either as-cast or after extrusion. 

The evaluation of alloy microstructure clearly showed a significant improvement after the rapid solidification. 

Also mechanical properties and the corrosion rate were improved using this method. 

The further aim of this work was to compare the influence of the melt-spinning cooling rates on mechanical 
properties (the cooling rate of 10 Hz, 20 Hz and 30 Hz were compared). 

When the cooling rate 30 Hz was used the adherence between ribbon and wheel was decreased. This fact 
caused the coarsening of grains and the deterioration of mechanical properties comparing to the other cooling 
speeds. Therefore, the cooling rate of 30 Hz cannot be recommended. 

The Zn-1.6Mg alloy is suitable for use as a biodegradable material and may be a good candidate for 
replacement for magnesium alloys. It fulfils mechanical requirements and has appropriate corrosion rate. The 
alkalinity around the implant and the hydrogen evolution are reduced and the healing of the surrounding tissue 
is promoted. In the future work, the tensile test will be further measured. 
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Abstract  

Zn and Zn-based alloys attract interest due to an ability to protect steel surface against corrosion. Thin surface 
layer of a protective zinc alloy is usually prepared by hot dip galvanizing and acts as a barrier against corrosive 
environment or as a sacrificial anode in case the bare steel surface is exposed. Ability of zinc to protect steel 
surface against corrosion can be further increased by addition of alloying elements such as for example Al and 
Mg. These could be added in different amounts leading to a several-fold increase in corrosion resistance. 
Further elements are therefore studied in order to understand their effect on corrosion behavior and other 
properties such as for example ductility, hardness, wear resistance, etc. 

The aim of this paper is characterization of the ternary alloy Zn - 1.6 wt.% Al - 1.6 wt.% Mg which is further 
modified with addition of tin in a range from 0 up to 3 wt.%. Prepared by melting of elements with 4N purity 
under a Zincogen 318 flux layer in a ceramic crucible all compositions were left to solidify by air cooling outside 
a melting furnace. Structure analysis of as-cast alloys was carried out with a help of light microscopy (LM), 
scanning electron microscopy (SEM), x-ray diffraction (XRD) and differential scanning calorimetry (DSC) and 
led to the identification of following phases: Zn rich solid solution, Al rich solid solution, Zn2Mg and Mg2Sn. 
Furthermore, XRD was used to identify corrosion products which were formed during exposure of alloys in a 
salt spray chamber. 

Keywords: Zn-based alloy, corrosion, salt spray test  

1. INTRODUCTION 

The application of steel construction materials is largely connected to the use of protective metallic coatings 
containing zinc [1]. The steel is protected by the Zn coating through a barrier effect and a galvanic effect, in 
which Zn acts as the sacrificial anode while steel acts as the cathode [2]. Various Zn alloy coating systems 
have been developed and some of them are applied commercially [3]. Very soon Zn-Al coatings with higher 
aluminum contents than the alloy used in the conventional galvanizing process, such as Galfan (Zn - 5 wt.% 
Al) and Galvalume (Zn - 55 wt.% Al - 1.6 wt.% Si) were developed. These coatings offer higher corrosion 
resistance than conventionally galvanized steel because they have the sacrificial protection of zinc and a long 
lasting physical barrier by forming aluminum oxide in most natural environments [4]. Besides aluminum, 
magnesium was found to have a positive effect on the corrosion resistance of steel coatings as well [4]. First 
trials to improve corrosion stability of zinc coatings with magnesium date back to the 1960s. Commercial 
products such as Zn - 11 wt.% Al - 3 wt.% Mg - 0.2 wt.% Si and Zn - 6 wt.% Al - 3 wt.% Mg for heavy corrosive 
environments have been available from the end of 1990s [2]. Mg alloying results in the formation of intermetallic 
phases with Zn, usually Zn2Mg. Zn-Mg intermetallics are more active in the galvanic series than pure Zn, 
causing preferential corrosion [4]. 

Zinc coatings containing Mg and Al for corrosion protection of steel were first developed in the late 1990s. 
ZnMgAl (ZM) coatings have undergone extensive development over the past decade. The main objective of 
the efforts is to extend the service life of the coated steel by modifying the Zn-coating method without 
decreasing the sacrificial anodic effect [2]. Compared with conventional hot dip galvanized steel, ZM coated 
steel has demonstrated significantly higher corrosion resistance in accelerated corrosion tests with high 
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chloride content [5]. The Zn coatings alloyed with magnesium and aluminum consist of complex 
microstructures including Zn, Zn-Zn2Mg binary eutectic structure and Zn-Zn2Mg-Al ternary eutectic structure 
[6]. These were mainly produced as relatively thick coatings which showed improved corrosion performance 
for heavy corrosive building applications [3]. According to some researches binary and ternary eutectics 
corrode preferentially compared to Zn dendrites [7, 8]. 

The Zn-Sn alloy coating has good corrosion resistance and ductility [9]. The corrosion resistance of the Zn-Sn 
alloy strongly depends on its composition and the corrosion medium. Although the corrosion resistance of the 
Zn-Sn alloy is not actually lower than that of pure Zn, Sn or Cd is often used as an alternative for these metals 
from various practical and economic considerations [10]. 

Usually, Zn2Mg phase reduces toughness of the coating [11]. As a consequence, reduction of Zn2Mg phase 
amount in the structure can improve mechanical properties of the coating. An addition of Sn into coating causes 
formation of Mg2Sn phase at the expense of Zn2Mg benefiting from the fact that Mg2Sn phase is tougher than 
Zn2Mg phase. Moreover, an addition of Sn results in more stable microstructure and better mechanical 
properties [12]. 

2. EXPERIMENTAL 

Corresponding amount of elements of 4N purity were melted in a ceramic crucible using furnace LAC LMV5/12 
at temperature of 480 °C. After approximately 1 hour of homogenization all ingots were allowed to solidify by 
still air outside the furnace. Subsequently, ingots were turned by lathe and cut into discs with dimensions ϕ 
30x8 mm. Chemical compositions of ingots were verified using optical emission spectrometer Spectruma GDA 
750 and results are listed in Table 1 . 

Table 1 Chemical composition of as-cast ingots (wt.%) 

Alloy Zn  Al  Mg  Sn  

Zn - 1.6 Al - 1.6 Mg - 0.5 Sn 

Bal. 

1.97 1.94 0.51 

Zn - 1.6 Al - 1.6 Mg - 1 Sn 2.01 1.98 1.05 

Zn - 1.6 Al - 1.6 Mg - 2 Sn 1.98 2.21 2.71 

Zn - 1.6 Al - 1.6 Mg - 3 Sn 2.03 2.08 2.98 

Metallographic preparation was executed in 3 consecutive steps. Grinding using SiC papers from grit 240 to 
4000, polishing from 3 µm to ¼ µm using water free diamond slurries and etching with 0.3 % Nital were applied.  

In order to characterize sequence of transformations during solidification and cooling from molten state a DSC 
experiments were suggested. After cutting thin pieces from an ingot, a small, max. 5 mg sample was prepared, 
weighted using precision laboratory balance Mettler Toledo XP204 and placed in graphite crucible. Melting 
temperature and temperatures of phase transformations were observed using power compensated Perkin 
Elmer Diamond DSC. Sample was heated up to 480 °C and cooled down with rate of 10 K/min with short 
equilibrating step at 480 °C with dwell time of 10 minutes. 

Microstructure was characterized using light microscope Zeiss AxioImager.Z2m and SEM Jeol JSM 7600F 
with FEG cathode. Back scattered electrons BSE collected with Retractable Backscattered EIectrons Imaging 
(RBEI) detector were used to compose images of microstructure in z-contrast. Information about local chemical 
composition was collected using EDX analyzer Oxford Instruments X-Max 50 mm2. Observations were 
performed using 15 kV accelerating voltage, 89 µA beam current. Samples were maintained at constant 
working distance WD of 15 mm. 

XRD experiments have been performed using PANalytical Empyrean diffractometer with Bragg-Brentano 
geometry and iron filtered CoKα characteristic radiation. Measurements were executed at room temperature 
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and with sample spinning. The patterns were recorded over a two-theta range 30-110°. For more precise 

characterization of phases on the corroded surface a grazing incident GI XRD experiment at a constant ω 
angle of sample 2, 4 and 6° were executed in the range from 5 to 120°. GI experiment utilized X-ray parallel 
beam optics on primary beam and scintillation detector on a diffracted beam side. 

As-cast ingots cut into discs were covered by protective layer of Lacomit varnish and only one side was 
exposed to a corrosion environment in a corrosion chamber. Corrosion environment was made by 5% water 
solution of analytical grade NaCl and the corrosion chamber made by CO.FO.ME.GRA type 400LE (total 
internal volume 400 l) was used. After 250 h of exposure time, samples were cleaned in 10% water solution 
of CrO3 assisted with ultrasonic cleaner. Corroded surface was immersed in CrO3 and their weights were 
measured several times till the weight reproduced. Samples weights were measured before and after salt 
spray test using laboratory scale Mettler Toledo XP204. 

3. RESULTS 

Microstructure of as-cast samples was examined using SEM which has revealed typical solidification 
microstructures formed in the center of the ingot. Images representing solidification microstructure containing 
primary dendrites, monotectoid, binary, ternary and quaternary eutectic are shown in Fig. 1 . Chemical 
composition of individual phases was determined using EDX. At least three distinct clusters of chemical 
compositions were recognized, Zn rich solid solution with minor amount of Al, Zn and Mg rich phase with Zn:Mg 
ratio 2:1, Mg and Sn rich phase with Mg:Sn ratio equal 2:1 and finally Zn and Al rich phase. 

  

Fig. 1 As-cast microstructure of the Zn-Al-Mg-Sn ingots: Zn - 1.6 Al - 1.6 Mg - 0.5 Sn and  
Zn - 1.6 Al - 1.6 Mg - 3.0 Sn images with z-contrast 

XRD patterns of Zn - 1.6 Al - 1.6 Mg - 0.5 Sn and Zn - 1.6 Al - 1.6 Mg - 2 Sn are exemplified in Fig. 2 . In both 
cases, alloys contain Zn-based solid solution, Zn2Mg and Al solid solution. Alloy containing 2 wt.% of Sn 
contains also Mg2Sn intermetallic phase. 

As-cast microstructure evolves upon cooling during solidification. DSC experiment revealed that studied alloys 
transformed from liquid into solid state in a series of transformations. Reactions are recorded during DSC 
measurement as individual well resolved or overlapping endothermic peaks. Complexity of crystallization 
process appears to decrease with increasing Sn amount. In case of all alloys, however, beginning of 
solidification takes place by crystallizing Zn-rich solid solution at around 360 °C. Further crystallization events 
were observed at around 340 °C and 330 °C corresponding to the formation of a binary eutectic: Zn solid 
solution - Zn2Mg and ternary eutectic Zn-solid solution - Zn2Mg - Al solid solution. 

100μm 100μm 
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Fig. 2 XRD patterns of Zn - 1.6 Al - 1.6 Mg - 0.5 Sn and Zn - 1.6 Al - 1.6 Mg - 2 Sn with corresponding 
phases 

As-cast samples were exposed to a corrosion environment in a salt spray chamber for a period of 250 and 500 
hours. Evolved corrosion products were analyzed using XRD in grazing incidence mode. Samples cleaned 
from corrosion products were subsequently measured for actual weight after the salt spray test. Summary of 
results is shown in Table 2  and documents that samples of all experimental alloys gained weight despite 
thorough surface cleaning which locally regained former luster after polishing. This is documented in Fig. 3a 
in case of sample Zn - 1.6 Al - 1.6 Mg - 3 Sn. Removal of corrosion products from the surface of this particular 
sample revealed formation of macroscopic blisters. Height of blisters was evaluated using laser scanning 
confocal microscopy with profile analysis to reach approximately 40 µm, as it is shown in Fig. 3b . 

Table 2 Sample weight after salt spray test and corrosion product removal 

Sample Weight before (g) Weight after (g) Difference (g) 

Zn - 1.6 Al - 1.6 Mg - 0.5 Sn 40.8488 40.8525 +0.0037 

Zn - 1.6 Al - 1.6 Mg - 1 Sn 31.6275 31.6307 +0.0032 

Zn - 1.6 Al - 1.6 Mg - 2 Sn 33.2946 33.2995 +0.0049 

Zn - 1.6 Al - 1.6 Mg - 3 Sn 32.2053 32.2352 +0.0299 

 

Fig. 3 Macroscopic appearance of Zn - 1.6 Al - 1.6 Mg - 3.0 Sn 

According to GI XRD analysis of Zn - 1.6 Al - 1.6 Mg - 2 Sn alloy (Fig. 4 ), corrosion products formed during 
salt spray test consists of phases typical for as-cast state accompanied with simonkolleite, hydrotalcite after 
250 hours and in addition also with hydrozincite after 500 hours of exposition. 

a b 
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Metallographic cross-section is shown in Fig. 5  and it provides insight into the blister formation. Cracks 
containing higher concentration of Cl and O are developed at the expense of eutectic regions localized in 
interdendritic spaces. 
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Fig. 4 GI XRD analysis of Zn - 1.6 Al - 1.6 Mg - 2 Sn after salt spray test in a period of 250 and 500 hours, 
where S holds for simonkolleite Zn5(OH)8Cl2.(H2O), A for hydrotalcite Mg6Al2(CO)3(OH)16.4(H2O) and H for 

hydrozincite Zn5(CO3)2(OH)6 

  

Fig. 5 Cross-section of a blister formed on the surface of an alloy containing Zn - 1.6 Al - 1.6 Mg - 2 Sn. SEM 
z-contrast image and corresponding O and Cl element map. 

4. DISCUSSION AND CONCLUSIONS 

Ternary alloys Zn - 1.6 Al - 1.6 Mg were modified by addition of tin in the following range: 0, 0.5, 1.0, 2.0 and 
3.0 wt.% Sn to study effect of the corrosion resistance in Cl containing environment. As-cast samples were 
cooled slowly by still air. Initial microstructure after the solidification inspected with LM, SEM, XRD and DSC 
contained primary dendrites of Zn-rich solid solution surrounded with intermetallic phases Zn2Mg and Mg2Sn 
formed during binary, ternary and quaternary eutectic reactions (Fig. 1  and Fig. 2 ). Structural component 
consisting of fine lamellae of Al-rich and Zn-rich solid solutions was observed as a product of monotectoid 
reaction. According to SEM micrographs as well as XRD the increasing addition of Sn led to a formation of 
Mg2Sn which is according to [12] more favorable with respect to future mechanical properties and ductility of 
alloys. Exposure to Cl containing neutral environment during salt spray test was executed in range from 250 
to 500 hours. XRD analyses of exposed samples (Fig. 4 ) proved formation of typical corrosion products such 
simonkolleite, hydrotalcite after 250 hours and in addition also hydrozincite after 500 hours, respectively. 
Typical weight loss determined on samples cleaned from corrosion products has not been observed. Instead, 
a gradual gain of weight was documented in Table 2 . The higher was Sn content in the sample the higher was 

200 µm 30 µm 

O Kα1 Cl Kα1 
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the weight gain after the corrosion test. Sample surface cleaned from corrosion production (Fig. 3 ) revealed 
also presence of blisters, which were particularly pronounced in case of 3 wt.% addition tin. Metallographic 
cross-section of the blister studied by LM and SEM combined with oxygen and chloride element mapping 
(Fig. 5 ) revealed extensive formation of corrosion products at the expense of phases located in interdendritic 
spaces which corroborate well with results available in [13]. Formation of blisters especially in case of higher 
tin amounts significantly deteriorates corrosion resistance of alloys. It also suggests that replacement of Zn2Mg 
with more favorable Mg2Sn is limited. Further study of effects of Sn addition on mechanical properties is 
however required in order to understand its complete role. 
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Abstract  

With every tonne of pig iron being produced, over 10 kg of flue dust is generated. Direct recycling of this 
material is unacceptable mainly due to its high zinc content. This waste often ends up on landfills, which is not 
ideal because of its heavy metal content and fine-grained character. There are several pyrometallurgical 
methods for recycling this type of material, but due to high energy consumption and low zinc content it’s not 
ideal choice. On the other hand, hydrometallurgy is suitable for low zinc content with possibility of selective 
leaching. In this work, leaching of the dust with sulphuric acid was observed. Thermodynamic and kinetic 
aspects of zinc leaching were studied. Experiments were carried out under atmospheric pressure and effect 
of acid concentration and temperature was investigated. The goal was to set the conditions for maximum zinc 
leaching while minimum amount of iron is transferred into solution. Ideal conditions for selective leaching were 
achieved using 50 °C and 1 ÷ 0.5 M sulphuric acid solution. Higher temperature and concentration caused 
higher iron leaching ratio. With optimal conditions, iron recovery was in the range 5 ÷ 10 % while all of the zinc 
was leached out. Solid residue, obtained by this method is relatively zinc-free and can be reused in blast 
furnace (BF) process. 

Keywords: Zinc, blast furnace flue dust, leaching, hydrometallurgy, material recycling 

1. INTRODUCTION     

Steel and iron production generates significant amounts of waste materials containing heavy non-ferrous 
metals. This waste is often deposited on landfills [1]. Flue dust from the BF contains iron, so it makes it valuable 
secondary material for re-use, but heavy metals must be removed [2]. 

This can be achieved by three ways: pyrometallurgical, hydrometallurgical and combined method. The best 
known pyrometallurgical full-plant and pilot plant processes include: the Waelz process, the Primus process, 
the Rotary Heart Furnace process, AUSMELT and RAPID, processes [3]. Hydrometallurgical processes are 
generally less sensitive to scatter of input composition. Also, there are advantages like lower energy 
consumption, no air pollution and possibility of small-scale processing. Hydrometallurgical leaching can be 
carried out by alkaline or acidic method. The main advantage of alkaline leaching is high selectivity of leached 
non-ferrous metals from iron, which remains in a solid phase. The disadvantages are relatively low efficiency 
and need for concentrated solutions. The acidic method brings a possibility to use less concentrated solution 
with higher effectively but lower selectivity. The best known hydrometallurgical processes, suitable for BF dust 
recycling are:  Ezinex, Zincex Cardiff, Terra Gaia [3-5].  

Most of these processes are optimized for relatively high concentration of zinc (over 10%). Leaching ability of 
zinc and overall kinetics of the hydrometallurgical treatment depends on the mineralogical form of the zinc. 
Several studies have shown that there are two possible phases containing zinc in dust - zincite (ZnO) and 
franklinite (ZnFe2O4) [6, 7]. Zincite is leachable in sulfuric acid under normal conditions; however franklinite is 
stable, refractory phase. 

BF dust contains less zinc than dusts from secondary steel production, such as electric arc furnace (EAF) and 
basic oxygen furnace (BOF) dusts and slags. Behavior of EAF steelmaking dust has been studied [8, 9]. The 
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main difference between EAF and BF flue dust is in the zinc quantity. The EAF dust contains 14 % to 21 % of 
zinc, while in BF flue dust the percentage of zinc content lies between 0.5 % and 5 % [10, 4].  

As a suitable, relatively low cost and widely available leaching medium, appears sulphuric acid. Obtaining 
metals from sulfuric acid solution is relatively cheap and well-known process. Current effort should focus on 
the finding a process, in which heavy metals passes into solution and iron stays in the solid phase. This paper 
focuses to study of leaching relatively low zinc concentrated BF flue dust in the sulfuric acid solution. 

2. EXPERIMENTAL   

2.1. Material 

Used BF flue dust was dried and crushed to fine particle size under 0.1 mm. Homogenous representative 
sample was obtained and characterized by atomic absorption spectroscopy (AAS). The results from chemical 
analysis were: 32.94 % Fe, 5.58 % Si, 1.54 % Zn, 0.24 % Cu and 0.15 % Pb (in wt.%). The loss of ignition was 
20.24 %. The XRD qualitative phase analysis identified presence of hematite (Fe2O3), magnetite (Fe3O4), 
calcium carbonate (CaCO3) and silicon dioxide (SiO2). No zinc containing phase was identified. The reason 
could be relatively low content of zinc.  

Leaching experiments were carried out in glass apparatus according to Fig. 1. Solid to liquid ratio (S:L) of 1:6 
was used. Normal conditions of temperature and pressure were used, i.e. temperature range 20 to 80 °C and 
atmospheric pressure 0.1 MPa. Concentrations of sulfuric acid solution were 0.5, 1 and 2 M. Stirring was done 
by mechanical stirrer with constant speed 300 rpm. 

 

Fig. 1 Leaching apparatus [11]  

The samples for the chemical analysis were taken in intervals: 15, 30, 45, 60, 90 and 120 minutes. The samples 
were then filtered from potential solid non-dissolved dust and analyzed by AAS. The effect of temperature and 
sulfuric acid concentration on the extraction of zinc and iron into the solution was observed.  

2.2. Results 

Leaching reactions of possible phases containing zinc are represented by reactions (1) - (3). 

ZnO(s) + H2SO4 (aq) = ZnSO4 (aq) + H2O(l) 
(1) 

ZnFe2O4(s) + 4 H2SO4 (aq)= ZnSO4 (aq) + Fe2(SO4)3 (aq) + 4 H2O(l) 
(2) 

ZnFe2O4(s) + H2SO4 (aq)= ZnSO4 (aq) + Fe2O3 + H2O(l) 
(3) 
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Reaction (2) is thermodynamically more preferable than reaction (3). All of the standard Gibbs energy changes 
of the reactions have increasing character with temperature, as shown on Fig. 2 . It follows from that the higher 
temperatures doesn’t have positive impact on leaching zinc from dust. 
  

 

Fig. 2 Standard Gibbs energy as a function of temperature 

On the other hand, kinetic experiments showed that with increasing temperature total zinc yield increases, as 
shown on Fig. 3 a . It is also visible, that with temperature of 80°C, the 100 % of Zn was extracted into solution 
within first 15 minutes of leaching. Increasing sulfuric acid to concentration over 1 M has weak effect on zinc 
leaching (as shown on Fig. 3b) . 

 

Fig. 3 Kinetic plots of zinc yielded from temperature (a) and acid concentration (b) 

Fig. 4 a  shows ideal conditions for leaching of zinc in 15th minute. It is clear, that reasonable amounts of zinc 
are leached with all used acid concentration and temperatures above 50 °C. Fig. 4 b  shows iron yield status 
in 15th minute of experiment at varying conditions. Higher acid concentration and temperatures tends to 
increase iron leaching, which is undesired.  
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Fig. 4 Zinc (a) and iron (b) leached illustrated as a function of temperature and acid concentration in 15th 
minute of experiment 

Iron behavior with time is illustrated with kinetic plots on Fig. 5 . From the plots is clear, that iron yield is 
increasing with time and acid concentration. Maximum of iron leached was achieved with 2 M sulfuric acid and 
80 °C in 120th minute of leaching. The maximum iron yield was 19.72 %. 

 

 

Fig. 5 Kinetic plots of iron yielded from temperature (a) and acid concentration (b) 

3. CONCLUSION 

The objective of the experiments was to show the possibility to leach BF flue dust in sulfuric acid with the 
highest possible extraction into solution. The results confirmed the possibility of hydrometallurgical processing 
BF dust. Process of zinc leaching is very rapid and with almost all temperatures and concentrations the metal 
yield reached maximum within first 15 minutes. 

It is impossible to achieve selective leaching zinc from iron with this configuration and used material, however 
form kinetic aspects is clear that iron leaching is not as rapid as zinc. The 100 % of zinc was extracted within 
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first 15 minutes of leaching with these conditions: 0.5M acid and 80°C. S:L ratio was 1:6 and experiments was 
carried out under atmospheric pressure. Maximum iron yield was 4.4 % at these conditions. 

ACKNOWLEDGEMENTS   

This work was supported by Ministry of Education of  the Slovak Republic under grant MŠ SR 
1/0293/14. This publication is the result of the Pr oject implementation: University Science Park 

TECHNICOM for Innovation Applications Supported by Knowledge Technology, ITMS: 26220220182, 
supported by the Research & Development Operational  Programme funded by the ERDF. This work 
was supported by the Slovak Research and Developmen t Agency under the contract No. APVV-14-

0591. 

REFERENCES 

[1] MANSFELDT T., Dohrmann, R. Chemical and mineralogical characterization of blast-furnace sludge from an 
abandoned landfill. Environmental Science and Technology, Vol. 38, No. 22, 2004, pp. 5977-5984, DOI: 
10.1021/es040002+ 

[2] VAN HERCK P., VANDECASTEELE C., SWENNEN R., MORTIER R. Zinc and lead removal from blast furnace 
sludge with a hydrometallurgical process. Environmental Science and Technology, Vol. 34, No. 17, 2000, pp. 
3802-3808. DOI: 10.1021/es991033l 

[3] SEDLAKOVA Z., HAVLIK T. Appearance of non-ferrous metals in iron and steel making plant and their possible 
treatment. Acta Metallurgica Slovaca, 12, 2006, pp. 209 - 218. 

[4] HOANG TRUNG Z. Hydrometallurgical processing of steelmaking dusts. (Doctoral dissertation), Technical 
University of Kosice, Kosice, 2007. 

[5] DIAZ G., MARTIN D. Modified Zincex process: The clean, safe and profitable solution to the zinc secondaries 
treatment. Resources, Conservation and Recycling, Volume 10, Issues 1-2, 1994, pp. 43-57, 
http://dx.doi.org/10.1016/0921-3449(94)90037-X 

[6] ZEYDABADI B.A., MOWLA D., SHARIAT M.H., KALAJAHI J.F. Zinc recovery from blast furnace flue dust. 
Hydrometallurgy, Vol. 47, No. 1, 1997, pp. 113-125, http://dx.doi.org/10.1016/S0304-386X(97)00039-X. 

[7] VERES J., LOVAS M., JAKABSKY S., SEPELAK V., HREDZAK S. Characterization of blast furnace sludge and 
removal of zinc by microwave assisted extraction. Hydrometallurgy, Vol. 129-130, 2012, pp. 67-73, 
http://dx.doi.org/10.1016/j.hydromet.2012.09.008. 

[8] KUKURUGYA F., VINDT T., HAVLÍK T. Behaviour of zinc, iron and calcium from electric arc furnace (EAF) dust 
in hydrometallurgical processing in sulphuric acid solutions: Thermodynamic and kinetic aspects. 
Hydrometallurgy, Vol. 154, 2015, pp. 20-32, http://dx.doi.org/10.1016/j.hydromet.2015.03.008 

[9] HAVLIK T., TURZAKOVA M., STOPIC S., FRIEDRICH B. Atmospheric leaching of EAF dust with diluted 
sulphuric acid.  Hydrometallurgy, Vol. 77, Issues 1-2, April 2005, pp. 41-50, 
http://dx.doi.org/10.1016/j.hydromet.2004.10.008. 

[10] CHOMIC V., RONCIK M., TURNA S., NEPSINSKA L., BRIZEKOVA L., PARILAK L. Analysis of chemical 
composition of flue dust from EAF and LF in full technological mode. In Technologies of Recycling of Secondary 
Raw Materials. Tale, Horna Lehota, 2015, pp. 9-20. 

[11] HAVLIK T. Hydrometallurgy - Principles and Applications, Woodhead Publ. Ltd., Cambridge, 2008, ISBN 978-1-
84569-407-4. 

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1294 

THE EFFECT OF COLD ROLLING O MICROSTRUCTURE AND MEC HANICAL PROPERTIES 
OF Ti-35Nb-6Ta ALLOY 

MÁLEK Jaroslav1, HNILICA František1, VESELÝ Jaroslav1, KOLAŘÍK Kamil2, ČAPEK, Jiří3  

1UJP PRAHA a.s., Prague, Czech Republic, EU 
2University of West Bohemia, Pilsen, Czech Republic, EU 

3Czech Technical University in Prague, Prague, Czech Republic, EU 

Abstract   

The beta titanium alloys are widely used for hard tissue replacements due to their properties (e.g. high strength, 
low Young’s modulus or biocompatibility). Mechanical properties are dependent on microstructure which can 
be controlled through suitable thermo-mechanical treatment. The effect of cold rolling on texture evolution and 
mechanical properties has been studied in this paper. Hot forged, solution treated (850 °C / 0.5 h / water 
quenched) Ti-35Nb-6Ta alloy has been cold rolled with thickness reduction 40, 60 and 80 and 95%. The texture 
evolution has been studied by using X-ray diffraction analysis and EBSD analysis. The {100} <110> texture is 
dominant for all studied specimens and became more distinct with increasing thickness reduction. Another 
texture evolution from {211} <110> to {111} <112> was observed with increasing thickness reduction. The 
tensile strength increased with thickness reduction from 600 to 830 MPa. On the other hand elongation 
decreased from 32 to 9%. The Young’s modulus value has been determined within range of 43 to 55 GPa. 

Keywords: Beta-titanium alloys, mechanical properties, texture, cold rolling 

1. INTRODUCTION 

The importance of development of new β-titanium alloys for implants is growing simultaneously with increasing 
demand on hard tissue replacements. The materials for new implants should posses better (not only) 
mechanical properties the materials that are used currently (e.g. stainless steel, Ti-6Al-4V) [1-2]. The Ti-35Nb-
6Ta alloy has been developed for medical applications and contains exclusively fully biocompatible elements. 
Solution treated alloy posses quite low tensile strength and low Young’s modulus. There are several 
possibilities of improving mechanical properties of β-titanium alloys. Increasing the strength through aging 
treatment leads to significant increase in modulus [3-4] and therefore another way to material with higher 
tensile strength and low modulus should be find. Cold deformation seems to be efficient in increasing ultimate 
tensile strength due to dislocation density increase. The requirements of β-titanium alloys used as materials 
for implants are numerous (e.g. high strength, corrosion resistance, biocompatibility, low Young’s modulus). 
Desirably high strength to modulus ratio is very difficult to achieve. It has been reported that properties of β-
titanium alloys depend on crystallographic directions [5]. Cold rolling could be used to establish desired 
deformation texture and therefore improve the properties. The lowest Young’s modulus in β-titanium (bcc) has 
been observed in <100> direction whereas the <111> posses the highest modulus value [2, 5 ,6]. The texture 
development depending on thickness reduction and its correlation has been studied in this work in order to the 
best process parameters with respect to mechanical properties. 

2. METHODS 

The Ti-35Nb-6Ta alloy (all compositions in this work are in wt.% unless it said different) has been prepared in 
a vacuum arc melting furnace LEYBOLD HERAEUS L200h with a water cooled copper crucible. The oxygen 
content was measured to be between 0.05 and 0.1 %. As-cast specimens were homogenized 1000 °C / 6 h in 
a vacuum furnace. These specimens were machined and subsequently hot rolled at 750-1050 °C into a 
rectangular shape rod. The section reduction during hot forging was about 40%. Hot rolled specimens were 
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annealed at 850 °C for 0.5 h and water quenched. The rods were machined in order to remove the oxidized 
surface layer and defects. Cold rolling with various thickness reductions (i.e. 40, 60, 80 and 95 %) has been 
performed on specimens.  The microstructure has been studied by using light microscopy (LM). Specimens 
were prepared via standard metallographic route. Specimens were grinded up to #4000 with SiC papers and 
polished with Struers OP-S emulsion with addition of 0.6 ml OP-S, 2 ml H2O and 2 ml NH3. For etching 3 ml 
HF + 8 ml HNO3 + 100 ml H2O etchant was used. Nikon EPIPHOT 300 was used for light microscopy 
observation. For etching 3 ml HF + 8 ml HNO3 + 100 ml H2O etchant has been used. Nikon EPIPHOT 300 was 
used for light microscopy observation. Polished specimens were used for electron back scattered (EBSD) 
analysis. For this purpose the specimens were electro-polished by using 1000 ml C2H5OH + 50 ml HClO4 + 15 
ml HNO3 electrolyte at 50V. Analysis was performed on JEOL JSM 7600F with EBSD detector (Nordly’s - 
Oxford instruments). EBSD data were collected at 20 kV and 65° tilt. Results were evaluated with HKL Chanel 
5 software equipment. Texture was also characterized by X-ray diffraction analysis (XRD). XRD analysis was 
carried out on vertical θ/θ X’Pert PRO MPD diffractometer using Schultz reflection geometry and radiation from 
X-ray tube with copper anode (λ = 0.15419 nm). Textures are noted as plane {hkl} parallel to rolled surface 
(NL) and direction <hkl> parallel to rolling direction (RD). Mechanical properties (except of specimen rolled 
with 95% thickness reduction) were obtained from tensile tests of “dog-bone” shaped flat specimens on 
INSTRON 1185 testing machine equipped with video-extensometer. The dimensions of tested specimens 
were 3 mm in width and 0.9 - 4 mm thickness. The gauge length was 20 mm. Specimens were tested in the 
direction parallel to rolling direction (RD). At least three specimens were tested for each value. Vickers 
hardness tests (HV10) were carried out on Zwick Roell ZHU 250 Top testing machine. 

3. RESULTS AND DISCUSSION 

The microstructure of as-cast and homogenized alloy consists of very coarse and elongated grains. The 
microstructure has been significantly refined due to dynamic and post-dynamic recrystallization during hot 
rolling and subsequent solution treatment. It can be seen in Fig. 1 , where the microstructure of solution treated 
specimen is presented, that the microstructure consists of relatively fine (~100 - 200 μm) equiaxed   

 

Fig. 1 The microstructure of solution treated Ti-
35Nb-6Ta alloy 

Fig. 2 The microstructure of Ti-35Nb-6Ta alloy cold 
rolled with 40% thickness reduction 

β-grains. Not all grains after solution treatment are fully recrystallized and locally coarser deformed grains can 
be observed. Weak η-fibre texture (<100> parallel to hot rolling direction) can be distinguished in solution 
treated alloy, but this texture is not strong. The formation of η-fibre texture in hot rolled β-titanium alloys was 
also observed by Sander et al. [7].  
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The microstructure after cold rolling exhibits 
elongated original grains in the rolling 
direction (RD) - Fig. 2 . Deformation bands or 
twins can be observed inside these grains 
(see Fig. 3 ). The twins were analyzed to be in 
general {112} <111> β twins (CSL = 3) [8, 9], 
which are typical for β-titanium alloys with low 
β-phase stability [10 - 12]. Also deformation 
bands (with various misorientations) have 
been observed. Those effects are more 
clearly visible in specimens with lower 
thickness reduction (40 or 60%) as they are in 
general quite fine in specimens with higher 
thickness reductions (i.e. 80%). 

The texture analysis revealed that even after 
40% thickness reduction some preferred 
orientations has been established (see 
Fig. 4a ), however they are not well developed. 
Weak residual η-fibre texture can be observed 
along with other textures (e.g. {111} <112>). 
In specimen with 60% (Figs. 3b  and 4b) 
reduction {100} <110> and also other textures 
(e.g. {211} <110>) can be distinguished. With 
increasing thickness reduction the {100} 
<110> became dominant (Figs. 4c, d ) - the 
80% and 95% deformed specimens posses 
strong {100} <110> texture (stronger in 95% 
deformed specimen). 

 
Fig.  4a Inverse pole figures of 40% deformed specimen (obtained by XRD)  

 
Fig.  4b Inverse pole figures of 60% deformed specimen (obtained by XRD) 

 

Fig. 3a EBSD of 60% deformed alloy with twins and 
deformation bands 

 

Fig. 3b Inverse pole figures of 60% deformed specimen 
(obtained by EBSD) showing the dominant {100} <110> 

texture and weaker {211} <110> texture 
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Fig. 4c Inverse pole figures of 80% deformed specimen (obtained by XRD) 

 

Fig. 4d Inverse pole figures of 95% deformed specimen (obtained by XRD) 

 

Fig. 5  Hardness vs. thickness reduction 

Mechanical properties of cold rolled alloy were studied in direction parallel to RD. The results of tensile tests 
and hardness tests are plotted in Fig. 5  and Fig. 6  respectively. The hardness (Fig. 6a ) increased from 140 
HV10 to more than 300 HV10 due to deformation strengthening. It is also evident that both the ultimate tensile 
strength (Rm) and 0.2 proof strengths (Rp0.2) significantly increased with increasing cold deformation. The 
tensile strength increased from 600 MPa in solution treated specimens to 830 MPa of specimen deformed with 
80% thickness reduction. The same situation is for the yield strength values (from 385 to 720 MPa). The 
deformation strengthening has significant influence on this alloy and it is linearly dependent on thickness 
reduction within studied thickness reduction range. Elongation values of specimens decreased simultaneously 
with tensile strength (or deformation) increase. 
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Fig. 6a Tensile strength vs. thickness reduction Fig. 6b Elongation vs. thickness reduction 

Young’s modulus values decreased significantly from 55 GPa to values less than 45 GPa. It has been reported 
[6, 13, 14] that the lowest Young’s modulus in β-titanium is in <100> direction. The modulus is slightly higher 
in <110> whereas <111> direction posses the highest modulus along to theoretical calculations. Therefore it 
can be assumed that the decrease in modulus is to a certain amount caused due to {001} <110> texture 
evolution during cold rolling. Similar texture obtained by cold rolling was observed in Ti-Nb-Al alloy by Inamura 
et al. [15]. It means that the <110> direction (with small Young’s modulus) is preferentially oriented in rolling 
direction which was parallel to tensile test axis direction. In specimens with lower thickness reductions more 
grains are oriented with other directions (with higher modulus) parallel to tensile test axis.  

  

Fig. 6c Young‘s modulus vs. thickness reduction Fig. 6d Strength to modulus ratio vs. thickness 
reduction 

4. CONCLUSIONS 

Ti-35Nb-6Ta alloy was processed by hot rolling, solution treatment and cold rolling with various thickness 
reduction. The texture evolution and correlating mechanical properties have been studied. It can be concluded 
that: 

• The {100} <110> texture is stronger with increasing thickness reduction. In 95% deformed specimen 
this texture is dominant. Other textures are significant in specimens with lower thickness reduction. 

• The strength to modulus ration increased with increasing thickness reduction as the result of increasing 
strength (from 600 to 830 MPa) and decreasing Young’s modulus (from 55 to 45 GPa). The former 
increased due to deformation strengthening and the latter due to texture development. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1299 

ACKNOWLEDGEMENTS   

Authors would like to express gratitude for financi al support of this work to Technology Agency of 
the Czech Republic project No. TE01020390 and proje ct NEXLIZ - CZ.1.07/2.3.00/30.0038, which is co-

financed by the European Social Fund and the state budget of the Czech Republic. 

REFERENCES 

[1] DAI S., WANG Y., CHEN F., YU X., ZHANG Y. Effects of cold deformation on microstructure and mechanical 
properties of Ti-35Nb-9Zr-6Mo-4Sn alloy for biomedical applications. Mater. Sci. Eng. A, Vol. 575, 2013, pp. 35-
40. 

[2] NIINOMI M., NAKAI M., HIEDA J. Development of new metallic alloys for biomedical applications. Acta Biomater., 
Vol. 8, No. 11, 2012, pp. 3888-3903. 

[3] NAKAI M., NIINOMI M., AKAHORI T., TSUTSUMI H., OGAWA M. Effect of oxygen content on microstructure and 
mechanical properties of biomedical Ti-29Nb-13Ta-4.6Zr alloy under solutionized and aged conditions. Mater. 
Trans., Vol. 50, No. 12, 2009, pp. 2716-2720. 

[4] FERRANDINI P.L., CARDOSO F.F., SOUZA S.A., AFONSO C.R., CARAM R. Aging response of the Ti-35Nb-
7Zr-5Ta and Ti-35Nb-7Ta alloys,” J. Alloys Compd., Vol. 433, No. 1-2, 2007, pp. 207-210. 

[5] TOBE H., KIM H.Y., MIYAZAKI S. Effect of Nb content on deformation textures and mechanical properties of Ti-
18Zr-Nb biomedical alloys. Nippon Kinzoku Gakkaishi/Journal Japan Inst. Met., Vol. 72, No. 12, 2008, pp. 965-
969. 

[6] ZHANG Y.W., LI S.J., OBBARD E.G., WANG H., WANG S.C., HAO Y.L., YANG R. Elastic properties of Ti-24Nb-
4Zr-8Sn single crystals with bcc crystal structure. Acta Mater., Vol. 59, No. 8, 2011, pp. 3081-3090. 

[7] SANDER, B. RAABE D. Texture inhomogeneity in a Ti-Nb-based β-titanium alloy after warm rolling and 
recrystallization. Mater. Sci. Eng. A, Vol. 479, No. 1-2, 2008, pp. 236-247. 

[8] BESSE M., CASTANY P., GLORIANT T. Mechanisms of deformation in gum metal TNTZ-O and TNTZ titanium 
alloys: A comparative study on the oxygen influence. Acta Mater., Vol. 59, No. 15, 2011, pp. 5982-5988. 

[9] BERTRAND E., CASTANY P., PÉRON I., GLORIANT T. Twinning system selection in a metastable β-titanium 
alloy by Schmid factor analysis. Scr. Mater., Vol. 64, No. 12, 2011, pp. 1110-1113. 

[10] LI Q., NIINOMI M., NAKAI M., CUI Z., ZHU S., YANG X. Effect of Zr on super-elasticity and mechanical properties 
of Ti-24at% Nb-(0, 2, 4)at% Zr alloy subjected to aging treatment. Mater. Sci. Eng. A, Vol. 536, 2012, pp. 197-
206. 

[11] SUN F., ZHANG J.Y., MARTELEUR M., GLORIANT T., VERMAUT P., LAILLÉ D., CASTANY P., CURFS C., 
JACQUES P.J., PRIMA F.  Investigation of early stage deformation mechanisms in a metastable β titanium alloy 
showing combined twinning-induced plasticity and transformation-induced plasticity effects. Acta Mater., Vol. 61, 
No. 17, 2013, pp. 6406-6417. 

[12] FAN J.K., KOU H.C., LAI M.J., TANG B., CHANG H., LI J.S. Hot deformation mechanism and microstructure 
evolution of a new near β titanium alloy. Mater. Sci. Eng. A, Vol. 584, 2013, pp. 121-132. 

[13] FURUTA T., KURAMOTO S., HWANG J., NISHINO K., SAITO T. Elastic deformation behavior of multi-functional 
Ti-Nb-Ta-Zr-O alloys. Mater. Trans., Vol. 46, No. 12, 2005, pp. 3001-3007. 

[14] DANNO A., WONG C.C., TONG S., JARFORS A., NISHINO K., FURUTA T. Effect of cold severe deformation by 
multi directional forging on elastic modulus of multi functional Ti+25mol% (Ta,Nb,V)+(Zr,Hr,O) alloy. Mater. Des., 
Vol. 31, No. Suppl. 1, 2010, pp. S61-S65. 

[15] INAMURA T., FUKUI Y., HOSODA H., WAKASHIMA K., MIYAZAKI S. Relationship between texture and 
macroscopic transformation strain in severely cold-rolled Ti-Nb-Al superelastic alloy. Mater. Trans., Vol. 45, No. 4, 
2004, pp. 1083-1089.  

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1300 

THE EFFECT OF Mo AND/OR C ADDITION ON MICROSTRUCTUR E AND PROPERTIES 
OF TiAl ALLOYS 

CHLUPOVÁ Alice1, KRUML Tomáš2, ROUPCOVÁ Pavla1, HECZKO Milan1, OBRTLÍK Karel1, 
BERAN Přemysl3 

1 Institute of Physics of Materials of the AS CR, v.v.i., Brno, Czech Republic, EU, chlupova@ipm.cz 
2 CEITEC, Institute of Physics of Materials of the AS CR, v.v.i., Brno, Czech Republic, EU 

3 Nuclear Physics Institute of the AS CR, v.v.i., Rez, Czech Republic, EU 

Abstract  

Cast TiAl alloys with high Nb content are subject of extensive research with the aim to develop material with 
low density, good corrosion resistance and high strength at elevated temperatures. Disadvantage of their broad 
applications is restricted workability, machinability and low fracture toughness especially at room temperature. 
Improvement of properties of TiAl based materials can be achieved by tailoring the microstructure by 
modification of chemical composition. For this purpose 5 types of TiAl alloys with 7 at.% of Nb were prepared 
having variable content of Mo and/or C. Addition of Mo and/or C resulted in three types of microstructure and 

different phase composition. All modified alloys contain colonies consisting of thin lamellae of α and γ phases 

sometimes complemented by γ and/or β phase at the grain boundaries. Variable microstructure and phase 
composition resulted in differences in mechanical behaviour. The most promising tensile properties at both 
room and elevated temperature were observed for alloy doped with 2 at.% of Mo having the mixed 

microstructure containing β phase and for alloy doped with 0.5 at.% of C with nearly lamellar microstructure 

without β phase. 2Mo alloy exhibited reasonably good ductility while 0.5C alloy reached the highest tensile 
strength. Also low cycle fatigue behaviour of these two materials was the best of all five materials under 
investigation. Fatigue deformation characteristics were better in the case of 2Mo alloy while 0.5C alloy 
exhibited higher cyclic stresses. Fracture mechanisms were determined using fractographic analysis. The 
major fracture mode of all alloys was trans-lamellar.  

Keywords: TiAl, microstructure, mechanical properties, effect of alloying, fractography 

1. INTRODUCTION  

Third generation of TiAl alloys contains high amount of Nb which results in significant strengthening, creep 
resistance and good oxidation resistance [1-3]. Improvement of mechanical and/or technological properties 

depends on the refinement of microstructure and on the presence of β phase. Strengthening controlled by 

microstructure refinement can be connected with the higher content of α phase stabilizing element like C, while 

β phase introduced into material by addition of beta stabilizing elements like Nb and Mo is responsible for 
higher ductility but lower mechanical properties at elevated temperature [4-6].  

The aim of this research was to modify chemical composition in order to study the effect of Mo and/or C addition 
on the microstructure, phase composition and mechanical properties. Therefore, five types of TiAl alloys having 
7 % of Nb were prepared with variable content of Mo and/or C. Microstructure and phase composition varied 
and as a consequence the differences in mechanical properties both at RT and elevated temperature were 
observed. On the basis of tensile and fatigue tests results, the most promising material can be chosen. 
Fractographic analysis was performed in order to identify the mechanism of fracture in dependence on 
microstructure and phase composition. 
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2. EXPERIMENT 

Five types of TiAl alloys were prepared with 7 at % Nb and variable content of Mo and C (see Table 1 ). Ingots 
were HIP treated at (1260 ± 10) °C for 4 hours under pressure (170 ± 5) MPa in order to reduce porosity and 
lower the scatter in mechanical properties.  

Table 1  Chemical composition of individual ingots and phase composition evaluated using neutron diffraction  
   [7] and x-ray diffraction method. *Values influenced by texture 

  Phase composition (vol.%) 
 Chemical composition (at.%) Neutron diffraction XRD 
 Al Nb Ni Si Mo C Ti α-

Ti3Al 
β-

TiAl 
γ-

TiAl 
α-

Ti3Al 
β-

TiAl 
γ-

TiAl 
TiAl7Nb 2Mo 46 7 0.2 0.1 2 - bal. 3.4 14.6 82.0 3.6 15.7 80.7 
TiAl7Nb 0.2C 46 7 0.2 0.1 - 0.2 bal. 15.0 - 85.0 10* 4.9* 85.1* 
TiAl7Nb 0.5C 46 7 0.2 0.1 - 0.5 bal. 20.0 - 80.0 6.1* 0.7* 93.2* 
TiAl7Nb 
2Mo0.2C 

46 7 0.2 0.1 2 0.2 bal. 9.2 8.7 82.1 
8.3 9.1 82.6 

TiAl7Nb 
2Mo0.5C 

46 7 0.2 0.1 2 0.5 bal. 12.1 6.8 81.1 
11.5 6.5 82.0 

Cylindrical specimens were cut from ingots by electric spark discharge method and machined to a final shape 
with gauge diameter 5 mm and gauge length 8 mm for testing at room temperature (RT) and gauge diameter 
5 mm and gauge length 15 mm for testing at elevated temperatures. Surface of specimens was mechanically 
ground and electrolytically polished to avoid big scatter of measured data. Microstructural and fractographic 
studies were performed using scanning electron microscope Tescan LYRA 3 XMH FEG/SEM. 

Tensile and fatigue properties measurement was conducted on MTS 810 servohydraulic testing machine with 
Teststar IIs digital control unit. Tensile tests were performed with strain rate 10-4 s-1. Fully reversed total axial 
strain-controlled LCF tests were conducted at constant strain rate 2·10-3 s-1. High temperature tests (700, 750 
and 800 °C) were performed in air using resistance heating furnace. MTS extensometers were used to 
measure deformation at room and elevated temperatures.  

Phase composition was determined using neutron diffraction experiments [7] and by means of x-ray diffraction. 
X-ray powder diffraction (XRD) was performed using Co Kα radiation. Qualitative analysis was yielded by the 
HighScore software and the JCPDS PDF-4 database. BGMN structural models based on the ICSD database 
were used for the quantitative analysis of XRD patterns.  

3. RESULTS AND DISCUSSION 

3.1. Microstructure and phase composition 

The microstructure of all ingots consists of two or three phases: ordered tetragonal γ phase - TiAl (L10 structure; 

space group P4/mmm); ordered hexagonal α phase - Ti3Al (D019 structure; space group P63/mmc) and cubic 

β phase - TiAl (with A2 disordered or B2 ordered structure; space group Pm-3m). Results concerning phase 
composition are given in Table 1 . Data evaluated using XRD were compared with results from neutron 
diffraction method [7]. In the case of the material containing Mo (2Mo, 2Mo0.2C and 2Mo0.5C), XRD results 
are comparable to the neutron diffraction method. For alloys containing only C (0.2C and 0.5C) the phase 
composition data by XRD are considerably different from those obtained by neutron diffraction, indicating 

presence of certain amount of β phase even if C is element suppressing formation of this phase. It can be 
related to strong texture of measured samples which affects the precision of XRD measurements.  

Three typical microstructures for individual alloys were observed (see Fig. 1 ).  
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The microstructure of 2Mo alloy (see Fig. 1a) can be characterised as a mixed one consisting of lamellar 

colonies of α+γ phase surrounded by mixture of γ grains and β phase with very irregular and usually elongated 

shape (white colour phase). The amount of β phase is approx. 15 % which is the highest from all studied 

materials. The α phase (approx. 3 %) is present in the form of rather thick lamellae. The mean spacing between 

two consecutive lamellae is the highest from all observed materials. It seems that some of the α lamellae were 

partially transformed to β. According to [3], the α to  β transformation can be explained by the close chemical 

composition and instability of the α phase supersaturated by Mo and Nb.  

 
a) 

 
b) 

 
c) 

Fig. 1  Micrographs of TiAl alloys: a) alloy doped with 2 % of Mo, b) with 0.2 % of C,  
c) with 2 % of Mo and 0.5 % of C, (all in BSE mode) 

Microstructures for 0.2C alloy (see Fig. 1b)  and for 0.5C alloy are very similar with fully or nearly lamellar 
structure and well-interlocked grain boundaries. In both alloys lamellar colonies are approximately the same 

size, nevertheless higher C content results in finer lamellae of α+γ phases. In agreement with neutron 

diffraction experiments no β phase was observed in microstructure of both materials and only occasionally 

some γ grains were found at grain boundary or triple junctions (see the right upper corner in Fig. 1b ). 

An example of the microstructure of 2Mo0.5C alloy is in Fig. 1c) . The microstructure can be described as 

mixed with uniformly distributed lamellar colonies framed with grains of γ phase sometimes together with β 
islands inside them. The microstructure of 2Mo0.2C alloy is very similar with approximately the same size of 

lamellar colonies. The lower content of C in case of 2Mo0.2C results in higher amount of β phase with rather 
elongated and spiky shapes. The higher content of C in the case of 2Mo0.5C causes refinement of lamella 
thickness resulting in the lowest inter-lamellar space from all five studied materials.  

3.2. Mechanical properties 

All materials were subjected to tensile testing at room temperature and at 750 °C. Results are listed in Table 2 .  

Table 2 Tensile properties of five TiAl alloys at RT and 750 °C 

 RT 750 °C 

Alloy 
Rp0.02 

(MPa) 
Rp0.05 

(MPa) 
εpf 

(%) 
σf 

(MPa) 

Rp0.05 

 (MPa) 
Rp0.1 

(MPa) 
Rp0.2 

(MPa) 
εpf 

(%) 
σf 

(MPa) 

2Mo 467 480 0.058 485 380 406 441 0.38 485 
0.2C 498 536 0.085 563 - - - - - 
0.5C 610 - 0.026 619 548 590 628 0.24 636 
2Mo0.2C 531 - 0.032 538 427 454 483 0.28 499 
2Mo0.5C - - 0.008 601 525 - - 0.17 524 

Fracture stress and yield stress are high for all materials at both temperatures. The highest values of strength 
at 750 °C can be ascribed to nearly lamellar (NL) structure of 0.5C alloy. Due to limited plasticity of all alloys 
the 0.2 % proof stress could be evaluated only for more ductile alloys at 750 °C. In other cases proof stresses 
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Rp0.1, Rp0.05 and Rp0.02 were assessed (see Table 2 ). The highest amount of β phase in 2Mo alloy resulted in 
rather low strength, nevertheless in the best plastic properties at 750 °C when plastic strain at fracture reached 
the value of 0.38 %.  

Plot of tensile stress-strain curves for two most promising materials (the most plastic 2Mo alloy and strongest 
0.5C alloy) at room and elevated temperature is shown in Fig. 2 .   

Fatigue behaviour of TiAl alloys was studied both at RT 
and 750 °C. A short-cut procedure was applied to obtain 
cyclic stress-strain curves (CSSC). In cyclic loading, all 
materials exhibited rather brittle behaviour even at high 
temperature. The most promising fatigue properties at 
750 °C were observed in the case of 2Mo and 0.5C alloys 
(see Fig. 3a). These alloys show the highest level of 
cyclic plasticity. Material with 0.5C having NL 

microstructure with the highest amount of α phase also 
exhibits the highest cyclic stress response at 750 °C. The 
stress amplitude as a function of the plastic strain 
amplitude is shown in Fig. 3b  for 750 °C. The highest 
level of plastic deformation in these cyclic stress-strain 
curves C is reached in the case of 2Mo alloy which 

contains the highest amount of β phase in the microstructure. The plot of the stress amplitude versus the 
number of cycles shows cyclic softening during cycling of all alloys at 750 °C usually with strain amplitude 
equal approximately to 0.27 % and higher. At room temperature, cyclic softening starts at higher strain 
amplitudes (0.33 %) in comparison with tests at 750 °C. This behaviour differs from that observed in the case 
of TiAl alloy with 8 % of Nb without additional doping [8] where no cyclic softening was observed below 800 °C.   

 
a) 

 
b) 

Fig. 3  a) Plot of the stress amplitude σa vs the total strain amplitude εa for two selected alloys  
(2Mo and 0.5C) tested at RT and 750 °C. b) Cyclic stress-strain curves for 2Mo and 0.5C alloys  

tested at 750 °C 

3.3. Fractography 

Thorough analysis of fracture surfaces of all specimens after tensile and fatigue tests to fracture shows very 
similar appearance. No significant differences between tensile and fatigue fracture were noticed. This can be 
due to application of short-cut procedure to obtain CSSC, which probably affects fatigue crack initiation.  

When lamellar colonies are present in the microstructure then also fracture modes reflects it. Generally, two 
fracture modes were observed: 1) inter-lamellar mode appears when a crack grows along lamellar interfaces 

 
Fig. 2  Tensile stress-strain curves for two TiAl 

alloys (2Mo and 0.5C) 
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leaving flat facets on the surface (see Fig. 4a ) and 2) trans-lamellar fracture appears in case that cracks grow 
perpendicularly to the lamellar interfaces. In the second mode, two following characteristic features can be 
found on the surface: 1) steps with different thickness corresponding to the lamellae thickness (see Figs. 4b ) 
and 2) cleavage facets, where the fracture goes through lamellae. An individual lamella can be distinguished 
only in phase contrast (see Fig. 4c ). 

 
a) 

 
b) 

 
c) 

Fig. 4  a) Fracture surface with inter-lamellar fracture (SE mode), b) trans-lamellar fracture with steps 
corresponding to lamellae (SE), c) trans-lamellar fracture with cleavage facets and river-like ridges (BSE) 

In our study, the inter-lamellar fracture was observed only occasionally and predominantly in case of 0.2C 

alloy. Comparison of fracture mechanisms for two alloys 0.2C and 0.5C (without β phase) revealed that  despite 
of similar fully or nearly lamellar microstructure (see Fig. 1b ) the 0.2C alloy exhibits higher volume of inter-
lamellar fracture indicating the fracture stress at RT approx. 50 MPa lower than that in case of 0.5C alloy. The 
trans-lamellar fracture is more energetically demanding which results in the highest fracture stress of 0.5C 
alloy even at 750 °C.  

The β phase is usually present in the microstructure in the form of islands surrounded by gamma phase at 
lamellar colony boundaries or triple junctions (see Fig. 1 a, c ). Fractographic observation in 2Mo, 2Mo0.2C 

and 2Mo0.5C alloys revealed that fractures initiate predominantly in areas rich in β and γ phase. An example 
of this type of initiation site is in Fig. 5a .  

 
a) 

 
b) 

 
c) 

Fig. 5  a) Crack initiation site in β phase (brighter colour) surrounded by γ phase (BSE), b) inter-granular 
fracture caused by increased temperature (BSE), c) oxidation at 750 °C and delamination between two areas 

with trans-lamellar fracture with inter-lamellar secondary cracking (SE) 

Investigation of differences between fracture mechanisms at RT and 750 °C showed the higher amount of 
inter-granular fracture after loading at 750 °C (see Fig. 5b ). Oxidation products were present on the fracture 
surface after loading at 750 °C - see trans-lamellar fracture in Fig. 5c .  

Fracture and crack growth are often very instable processes and it is very profitable, when the most energy 
consumption is related to creation of crack branching or secondary failure. In case of lamellar structure, the 
crack branching can be in the form of the secondary inter-lamellar fracture (Fig. 5c ). The highest amount of 

γ 
β 
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these features was observed on the fracture surface of 0.5C alloy. It is in agreement with the high fracture 
resistivity of this material.   

4. CONCLUSIONS 

Microstructure and phase composition of the cast TiAl alloy with 7 % of Nb with modification of chemical 
composition using variable content of C and/or Mo were studied. Five types of TiAl alloys exhibited different 

phase composition and three types of microstructure containing colonies consisting of thin lamellae of α and γ 
phases sometimes complemented by γ and/or β phase at the grain boundaries 

Variable microstructure and phase composition resulted in differences in tensile and fatigue behaviour. The 
most promising tensile properties at both room and elevated temperature were observed for alloy doped with 

2 % of Mo containing 15 % of β phase and for lamellar material with 0.5 % of C without β phase. 2Mo alloy 
exhibited reasonably good ductility while 0.5C alloy reached the highest tensile strength. The best fatigue 
stress-strain characteristics were observed for 2Mo and 0.5C alloys. The level of cyclic plasticity was higher in 
case of 2Mo alloy while 0.5C alloy exhibited more pronounced cyclic stress response.  

Fracture mechanisms were determined; the major fracture mode of all alloys is trans-lamellar. In the case of 
high temperature loading, the presence of inter-granular fracture and oxidation was observed. Fracture 
surfaces after tensile and fatigue loading were found very similar.  
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Abstract  

In Ni rich Ni-Ti alloys, various phases such as hexagonal Ni3Ti, cubic NiTi2 and rhombohedral Ni4Ti3 appear 
during heat treatment. The presence of these precipitates affects the shape memory effect and superelasticity 
in an important manner. In this paper we present a study of the phase evolution during annealing of the Ni-48 
at.% Ti shape memory alloy elaborated by self-propagating high-temperature synthesis (SHS). Morphology 
and crystallography of the phases were examined by means of light metallography, scanning electron 
microscopy (SEM), neutron and X-ray diffraction, transmission electron microscopy (TEM) and energy 
dispersive X-ray spectroscopy (EDS). Besides the phases mentioned in the literature, a Ni-rich phase with the 
composition near Ni3Ti2 stoichiometry and having a cubic symmetry was found. This phase develops from 
Ni4Ti3 particles during slow (furnace) cooling from the temperature of 1000 °C. Its particles have the form of 
thin platelets coherent with the (B2) NiTi matrix. The orientation relation is either cube-to-cube, [111]P || [115]B2 
and (1-10)P || (1-10)B2 or [011]P || [011]B2 and (1-10)P || (1-41)B2. 

Keywords: NiTi shape memory alloy, neutron diffraction, phase analysis, light and electron microscopy 

1. INTRODUCTION 

NiTi alloy with approximately equimolar composition is a well-known shape memory material. The most 
commonly applied techniques in industrial production of NiTi alloy are melting metallurgy processes: vacuum 
induction melting (VIM) [1] and vacuum arc re-melting (VAR) [2]. In VIM and VAR of Ti-containing alloys, there 
is a serious danger of a strong contamination of the melt due to high reactivity of molten titanium. Therefore, 
special zirconia (ZrO2) or yttria (Y2O3) bulk or coated crucibles have to be used [3]. However, even these 
materials contaminate the molten NiTi alloy partially, causing the presence of oxide inclusions. A promising 
alternative to these melting metallurgy production routes is powder metallurgy (PM). However, the application 
of conventional PM processes using NiTi alloy powders is complicated due to their poor compressibility and 
sinterability [1]. A different and simple production technology is reactive sintering. In general, reactive sintering 
is a densification process, where initial elemental components in powder form are transformed to a compact 
product via thermally-activated chemical reactions. Since the intermetallics-forming reactions are strongly 
exothermic, the heat evolved by the reaction sustains and propagates the reaction through the reaction 
mixture. Therefore the process is called Self-propagating High-temperature Synthesis (SHS) [4]. The purpose 
of this paper is to characterise the phases formed in a Ni-48 at.% Ti shape memory alloy elaborated by SHS. 

2. EXPERIMENTAL 

Cylindrical shape green bodies 12 mm in diameter and 10 mm in height were prepared by uniaxial cold 
pressing of the blends of 52 at.% of Ni powder (> 99.8% purity, particle size < 10 μm) and 48 at.% of Ti powder 
(> 99.8% purity, particle size < 10 μm) under pressure of 320 MPa. Self-propagating high-temperature 
synthesis (SHS) was performed by heating the powder compacts in evacuated silica ampoules for 5 min at 
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1100 °C. Samples of the alloy were annealed at 1000 °C for 12 hours and then quenched into ice water without 
breaking the capsule. Alternatively, slow (furnace) cooling was employed. Quenched samples were also 
isothermally aged at 720 °C for 3 and 10 h. The phase analysis of the alloy was carried out by means of 
neutron diffraction at room temperature on the instrument MEREDIT, using neutron beam with wavelength of 
0.14618 nm. Data refinements and phase analysis were performed with full pattern fitting method using 
FullProf software [5]. Alternatively, the phase analysis was carried out also by X-ray diffraction (XRD) method 
using PANalytical X'Pert Pro diffractometer (CuKα radiation). The XRD patterns were processed and evaluated 
by PANalytical X'Pert HighScore Plus software with PDF-2 database. The morphology and crystallography of 
the phases were examined by means of light microscope Zeiss Neophot 32 after polishing by colloidal silica 
and/or electropolishing in the solution of 5% HClO4 in ethanol. Alternatively, scanning electron microscope 
(SEM) TESCAN FERA equipped with electron back-scattering diffraction (EBSD) system and energy 
dispersive X-ray spectrometer (EDS) EDAX was used. Transmission electron microscopy standard 3 mm 
samples were prepared by slicing the alloy by slow speed diamond saw, grinding to 60 μm thickness, dimple 
polishing and final ion beam thinning using Gatan PIPS 691 device. The observation of thin foils was carried 
out at 200 kV using JEOL 2000 FX electron microscope with an EDS Bruker.  

3. RESULTS AND DISCUSSION 

3.1. As sintered condition 

The microstructure of the alloy in the as sintered condition is shown in Fig. 1 . There are numerous dendrites 
of the NiTi2 phase embedded in the NiTi matrix (Fig. 1a ). The dendrites are quite long, 50 to 100 μm thick, 
having secondary arm spacing (SDAS) of 5 to 10 μm. When isolated they have sometimes Chinese script form 
(Fig. 1b ). According to the neutron diffraction phase analysis, the volume fraction of the NiTi2 phase (space 
group: Fd-3m  (227), a = b = c = 1.13232(18) nm, α = β = γ = 90°) is about 17 %. The phase fraction of the B2 
ordered NiTi matrix (space group: Pm-3m  (221), a = b = c = 0.300478(14) nm, α = β = γ = 90°) is only 39 %, 
because the alloy contains also an important fraction (44 %) of the precipitates of the rhombohedral phase 
Ni4Ti3 (space group: R-3 (148), a = b = 1.12704(20) nm, c = 0.50981(15) nm, α = β = 90°, γ = 120°). However, 
its particles are very fine and thus they can be observed only by means of the transmission electron microscope 
(Fig. 2 ).  

   

Fig. 1 Dendrites of the NiTi2 phase in the NiTi matrix of the as sintered alloy (electrolytical polishing): 
(a) Light micrograph, (b) SEM SE micrograph of the dendrite in the Chinese script form. The same 

microstructure was found also in the alloy quenched from 1000 °C after 12 h annealing 
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Fig. 2 TEM micrographs of the Ni4Ti3 phase in the as sintered condition: (a) Fine particles imaged in 
centered dark field in the spot marked by an arrow in the diffraction diagram in the inset on the right. The 

inset on the left shows the same region tilted to the [111] NiTi matrix zone axis (spots B2) which is coincident 
with the [0001] zone axis of the Ni4Ti3 precipitate (spots P). The spots of the Ni4Ti3 phase marked by crosses 
are in the twinning relationship with the plane of the symmetry (110)B2. (b) Coarser particles imaged in bright 

field. The inset shows the diffraction diagram of one of the Ni4Ti3 particles tilted to the [10-11] zone axis 
coincident with the [102] crystal zone of the B2 NiTi matrix 

3.2. Annealed and quenched condition 

After 12 h annealing of the alloy at 1000 °C followed by ice water quenching, the morphology and distribution 
of the NiTi2 phase remains unchanged (light and SEM micrographs are the same as in the case of Fig. 1 
recorded for the as sintered condition). In a similar way, the volume fractions of NiTi2 and Ni4Ti3 phases are 
nearly unaffected (18 and 47 %, respectively). The most important difference with respect to the as sintered 
state is coarsening of the fine Ni4Ti3 precipitate (Fig. 3a). Insets of electron diffractions in Figs. 2a  and 3a 
show, that the orientation relationship of the precipitates (P) of the rhombohedral phase Ni4Ti3 within the (B2) 
NiTi matrix is [0001]P || [111]B2, and (11-20)P || (12-3)B2.  

   

Fig. 3 TEM micrographs of the Ni4Ti3 phase in the alloy quenched from 1000 °C: (a) Fine Ni4Ti3 precipitate 
coarsened (dark field). The inset shows corresponding diffraction diagram in the [111] NiTi matrix zone axis. 

(b) Somewhat coarser particles of the Ni4Ti3 phase on the grain boundary surrounded by precipitate free 
zones (bright field) 
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In fact, there are two sets of precipitate diffraction spots forming a hexagonal pattern, the second ones (marked 
by crosses) are in the twinning relationship with the plane of the symmetry (110)B2. Taking account of the 
symmetry, there are several variants of the precipitate-matrix orientations. The dark field micrograph in back 
of the Fig. 3a shows one set of the Ni4Ti3 particles in bright contrast, the dark veins inside the particles are 
antiphase boundaries. In the same micrograph other variants of Ni4Ti3 phase give only residual contrast, 
somewhat darker than the background matrix. One of these darker sets is in the twinning relation with bright 
particles (vertical mirror plane). Bright field micrograph in Fig. 3b  shows somewhat coarser particles of the 
Ni4Ti3 phase on the grain boundary surrounded by precipitate free zones. 

3.3. Slow cooled condition 

Slow furnace cooling from 1000°C leads to the decomposition of the Ni4Ti3 phase. According to neutron 
diffraction phase analysis, the alloy contains only 20 % NiTi2 phase and 80 % NiTi matrix. However, light and 
electron metallography, as well as X-ray diffraction reveal other phases, namely hexagonal Ni2Ti 
(a = 0.2549 nm, c = 4.3648 nm, space group R-3m  (166)) and Ni3Ti (a = 0.51010 nm, c = 0.83067 nm, space 
group P63/mmc  (194)) compounds. Particles or laths of the Ni2Ti phase are well visible in bright contrast in the 
SEM backscattered electron signal in Fig. 4a  (arrows B). On the other hand, the dendrite arms (A) of the phase 
NiTi2 containing low amount of nickel appear black. Other particles (labeled C in Fig. 4a, a detailed view in 
Fig. 4b ) have shape of thin irregular platelets 2 to 5 μm in size. The SEM EDS analysis gives the ratio of Ni : Ti 
in at.% in these particles in the range from 1.37 to 1.47, thus close to Ni3Ti2 stoechiometry (Ni : Ti = 1.5). The 
phase Ni3Ti2 was reported e.g. by Nishida, Wayman and Honma [6], according to TEM diffraction analysis it is 
monoclinic (a = 0.441 nm, b = 0.882 nm, c = 1.352 nm, γ = 89.3°) [7]. From Fig. 4b  it can be seen that coarser 
particles of this phase are situated often between the NiTi2 phase and the matrix, in several cases they 
surround the dark NiTi2 dendrites completely, indicating that they form from NiTi2 phase and NiTi matrix by a 
peritectoid reaction NiTi2 + NiTi → Ni3Ti2. Thin platelets of this phase were examined by means of TEM and 
selective area electron diffraction. The results of this analysis are summarized in Fig. 5 . In the upper left corner 
of the micrograph in Fig. 5a  there are two of the particles perpendicular to the electron beam and remaining 
ones with various orientations are imaged edge on. Figs. 5b  to 5f show selective area electron diffraction 
patterns in several crystal zone axes. It can be seen that the particles are coherent with the matrix, they have 
a cubic symmetry (a = 0.874 nm) and cube-to-cube precipitate-matrix orientation (Figs. 5b  to 5e). Alternatively, 
orientations [011]P || [011]B2 and (1-10)P || (1-41)B2 (not shown here) or [111]P || [115]B2 and (1-10)P || (1-10)B2 
(Fig. 5f ) were also observed. 

     

Fig. 4 SEM BSE micrographs of the alloy after slow cooling from 1000°C, which led to the precipitation of 
other phases: (a) general view, A - NiTi2, B - Ni2Ti, C - Ni3Ti2 phase, (b) detail of fine plate-like particles of the 

Ni-rich cubic phase with the composition close to Ni3Ti2 stoichiometry 
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Fig. 5 (a) TEM micrograph of the fine plate-like particles of Ni-rich cubic phase (Ni3Ti2) corresponding to 
Fig. 4b , (b) to (f) electron diffraction patterns of the matrix and the precipitate in several orientations 

3.4. Annealing at 720 °C 

The quenched alloy was also isothermally annealed at 720 °C; the resulting microstructures are shown in 
Fig. 6 . After 3 h annealing, the medium bright Ni3Ti2 phase shows only lath morphology (Fig. 6a ), while after 
10 h it is partially transformed into randomly distributed platelet morphology (upper left part of Fig. 6b ). 

   

Fig. 6 SEM BSE micrographs of the alloy after 12 h annealing at 1000 °C, ice water quenching and 
isothermal annealing at 720 °C: (a) 3 h anneal, (b) 10 h anneal. Dark NiTi2, medium bright Ni3Ti2 and bright 

Ni2Ti phases are visible in the grey NiTi matrix (for the phase descriptions see also Fig. 4 ) 
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When compared to the slow (furnace) cooled sample (Fig. 4 ), there is apparently a lower amount of the bright 
Ni2Ti phase.  

4. CONCLUSION 

Morphology and crystallography of the phases in the Ni-48 at.% Ti shape memory alloy elaborated by self-
propagating high-temperature synthesis (SHS) was characterized by means of light metallography, scanning 
electron microscopy (SEM), neutron and X-ray diffraction, transmission electron microscopy (TEM) and energy 
dispersive X-ray spectroscopy (EDS). The main results can be summarized as follows: 

• The volume fraction of the NiTi2 phase (about 20%) remains practically unaffected by long term 
annealing (12 h) at 1000°C. This annealing leads only to the coarsening of the Ni4Ti3 precipitates. 

• Besides the phases mentioned in the literature, i.e. NiTi, NiTi2, Ni2Ti, Ni3Ti, Ni4Ti3, monoclinic Ni3Ti2, a 
Ni-rich phase with the composition near Ni3Ti2 stoichiometry and having a cubic symmetry (a = 0.874 
nm) was found. 

• This phase develops from Ni4Ti3 particles during slow (furnace) cooling from the temperature of 1000 
°C. Its particles have the form of thin platelets coherent with the (B2) NiTi matrix.  

• The precipitate-matrix orientation relation is either cube-to-cube, [111]P || [115]B2 and (1-10)P || (1-10)B2 
or [011]P || [011]B2 and (1-10)P || (1-41)B2.  
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Abstract 

One bi-layer Ni-Ti thin films with chemical compositions of Ni45TiCu5/Ni50.8Ti (numbers indicate at.%) 
determined by energy dispersive X-ray spectroscopy was deposited on Si substrates using RF magnetron 
sputtering. The structures and transformation temperatures of annealed thin films at 773 K for 1 h were studied 
using grazing incidence X-ray diffraction (GIXRD) and differential scanning calorimetry (DSC), respectively. 
Nanoindentation was used to characterize the mechanical properties.  

The DSC and X-ray diffraction results indicated the bi-layer was composed of austenitic and martensitic thin 
films. The bi-layer thin film exhibited a combined pseudo elastic behavior and shape memory effect at the 
same time similar to the austenitic and martensitic thin films, respectively. The combination of pseudo elastic 
with shape memory effect produces a two-way shape memory effect with a reduced hysteresis in the bi-layers.  

Keywords:  NiTi bi-layer thin film, pseudo elastic, two-way shape memory effect 

1.  INTRODUCTION 

NiTi alloys as a shape memory alloys (SMAs) are attractive for a wide range of smart designs and advanced 
applications owing to their excellent functional properties, including shape memory effect and pseudo elasticity 
[1-3].  Advanced engineering applications create a demand for development of novel structured TiNi. NiTi thin 
films are manufactured to suit the dimensional requirements in micro-electro-mechanical systems (MEMSs) 
[4, 5]. The functional properties of SMAs are often noticed in two distinctive behaviours, known as pseudo 
elasticity and the shape memory effect [6]. The weak controllability of the shape memory element is a challenge 
for actuator design. One way to solve this problem is to create functionally graded NiTi components [7, 8].  

The two-way shape memory effect is highly desirable in the manufacture of the MEMS [9].  Controlling the 
transformation of Ni-Ti thin films are achieved by changing the composition and microstructure of a single 
homogeneous layer [10, 11]. Previous studies have indicated that SMA thin films with compositional gradients 
have the added feature of an intrinsic two-way shape memory effect (TWSME) [12-13]. In order to successfully 
develop functionally graded TiNi thin films for MEMS application, it is necessary to characterize and control 
the variations in composition, thermo-mechanical properties and residual stress in these films [7, 14]. While 
the potential applications for shape memory alloys (SMAs) in MEMS are large, the difficulties with fabricating 
quality material and achieving TWSME are preventing widespread use of this actuator material. 

The paper aims to design and prepare bi-layer thin film with a gradient in chemical composition. Special 
attention has been paid to the shape memory behavior and super elasticity effect of the bi-layer with different 
chemical compositions. In addition, it has been shown the bi-layer NiTi films can be fabricated with a two-way 
shape memory effect without complicated heat treatment and training process that is incompatible with MEMS 
processing.  
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2.  MATERIAL AND METHODS 

One bi-layer thin film (Ni45TiCu5/Ni50.8Ti), has been deposited on Si (111) substrate using RF magnetron 
sputtering system using two alloy NiTi and NiTiCu targets. Due to the different angular sputtering distributions 
for Ni and Ti, the film composition deviates from the composition of the target. A typical loss rate of 4-4.5 at.% 
Ti between cast-melted target and sputter deposited film was reported [15]. In order to compensate for Ti loss, 
the Ti concentration of the targets is about 54 at.%. The deposition parameters are shown in Table 1 . 

Table 1  Sputtering parameters 

Base pressure < 10-5 Pa 

Ar gas pressure 0.3 Pa 

Target substrate distance  50 mm 

Target power (NiTi target) 150 W 

Thickness of each layer ≈ 600 nm 

Deposition temperature Room temperature 

The substrate holder was kept rotating during deposition in order to achieve a uniform distribution of 
composition. The film thicknesses were determined using a Dektak surface profile. The compositions of the 
as-deposited single layer thin films were determined by energy dispersive X-ray analysis (EDXA). In order to 
crystallize the as-deposited thin film, it was annealed at 773 K for 1 h under vacuum (< 10-5 Pa). The 
crystallization and phase transformation temperatures were measured using DSC (NETZSCH DSC 404C) on 
the thin film after removal from the substrates. Heating and cooling rates were maintained at 10 °C/min. 

Grazing incidence X-ray diffraction measurements of the as-deposited and crystallized thin films were carried 
out at room temperature by using a Bruker diffractometer of Cu-Kα radiation. The film surface morphology was 
studied using tapping mode atomic force microscopy (AFM: Digital Instruments Nanoscope III). AFM was also 
used to image the residual indent to determine the extent of pile-up or sink in and the recovery of the indent 
effect after heating.  

The annealed thin films were then subjected to mechanical analysis by means of nanoindentation using an 
Agilent G200-DCM Nanoindenter equipped with a Berkovich diamond indenter. The maximum indentation load 
was 5 mN. Both load and displacement were recorded during the entire loading and unloading cycle. The 
indenter was loaded at a constant indentation strain rate of 0.025 s-1 to the maximum load and the load was 
held constant for 10 s. Then, the specimens were unloaded to 10% of maximum load and the load was held 
constant for 60 s, while the displacement was monitored to determine the displacement rate produced by 
thermal expansion in the system. Finally, the sample was unloaded completely. The displacement data were 
corrected assuming a constant drift rate throughout one indentation test. The load-displacement experiments 
were repeated at five different locations on the surface of the films. Through the use of nanoindentation and 
atomic force microscopy (AFM) methods the shape memory effect is observed in the nanoscale regime. After 
the nanoindentation tests, the indents were scanned using an AFM and then the samples were heated up to 

Af (austenite finish temperature) ≈ 353 K for 2 min and then were allowed to cool. This process transformed 
the martensite to austenite which in turn the shape memory effect (SME) occurs. The films were scanned using 
the AFM, and the indents imaged again. The change in the depth of the remnant indentations due to the shape 
memory effect was quantified using NanoScope Analysis software.   
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3.  RESULT AND DISCUSSION 

3.1.  Structural analysis 

The as-deposited thin film structure was studied using GIXRD. The X-ray pattern of the as-deposited thin film 

display a board peak around 2θ ≈ 43° which indicated that the as-deposited thin films are in amorphous state 
(Fig. 1 ). In general, the film deposited at room temperature was usually amorphous in nature. The amorphous 
NiTi thin films do not exhibit the shape memory effect, and then an annealing process is necessary to yield the 
shape memory effect and super elasticity behaviours. Therefore, high temperature deposition or post 
annealing was required to make them crystalline. Fig. 2  gives typical continuous heating DSC trace obtained 
from the thin film. The DSC traces exhibits two exothermic crystallization peaks which related to each layer in 
the thin films. As Chang and Grummon [16] showed, the crystallization temperature of NiTi thin films at a 
heating rate of 10oC/min decreased with increasing the Ti content, from 763 K for Ni52.6Ti47.4 to 748 K for 
Ni49Ti51. As illustrated in Fig. 2 , the onset crystallization temperature and peak temperature decreases with 
reduced Ni contents. The peaks at 736 K and 760 K are related to the Ti-rich and Ni-rich layers, respectively. 
In the other words, the Ni-rich layer is more stable than the Ti-rich layer during crystallization annealing. 
Therefore, it means that the chemical compositions have significant influences on thermal stability in NiTi alloy 
thin films. According to the DSC results, the bi-layer thin film was crystallized at 773 K for 1 h. The XRD pattern 
of the crystallized thin film are presented in Fig. 1. The austenite, martensite and R-phase are present in the 

bi-layer thin film. The presence of R-phase, suggests that a multi-step transformation (B2↔R, B2↔B19’, 

R↔B19’) happened in the thin film. This multi-step transformation was confirmed by DSC measurement 
(Fig. 3 ).  
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Fig. 1  XRD profile of the bi-layer thin film before and after annealing at 773 K for 1 h 
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Fig. 2  DSC curve of crystallization temperature of the as deposited bi-layer thin film 

DSC curves of the bi-layer thin film illustrate two transformation zones associated with the each layer 
transformation during thermal cycling. In the heating curve, the first peak is related to the transformation of 
martensite to the austenite phase in the Ni-rich layer and the second peak shows multiple step phase 

transformation (B19’→R, B19’→B2, R→B2) related to the TiNiCu layer. Reverse transformations occurred in 
the cooling curve are shown in Fig. 3 . The small difference between the peak temperatures upon heating and 
cooling also known as a narrow temperature hysteresis could be related to the occurrence of a R-phase 
transitions in the bi-layer. Because of the narrow hysteresis width, NiTi films which exhibit the intermediate R-
phase transition are of interest for MEMS applications. The small hysteresis enables the fabrication of higher-
speed actuators as well as of regulated actuators without the need for a complex control algorithm [15].  
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Fig. 3  DSC curves of the bi-layer after annealing at the 773 K for 1h, 1st zone is related to austenitic layer 
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3.2.  Mechanical properties  

For evaluation of mechanical properties of the NiTi thin films, load-displacement curves of the annealed bi-
layer thin film obtained from the nanoindentation are shown in Fig. 4 . All the indentation tests were carried out 
in air at room temperature and relative humidity of 50%. The elastic recovery of the bi-layer is more complex 
than the single-layer thin films during the nanoindentation, due to the influences of the interface between the 
layers and composition gradient across the film thickness. It is expected that the diffusion during annealing 
reduces the level of residual stress at the interface [17]. The indentation induced super elasticity effect can be 

characterized by the Depth Recovery Ratio µ of the load-displacement curves by using the following equation 
[17]: 

µ= (hmax−hr)/hmax,                                                            (1) 

where hmax is the penetration depth at the maximum load and hr is the depth when the load returns to zero 
during unloading. The depth recovery ratio of the bi-layer thin film is 0.44.  
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Fig. 4  The load-depth curve of the bi-layer thin film 

The processes occurring during indentation in the martensitic and austenitic structures in NiTi alloys can be 
explained by Johnson’s spherical cavity model [18-19]. According to this model, the deformation of the solid 
under the indenter tip occurs by plastic deformation in the region nearest to the tip where stresses are greatest, 
followed by martensite-twin rearrangement in the case of a martensitic structure or stress-induced martensitic 
(SIM) transformation (pseudo elasticity) in the case of austenitic structure, and finally elastic deformation in 
the region far from the tip. Although these regions are not sharply specified, but by using the modified spherical 
cavity model, the phase transformation-elastic boundary radius can be located such that: 
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where C is an phase transformation-elastic boundary, d is indentation depth, β is the angle between the surface 
and indenter (24.65o for a Berkovich indenter), E is Young’s modulus, Y is yield stress of the material (YMartensite 

= 0.2 GPa (the critical stress for martensite-twin reorientation), YAustenite = 0.6 GPa (the critical stress for stress-
induced martensitic transformation (pseudo elasticity)) [20-21] and ν is Poisson’s ratio (0.33 for NiTi alloy).  

In the bi-layer, the NiTiCu upper layer is martensitic while in the bottom Ni-rich layer an austenitic structure is 
dominant. There is no significant recovery in the unloading curve indicating more predominantly de-twining 
and plastic deformation in the martensitic upper layer. Because of the using Berkovich indenter tip, plastic 
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deformation is introduced in the material. In the austenite structures, stress induced martensite transformation 
(SIM) and de-twinning can occur, while in the martensitic phase, only de-twinning takes place. Martensite 
formation in the austenitic phase out of the plastic deformation zone is metastable, and thus reverses on 
unloading, leading to recoverable strain, while de-twinning results in the martensitic structures are permanent 
deformation, unless a subsequent heating step is included [22]. 

According to Eq. (2) and calculated (C), by increasing the depth of the indentation, the radius of the 
transformed region (C) is more than the upper layer thickness. Hence, the bottom layer contributes to the 
deformation. In the bi-layer because of the high indentation depth, the bottom austenitic layer has participated 
in the recovery process.  

In addition to the shape memory properties derived from the indentation load-displacement curves, further 
characterization of the films can be achieved through a coupled nanoindentation - AFM experiment. The 
recovered depth of indentation is a measure of the available shape memory material within the film.  Residual 
indentation depth in martensitic film can be caused to recover through the shape memory effect by heating the 
film above their austenitic finish temperature (AF). Measurements of the indentation depths before and after 
heating are used to calculate the depth recovery ratio for films. This recovery can be quantified using a recovery 
ratio: 

bh

ahbh

D

DD
R

−=        (3) 

where Dbh and Dah are indent depth before and after heating, respectively. The insets in Fig. 5  show profiles 
of the indentations before and after heating which were used to determine Dbh and Dah, respectively. In the bi-
layer after heating, the indent becomes shallower, which indicates recovery of the deformation accommodated 
through shape memory process. The recovery ratio (R) of the bi-layer thin film is 0.31.  

 

 

 

 

 

 

 

 

 

 

Fig. 5  Cross-section of AFM scan of indentation in the bi-layer thin film before and after heating showing 
depth recovery. Films annealed at 353 K for 2 min 

For studying the two-way shape memory effect of the bi-layer thin film, freestanding film was heated to above 
353 K and then cooled to room temperature. The two-way shape memory effect can be clearly observed from 
the photos of freestanding bi-layer thin film as shown in Fig. 6 . At room temperature, the film rolls due to the 
existence of residual stress as shown in Fig. 6(a) . When heated gradually above Af, it can be seen that the 
film is gradually unrolled as shown from Fig. 6(b) , due to the shape memory effect. After cooling down to room 
temperature, the sample rolls again, i.e. recovering to its room temperature shape as shown in Fig. 6(c) . This 
two-way shape memory effect is not generated by the usual special thermo-mechanical training procedures of 
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Ni-Ti thin films, and it is most likely due to the residual stress in the bi-layer thin film structure. The integration 
of pseudo elastic with shape memory characteristics produces a two-way shape memory, because variations 
in the residual stress in thickness direction will enable a biasing force to build up inside the thin film.  The 
residual stresses that are larger than the yield stress of the martensite phase can bend a film into a rolled-
shape while the austenitic layer is in elastic or pseudo elastic state, but when heated the martensitic layer 
transformed to the austenite phase and can overcome the residual stress and reverts to unrolled-shape. After 
subsequent cooling because of the transformation austenite to the martensite and residual stress, the 
multilayer rolled again. Then, the combination of pseudo elastic with shape memory effect produces a two-
way shape memory. Maximum force output utilizing the two-way effect is dependent on the magnitude of the 
residual stresses. In other word the force available during recovery to the low temperature phase supplied by 
the residual stresses, while in heating it is the force of the shape memory effect after overcoming the opposing 
residual stresses. This two-way shape memory effect is quite applicable, to develop thin film micro-actuators. 

 

Fig. 6  Demonstration of the two-way shape memory effect of the bi-layer thin film. The film changes 
spontaneously between (a) room temperature shape, (b) high temperature shape and (c) room temperature 

shape 

4. CONCLUSIONS 

The experimental results led to the development of a graded bi-layer NiTi thin films (Ni45TiCu5/Ni50.8Ti) which 
show the shape memory effect and pseudo elastic behavior. These behaviors reflect on the experimental 
results and can be interpreted by X-ray diffraction, DSC measurement and mechanical properties presented 
in this paper. The austenite, martensite and R-phase are present in the bi-layer thin film and the bi-layer thin 

film exhibit a multi-step transformation B2↔R, B2↔B19’,R↔B19’ during thermal cycling. Nanoindentation 
studies revealed that the bi-layer thin film exhibited a combined pseudo elastic behavior and shape memory 
effect which lead to show intrinsic two-way shape memory effect.   
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Abstract 

Viscoplasticity and crystal plasticity have been used to model cyclic deformation of nickel-based superalloys 
at elevated temperature. Model parameters were determined from strain-controlled cyclic test data, with 
consideration of strain rate effects. Model simulations are in good agreement with the experimental results for 
stress-strain loops, cyclic hardening behaviour and stress relaxation behaviour during the hold periods at the 
maximum and minimum strain levels. The models were also applied to study crack-tip deformation under 
fatigue, which showed the accumulation of permanent deformation at the crack tip due to plasticity-induced 
strain ratcheting. The strain accumulation was subsequently utilized as a criterion to predict crack propagation 
in a standard specimen using the finite element method, in comparison with experimental results. In addition, 
finite element analyses of oxygen penetration along grain boundaries have been carried out to quantify the 
fatigue-oxidation damage and calibrate the diffusion parameters based on FIB measurements of internal 
oxidation. A sequentially coupled mechanical-diffusion analysis was adopted to account for the effects of 
deformation on diffusion during fatigue loading. Prediction of oxidation-assisted crack growth has been carried 
out from finite element analyses of viscoplastic deformation and oxygen diffusion near a fatigue crack tip. The 
predictions compared well with the experimental results for triangular and dwell loading waveforms, with 
significant improvement achieved over those predicted from the mechanical model alone. 

Keywords : Nickel superalloys, cyclic deformation, crack propagation, oxidation damage, computational  
       modelling 

1. INTRODUCTION 

Nickel-based superalloys are favoured for disc rotors in high pressure compressor and turbine of aero-engines 
due to their exceptional mechanical properties at high temperature. Damage by low cycle fatigue, creep and 
oxidation is a major concern for disc rotors exposed to arduous gas environment for prolonged periods. 
Fatigue, creep and material constitutive behaviour of nickel alloys at high temperatures have been extensively 
studied in literature, both experimentally and numerically, to gain a fundamental understanding of time-
dependent deformation behaviour of the materials [1, 2]. Evidence of oxidation in nickel alloys has also been 
presented for both smooth and cracked specimens with appreciable oxide layers built on free surfaces and at 
internal grain boundaries [3, 4]. Oxidation results in reduced fatigue life by promoting early cracking of surface 
oxide scales, followed by the dominantly intergranular cracking at accelerated growth rates [5, 6].  

This work aims to achieve a mechanistic understanding of crack growth under fatigue-oxidation conditions by 
studying the relationship between deformation, oxidation damage and crack growth. The first objective of this 
work is to study the fundamental deformation behaviour of a nickel alloy, using the viscoplasticity and crystal 
plasticity constitutive models. With the assistance of these two models, detailed finite element analyses were 
carried out to study the stress-strain fields near a crack tip, which is the second objective of this work. Following 
this, the third objective is to model oxygen diffusion along grain boundaries and its effect on crack growth. 
Finally, crack growth rates were predicted under fatigue-oxidation conditions, with a comparison against the 
experimental results. 
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2. VISCOPLASTICITY AND CRYSTAL PLASTICITY MODELS 

2.1.  Viscoplasticity 

The global material behaviour is described by the unified constitutive equations developed by Chaboche [7], 

where both isotropic (R) and kinematic hardening (α) variables are considered during the transient and 
saturated stages of cyclic response. A power-law relationship is adopted for the viscopotential and the 

viscoplastic strain rate is expressed as [7]: 

 and       (1) 

where f is the von Mises yield function, Z and n are material constants, k0 is the initial value of the radius of 
the yield surface and J denotes the von Mises distance in the deviatoric stress space, the brackets imply that 

<x> = x for x > 0 and <x> = 0 for x ≤ 0. 

2.2.  Crystal Plasticity 

The material deformation at grain level was described by the crystal plasticity theory, where the flow rule is 

expressed in terms of slip resistance (Sα) and back stress (Bα) [8], 

,     (2) 

where k is the Boltzmann constant, τα is the resolved shear stress on the slip system α, θ the absolute 

temperature, µ and µ0 the shear moduli at θ and 0 Kelvin, respectively, and F0, , p0, q0 and  are material 

constants. The two internal variables, the slip resistance in each slip system, Sα, and the back stress, Bα
, are 

introduced at the slip system level, which represent the state associated with the current dislocation network. 

2.3. Model Parameters and UMAT 

Both the viscoplasticity and crystal plasticity formulation were implemented numerically into the finite element 
(FE) code ABAQUS via a user-defined material subroutine (UMAT), where the fully implicit (Euler backward) 
integration algorithm was adopted. For crystal plasticity, a three-dimensional representative volume element, 
consisting of randomly oriented grains, was built for the finite element analyses under periodic boundary 
constraints. Values of the model parameters were optimized from the uniaxial experimental data of a nickel 
alloy RR1000 at 650°C, by fitting the measured viscoplastic material response for a range of strain-controlled 
loading conditions [1]. 

3. MODELLING OF STRESS-ASSISTED OXYGEN DIFFUSION 

Here we are concerned with the stress-assisted diffusive transport of oxygen into the material, which can be 
modelled as [9]: 

,          (3) 

where C is the concentration of oxygen, t the time, ∇ the gradient, D the oxygen diffusivity, P the hydrostatic 
stress (pressure) and M the pressure factor. The gradient of hydrostatic stress (or pressure) is regarded as the 
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driving force for stress-assisted diffusion process.  

4. FE MODEL AND PROCEDURE 

A standard compact tension specimen was considered for crack tip deformation analyses. The finite element 
mesh for the whole specimen consists of four-node, first-order elements with full integration. For pure fatigue 
loading, a triangular waveform was used and frequencies varied from 0.001 Hz to 2.5 Hz. For dwell loading, a 
trapezoidal waveform was used with a 1-x-1-1 pattern, where x is the dwell time and varies from 1 s to 1000 s 
[2]. The crack length was chosen to be half of the specimen width. FE submodelling was adopted to study the 
dependence of crack tip deformation on the grain microstructure. The submodel was constructed near the 
crack tip and contains 150 grains with randomly assigned orientations, where the loading was prescribed by 
the displacements of its boundaries obtained from the global model analyses. The same model was also used 
for oxygen diffusion analyses along grain boundaries, for which grain boundaries were meshed into one-
dimensional diffusion elements, sharing the same nodes with the grain interior elements. 

5. RESULTS AND DISCUSSIONS 

5.1.  Modelling of Cyclic Deformation 

The simulated stress-strain responses for monotonic and the first cycle of fatigue loading are shown in Fig. 1  
for the strain rate of 0.05 %/s, with a direct comparison against the experimental data [1]. Clearly, the model 
simulations agree very well with the test data. The stress response and the shape of hysteresis loops were 
both well captured by the both viscoplasticity and crystal plasticity models, as well as the simulated stress 
relaxation during the strain hold periods. 

 

Fig. 1  Comparison of simulations and experimental data for the first cycle of a strain-controlled cyclic test 
with a superimposed 100-second dwell period at both maximum and minimum loads: viscoplasticity (left) and 

crystal plasticity (right) 

5.2.  Modelling of Crack-Tip Deformation  

Contour plot of the von Mises stress near the crack tip confirms the well-known butterfly shape for viscoplastcity 
simulation. However, for crystal plasticity simulation, grain microstructure is shown to have an influence on the 
Mises stress contour zone which does not have the butterfly shape. The stress concentration zone obtained 
from the crystal plasticity analyses seems to be of an arbitrary shape and is less severe than that obtained 
from the visco-plasticity analyses, indicating the significant effect of grain microstructure on crack tip stress 
field (Fig. 2 ). 
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Fig. 2  Contour plots of the von Mises stress obtained from the crystal plasticity model (left) and comparison 
of the stress-strain response ahead of the crack tip for crystal plasticity and viscoplasticity models (right) 

The stress-strain response normal to the crack, averaged over a distance of 0.40 µm ahead of the crack tip, 
is shown in Fig. 2, in a comparison with those obtained from the continuum viscoplasticity analyses. For both 
cases, the cyclic stress-strain loops remain open and exhibit a so-called ratchetting phenomenon, where the 
plastic deformation during the loading portion is not balanced by an equal amount of yielding in the reverse 
loading direction. This leads to strain accumulation near the crack tip with the number of fatigue cycles. 

 

Fig. 3 Simulated oxygen concentration at 800°C for natural diffusion (left) and fatigue-assisted diffusion 
(right) 

5.3. Modelling of Oxygen Diffusion 

Modelling of oxygen diffusion confirmed that fatigue loading tends to induce a non-uniform distribution of 
oxygen concentration (Fig. 3b) along the grain boundaries when compared to the case for natural diffusion 
(Fig. 3a), with increased depth of oxygen penetration into the grain boundaries. This is also supported by the 
FIB measurements of internal oxidation damage which occurs mainly along the grain boundaries and becomes 
more severe with the increase of stress level [4]. 
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Fig. 4 The effects of loading frequency (left) and dwell times (right) on crack growth rates. Comparison of 
model predictions against experimental results [2] 

5.4  Prediction of crack growth under fatigue-oxidation conditions 

Here, two parameters, namely the accumulated inelastic strain and oxygen concentration, were used to 
represent the contributions of viscoplastic deformation and oxidation damage to crack growth. The critical 
values of the two parameters were back calculated from experimental crack growth data for arrange of loading 
frequencies at ΔK = 30 MPa√m [2]. Using the two parameters, the predicted effects of loading frequency on 
crack growth rates is shown in Fig. 4a for ΔK = 40 MPa√m, in comparison with the test data for CT specimens 
at 650 °C [2]. For the predictions based on fatigue-oxidation failure curve, an excellent agreement was 
achieved for all loading frequencies. The predicted effects of dwell time on crack growth rates is shown in 
Fig. 4b for ΔK = 40 MPa√m, in a direct comparison with test data for CT specimens at 650°C [2]. The 
predictions from accumulated inelastic strain show increased deviation from the experimental data as the dwell 
period is increased, especially when a dwell period is over 60 seconds. Again, this difference is much reduced 
when the fatigue-oxidation failure criterion was used for the prediction. 

6. CONCLUSIONS 

Viscoplasticity and crystal plasticity modelling of cyclic deformation has been presented for a polycrystalline 
nickel-based superalloy at elevated temperature. The models were also applied to study the near-tip 
deformation for a crack in a CT specimen, showing distinctive strain accumulation behaviour near the crack 
tip. Oxygen diffusion analyses have been carried out to quantify oxidation damage and associated crack 
growth. A two-parameter failure criterion, based on accumulated inelastic strain and oxygen concentration near 
the crack tip, was successful to predict crack growth rates under fatigue-oxidation conditions. 
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Abstract  

The aim of the work was to determine the microstructure effect on the tribological properties of the Monel K-
500 alloy. The supersaturation temperature of 1150 °C was selected in such a way so that it would exceed the 
solution temperature of the carbides present in the Monel K-500 alloy by less than 10 °C. For the annealing 
temperature assumed in this way, the annealing time was assumed to be 1 h, 2 h and 4 h. Ageing at the 
temperature of 595 °C for 8 h was also performed, followed by cooling at the rate of 0.2 °C / min down to the 
temperature of 480 °C. Further cooling was continued in air. The evaluation of the test results was based on 
hardness measurements, a friction test as well as a stereological evaluation of the grain. It was stated that the 
hardness is not a factor which determines the tribological wear resistance of the Monel K-500 alloy. The 
deciding factor for the tribological wear resistance is the dominant wear mechanisms. The Monel K-500 alloy 
exhibits a higher wear resistance in the supersaturated state than the aged state after supersaturation. The 
grain growth seems to result in a reduction of wear and an increase of the friction coefficient in the case of 
samples aged after supersaturation. 

Keywords: Nickel alloy, Monel K-500, wear, microstructure, grain size 

1. INTRODUCTION 

The lack of allotropic forms of nickel causes limitations in the formation of the microstructure of its alloys [1]. 
In this case, the possibilities of controlling the grain size by way of thermal treatment are limited [2, 3]. However, 
to that end, we can use plastic working with the application of recrystallization (often dynamic recrystallization) 
[4-6]). The proceeding development of nickel alloys as well as the examinations that follow, characterizing 
these materials, consider the tribological properties as one of the crucial parameters for the designing of these 
materials [7-10]. Also in the case of the already well-known nickel alloys, such as Monel K-500 [11-14], we can 
observe interest in their tribological properties [15-17]. Unfortunately, these works refer to the microstructure 
of this alloy and its role in the tribological properties only to a little extent. Due to this fact, the aim of this work 
was to determine the effect of the microstructure on the tribological properties of the Monel K-500 alloy.  

2. MATERIAL FOR INVESTIGATION 

The chemical composition of the examined alloy is included in Table 1 . The material is characterized in grain 
heterogeneity (Fig. 1 ). On the basis of the Feret’s diameter determined in different areas and sections of the 
bar (material in the form as-delivered), we can state no significant differences in the microstructure of the 
section of the bar (Table 2 ). However, in the analysis of the mean surface area of the section, a finer grain 
was observed at the surface of the bar as compared to the bar’s axis (Table 2 ). What is more, by analyzing 
such parameters as the standard error, the range, the maximal value and the standard deviation, we can 
observe a more sigificant heterogeneity of the grain in the bar’s axis than in its edge (Table 3 ). The analysis 
of the kurtosis suggests that the distribution of the grain size is much more slender than in the case of the 
normal distribution, which proves a specific concentration of the grain size for its strictly defined values. In the 
analyzed microstructure, this should be referred to the areas of a fine grain. By understanding the kurtosis 
values in this way, we can state that the fine grain areas in the axis of the bar characterize in its high 
heterogeneity. Probably, the grain size difference in the initial material resulted from a lower stage of 
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advancement of the recrystallization process (dynamic recrystallization) in the axis of the bar. The grain formed 
as a result of the recrystllization process in the bar’s axis did not grow in the direction of the non-recrystallized 
grains to such a degree as in the vicinity of the bar’s edge. In analyzing the parameter described as skewness, 
we can observe more larger than smaller grains in reference to the mean value (positive skewness). This 
paramer also points to a lower stage of advancement of the resrystallization process in the axis of the bar as 
compared to its edge (Table 2). And so, the hardness of the material depends on the area of the measurement 
and equals 150 HV in the bar’s axis and 193 HV in the vicinity of its edge. 

Table 1 Chemical composition (wt. %) of the Monel K-500 alloy 

C Cu Al Fe Mn Ti Si Co S Ni 

0.12 30.15 3.02 1.01 0.62 0.60 0.15 0.001 0.001 Bal. 
 

a) 

 

b)

 

c)

 

Fig. 1  Microstructure of the Monel K-500 alloy as delivered conditions 

Table 2 Description parameters characterizing the results of the grain morphology measurements in the  
    material as-delivered depending on the microstructure area  

parameters 

as delivered conditions 

longitudinal section 
cross-section, 

edge of the bar 

cross-section, 

core of the bar 

Feret diameter 

average (μm) 8.7 8.9 8.2 

standard error of the mean (μm) 0.4 0.5 0.2 

mode (μm) 4.1 2.4 7.4 

the maximum value (μm) 86 121 66 

standard deviation (μm) 8.1 10.1 5.8 

kurtosis 30.6 58.5 32.1 

bias 4.7 6.5 4.3 

sample size 523 449 749 

cross-sectional area of grain 

average (μm2) 110 142 79 

standard error of the mean (μm2) 17 35 8 

mode (μm2) 45 4 43 

the maximum value (μm2) 5882 11489 3459 

standard deviation (μm2) 387 741 213 

kurtosis 113.2 166.9 154.3 

bias 9.5 12.3 11.4 

sample size 523 449 749 
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It is known that there is a possibility to unify the grain size through its growth as a result of the material’s 
annealing at the appropriately high temperature and for a proper period of time [18]. And so, the examined 
material was annealed and supersaturated, which aimed at homogenization of the grain size (Fig. 2 ). The 
samples were annealed at 1150 °C for 1 h (hour), 2 h and 4 h and next supersaturated in water. The 
supersaturation temperature, 1150 °C, was selected in such a way so as to exceed the temperature of 
dissolution of the carbides present in the Monel K-500 alloy by less than 10 °C. Aging of the supersaturated 
material at 595 °C for 8 h was also performed, followed by cooling at the rate of 0.2 °C / min (12 K / h) down 
to 480 °C and further cooling in air. As a result of the annealing and supersaturation, homogenization of the 
grain was obtained (Table 3 ). A compilation of the hardness measurement results for the material in the state 
after supersaturation and ageing, for different times of annealing until supersaturation was achieved, is 
included in Table 4 . 

Table 3  The results of measurements of grain morphology of the material in a supersaturated state 

parameters 
Feret diameter cross-sectional area of grain 

1 h 2 h 4 h 1 h 2 h 4 h 

average 31.4 μm 33.9 μm 34.6 μm 995 μm2 1222 μm2 1247 μm2 

standard error of the mean 0.7 μm 0.9 μm 0.9 μm 53 μm2 78 μm2 71 μm2 

mode 26.0 μm 25.5 μm 43.5 μm 766 μm2 622 μm2 510 μm2 

the maximum value 140 μm 141 μm 133 μm 15343 μm2 15562 μm2 13888 μm2 

standard deviation 16.7 μm 20.3 μm 19.7 μm 1256 μm2 1745 μm2 1573 μm2 

kurtosis 5.2 4.6 2.7 40.8 24.8 16.3 

bias 1.5 1.7 1.4 5.0 4.2 3.4 

sample size 560 497 487 560 497 487 
 

a) 

 

b) c) 

 

Fig. 2  The microstructure after supersaturation from temperature 1150 °C for the annealing time:  
a) 1 h, b) 2 h, c) 4 h 

Table 4 Compilation of hardness measurement results for the material after supersaturation, and after  
     supersaturation and ageing, for different annealing times 

 supersaturation aging after supersaturation 

annealing time 1 h 2 h 4 h 1 h 2 h 4 h 

average [HV10] 117.2 113.8 113.7 272.3 273.2 274.0 

standard error of the mean [HV10] 1.9 2.3 1.1 1.7 3.5 1.8 

3. METHODOLOGY OF TRIBOLOGICAL RESEARCH  

The tribological tests were performed by means of the T-05 tester with the block on roll friction couple, at room 
temperature. The measurements were performed on the material after annealing as well as after annealing 
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and supersaturation. The pressure force of the couple on the sample equaled 100 N and the duration time of 
the tests was 2000 s. The samples for the tribological tests were 4x4x20 mm cuboids. The counter-sample 
was made of 100Cr6 steel, with the hardness of about 62 HRC (760 HV). 

4. RESULTS AND DISCUSSION 

Images of the surfaces of the samples supersaturated after the tribological tests are shown in Fig. 3.  We can 
observe the occurrence of effects corresponding to adhesive wear. Especially visible are areas characteristic 
for adhesive wear in the case of the sample annealed until supersaturated for 4 h. Next to adhesive wear, we 
can also observe effects connected with abrasive wear as well as areas where fragments of the material were 
ripped off. Also observed are fine particles, which are driven inside the surface, and in some areas, we can 
see traces of these particles’ movement by way of ridging.  

The surface of the examined samples, annealed and aged, which underwent tribological wear is presented in 
Fig. 4 . We can observe that the samples which aged after supersaturation wear by way of two mechanisms. 
One is abrasive wear, consisting in micro-machining. The other is chipping as a result of the material’s 
decohesion, probably mainly along the grain boundaries. The intensity of the chipping seems to increase 
together with the shortening of the time of the samples’ ageing up to supersaturation (reduction of grain size). 
However, the size of the areas of single chippings seems to increase together with the elongation of the time 
of ageing to supersaturation. This is, however, connected with the increase of the size of the areas exhibiting 
abrasive wear. 

a) 

 

b) c) 

 
Fig. 3  Tribological contact surfaces on supersaturated samples, annealed to the supersaturation by: a) 1 h, 

b) 2 h, c) 4 h 

a) 

 

b) c) 

 
Fig. 4  Tribological contact surfaces on the aged samples after supersaturation, annealed to saturation by: 

a) 1 h, b) 2 h, c) 4 h 

As a result of the tribological tests, it was possible to determine the extent of the wear as well as the mean 
friction coefficient for the samples which had been only supersaturated as well as those supersaturated and 
aged (Fig. 5 ). We can observe that the wear of the samples which underwent ageing after supersaturation is 
much more extensive than in the case of the samples which were only supersaturated. This is interesting in 
so far as the hardness of the samples after ageing is much higher than that of the samples which have been 
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only supersaturated (as can be seen in Table 4 ). And so, we can suppose that the factor determining the wear 
under the applied tribological conditions is the wear mechanism and not the material’s hardness. Also visible 
is an evident effect of the time of annealing to supersaturation in the case of the samples aged after 
supersaturation. The intensification of the wear together with the shortening of the annealing time up to the 
samples’ supersaturation can result from a finer grain in the case of a shorter time of annealing to 
supersaturation (Table 3 ). In light of the fact that the materials’ decohesion after ageing proceeds especially 
easily along the grain boundaries (areas of privileged nucleation during ageing), we can observe that the 
dependence of the wear on the parameters of the thermal treatment seems quite logical. The question arises 
as to why the supersaturated samples characterize in a much lesser wear than those which have been aged 
and supersaturated or why there seems to be no dependence of the extent of the wear on the grain size related 
to the time of annealing to supersaturation. The answer may be connected with the lack of facilitation of the 
decohesion on the grain boundaries in the case of the samples only supersaturated (Fig. 5 ). The intensification 
of the adhesive wear can be related to the lack of precipitations (homogeneity) of the material which underwent 
tribological wear. We should, however, note that on the surface of the only-supersaturated samples, fine 
particles were observed, which seemed to characterize in a higher hardness as they went deep into the surface 
of the sample. And so, we can suppose that adhesive wear favours the ripping off of the counter-sample 
(particles of carbides being part the microstructure of steel 100Cr6), which, in consequence, modifies the 
properties of the surface layer during the tribological contact. Such a modification of the surface layer can be 
a factor which strongly hinders a further wear of the material, and the above mentioned samples limit the mass 
loss of the analyzed samples. We can also observe that, in the case of the sample annealed for 4 h, before 
supersaturation, the adhesive wear is the highest, which is reflected by a slight increase of the wear of this 
sample as compared to the one which was annealed for 2 h before supersaturation. 

We can observe that the lowest friction coefficient, both in the case of the only-supersaturated samples and 
those which were supersaturated and aged, was exhibited by those annealed for 1 h before supersaturation. 
The highest friction coefficient, in turn, was exhibited by the samples annealed for 2 h before supersaturation 
(Fig. 5b ). The lowest friction coefficient in the case of the sample of the finest grain (the shortest time of 
annealing before supersaturation) can be caused by two things. One is the smallest chipped off areas in the 
case of the samples after such time of annealing which caused their ageing after supersaturation. These 
chippings are the smallest in size as compared to other aged samples; however, their number significantly 
limits the friction force connected with the classic abrasive wear, due to the limitation of the areas of such wear. 
And so, an increase of the grain size by way of increasing the annealing time to 2 h results, in the case of the 
samples aged after supersaturation, in an increase of the chipped areas and an increase of the machining 
path. A further increase of the grain size causes a further limitation of the size of the chippings in the case of 
the aged samples. This lowers the friction force as a result of the increase of the contribution of a third body 
(chippings) in the process of tribological contact. 

 
a) 

 

b)

 

Fig. 5  Tribological parameters of the tested samples: a) the weight wear, b) average friction coefficient 
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With the aim to assess the relation between the friction coefficient and the mass wear, a diagram included in 
Fig. 6  was drawn. We can observe that, especially in the case of the samples aged after supersaturation, an 
increase of the mean friction coefficient corresponds to a lesser wear of the material. This can result from the 
modification of the surface layer during the tribological contact in the direction of hardening as well as the 
increase of the fraction of the hardened particles. This refers to the mechanisms of abrasive wear.  

 

Fig. 6  The relationship between the average friction coefficient and weight wear of test samples 

The change in the material’s hardness after thermal treatment seems to have no evident effect on the friction 
coefficient (Fig. 7a ). However, as it was suggested earlier, a clear influence on the extent of the weight wear 
of the examined materials is connected with the change of hardness as a result of ageing, which is confirmed 
by the diagram included in Fig. 7b . Additionally, we can point to a possible effect of the slight changes in 
hardness (within the measurement error) on the wear of the samples aged after supersaturation. And so, we 
can safely state that an increase of hardness as a result of aging causes a change in the wear mechanism, 
which intensifies the tribological wear. These points to the fact that we should not always expect an increase 
of the tribological wear resistance together with the increase of hardness. In this aspect, the mechanism of the 
tribological contact and the structural characteristics of the material are significant. As it was mentioned earlier, 
we can observe the expected relation between the reduction of the weight wear and the increase of hardness 
only in the case of the occurrence of a similar mechanism of tribological wear (with a large contribution of 
abrasive wear in the case of the samples aged after supersaturation). 

a) 

 

b)

 

Fig. 7  Effect of hardness at: a) the average friction coefficient, b) weight wear 

Another analyzed parameter was the size of the grain. An assessment of the effect of the grain size on the 
friction coefficient, calculated by the Feret’s method and estimated as the mean surface area of the section of 
the grain, is graphically presented in Fig. 8 . We can observe a slight tendency of the friction coefficient to grow 
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together with the increase of the grain size, both in the case of the only-supersaturated samples and those 
which were aged after supersaturation. 

a) 

 

b) 

    

c) 

 

d) 

Fig. 8  Effect of the grain size on the mean friction coefficient: a, c) a supersaturated condition, b, d) after 
aging, a, b) the grain size determined by Feret diameter, c, d) the average cross sectional area of the grain 

a) 

 

b)

 
   

c) 

 

d) 

 

Fig. 9  The influence of grain size on the wear: a, c) a supersaturated condition, b, d) after aging, a, b) the 
grain size determined by Feret diameter, c, d) the average cross sectional area of the grain 
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The effect of the grain size on the extent of the wear is presented in Fig. 9 . As we can see, no clear dependence 
was obtained in the case of the only-supersaturated samples, whereas, in the case of the samples aged after 
supersaturation, we can clearly see that together with the increase of the grain size, the extent of the wear 
decreases. This can be connected with the limitation of the chippings related to decohesion along the grain 
boundaries in the samples after ageing. 

5. CONCLUSION 

The results obtained in this work make it possible to draw the following conclusions as well as make the 
following observations: 
1) Hardness is not a factor which determines the tribological wear resistance of the Monel K-500 alloy. 
2) A determining factor concerning the tribological wear resistance is the dominant wear mechanisms. 
3) The wear mechanism is dependent on the structural factors of the material undergoing the tribological 

test. 
4) The Monel K-500 alloy exhibits a higher wear resistance in the supersaturated state than after ageing 

following the supersaturation. 
5) The precipitation of particles as a result of ageing causes an increase of hardness and a facilitation of 

decohesion along the grain boundaries as well as limits the adhesive joint during the tribological contact. 
6) In the case of the samples which were only supersaturated, the analysis of the changes in the friction 

coefficient points to a change in the wear mechanism occurring during the tribological test. 
7) There are premises pointing to a modification of the surface area during the tribological test performed 

on the samples which were only supersaturated. 
8) The increase of the grain size seems to result in a limitation of the wear as well as an increase of the 

friction coefficient in the case of the samples aged after supersaturation. 
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Abstract 

The microstructures of two nickel based alloys Ni-Cr-Al-C-(Nb) containing chromium and chromium plus 
niobium carbides were investigated. These alloys unlike commercially available nickel based superalloys 
contain a high volume fraction of carbides to obtain high wear resistance. Moreover aluminum addition enables 
precipitation hardening of the nickel based matrix. Scanning electron microscopy (SEM) including energy-
dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD) studies were carried out with particular 
attention to phase composition of materials. 

Keywords : Nickel based alloys, carbides, cast alloy, SEM 

1. INTRODUCTION 

Development of new alloys plays an important role in the modern industry. Materials such as nickel based 
alloys are used in severe mechanical, chemical and high temperature conditions such as jet engines. Most of 
modern alloys are strengthened by intermetallic phases and/or by carbides. Introduction of carbides into 
microstructure of steels, cast irons and cobalt based alloys is a very effective method for increasing of wear 
resistance and increasing of in-service temperature. Carbides in steels are crucial constituents of the 
microstructure, during heat treatment some of carbides may be dissolved and precipitated in form of fine 
particles within the matrix and on the grain boundaries [1 - 5]. Types of carbides, their size and morphology 
determine further properties of steels [6, 7]. That knowledge has been utilized in industrial practice but even 
recent studies indicate that improper heat treatment of tool steels is the most likely cause of part failure [8, 9]. 
Nickel and cobalt matrices, in comparison to iron, poses much lower carbon solubility in solid solution and 
those elements do not form carbides. Much research on nickel based alloys with high volume fraction of 
carbides has been performed by Berthod [10, 11], Bala [12 - 14] and authors of the present paper [15]. As 
reported by Bala [12, 16] precipitation hardening of nickel based alloys with high volume fraction of carbides 
is possible. However, previous studies do not take into account niobium carbides and Ni3(Al,Nb) precipitation 
hardened matrix. Based on the approach presented by Bala [14], the purpose of this paper is to reveal influence 
of niobium on the microstructure of nickel based alloy with high carbon content. 

2. MATERIALS AND METHODS 

Two alloys with designed chemical composition shown in Table 1  were melted in Balzers vacuum furnace and 
casted into metal chills.  

Microstructure and phase composition has been investigated using FEI Versa 3D SEM and PANALYTICAL 
Empyrean X-Ray diffractometer using CuKα1 radiation. Hardness tests were performed using Tukon 2500 
hardness tester by Willson Hardness applying Vickers diamond pyramid method and load of 9.8 N. 
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Table 1 Designed chemical composition of experimental alloys (wt.%) 

 

 
 

3. RESULTS  

Microstructures of investigated Ni-Cr-Al-C and Ni-Cr-Al-C-Nb alloys are given in Fig. 1a)  and b) respectively. 

 

Fig. 1  Microstructures of Ni-Cr-Al-C (a) and Ni-Cr-Al-C-Nb (b) alloys, SEM-BSE 

EDS maps of chromium and chromium and niobium are shown in Fig. 2 . 

Fig. 3  presents XRD patterns of investigated alloys, Cr7C3 chromium carbides were fitted for Ni-Cr-Al-C 
spectrum. However, in the case of Ni-Cr-Al-C-Nb alloy XRD spectrum does not give certain information about 
the type of chromium carbides. 

Hardness of investigated alloys was 364 ± 10 HV10 and 428 ± 11 HV10 for Ni-Cr-Al-C and Ni-Cr-Al-C-Nb alloys, 
respectively. 

 

Alloy No. C Cr Al Nb Ni 

1 0.85 20 4 - Bal. 

2 0.85 20 4 6 Bal. 
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Fig. 2 SEM-BSE images a), c) and EDS maps of elements for Ni-Cr-Al-C alloy: chromium map b) and for Ni-
Cr-Al-C-Nb alloy chromium and niobium map d) and e) respectively 

 
Fig. 3  XRD patterns of investigated alloys 
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4. DISCUSSION 

The main purpose of this paper was to study an influence of niobium on the microstructure and properties of 
nickel based alloys with relatively high chromium and carbon contents. Addition of niobium caused partitioning 
of carbon during solidification process into chromium and niobium carbides. Microstructure of Ni-Cr-Al-C alloy 
consists of dendrites and eutectic made of fine carbides and nickel based solid solution. On the other hand 
addition of niobium led to precipitation of large NbC and chromium carbides in interdendritic zones. 
Precipitation of NbC carbides results in an increase in hardness of approx. 60 HV10. Two different morphologies 
of NbC carbides reveal dual nature of their precipitation. First type, observed as blocky carbides precipitated 
probably right after formation of dendrites when liquid is rich in chromium, carbon and niobium the second 
type, observed as so called “Chinese Script” NbC carbides precipitated as eutectic with nickel based solid 
solution, when liquid alloy reached eutectic chemical composition. The XRD study revealed Cr7C3 carbides in 
Ni-Cr-Al-C alloy, but did not bring certain proof for chromium carbides type in Ni-Cr-Al-C-Nb. The alloy system 
after addition of niobium is depleted in carbon content due to formation of NbC carbides before eutectic 
solidification. In addition, this situation causes uncertainty of chromium carbides characterization. Moreover, 
volume fraction of chromium carbides decreases what makes X-Ray diffraction peaks less pronounced as well.  

5. CONCLUSIONS 

Based on the results presented herein, it is possible to conclude that high volume fraction of niobium and 
chromium carbides is possible to obtain in nickel based matrix. Niobium carbides at certain solidification 
conditions precipitated in two morphologies (blocky and so called “Chinese Script”). Higher hardness of 
niobium carbides in comparison to chromium carbides causes significant increase in hardness of investigated 
alloy. Determination of chromium carbides type in Ni-Cr-Al-C-Nb needs further studies.  
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Abstract   

High-quality compacts were prepared using the spark plasma sintering (SPS) method from powders of similar 
composition Fe-Al-Zr-B. The properties of the sintered compacts are strongly dependent on the morphology 
and properties of the feedstock powder. The first powder was obtained by ball milling of the as cast alloy and 
the second was prepared by atomization under argon atmosphere. The morphology and structure of the two 
powders are compared and mechanical properties and microstructure of compacts prepared under the same 
conditions of the SPS procedure are discussed. The milled powder has an irregular morphology and shape of 
the polycrystalline particles, which have a completely disordered BCC structure with considerable internal 
stresses, high concentration of structural defects and the presence of aluminum oxide. The atomized powder 
particles are nearly spherical, polycrystalline with ordered B2 structure, with no significant signs of internal 
stresses and oxidation. Microhardness of particles of both powders was measured and compared with the 
microhardness of compact materials, the results of compression tests of compacts at room temperature were 
compared and discussed. 

Keywords: Iron aluminides, spark plasma sintering, metallic powders, mechanical properties, microstructure 

1. INTRODUCTION 

The FeAl-based intermetallics are attractive materials for appropriate applications at medium to high 
temperatures mainly due to their low density, low cost as well as excellent oxidation and sulfidation resistance 
in harsh and corrosive environments [1]. However, their use has been limited by their brittleness at room 
temperature and poor creep resistance. These drawbacks can be improved by grain boundary and dispersion 
strengthening as well as grain size reduction. Powder metallurgy techniques such as gas atomization and 
mechanical milling have been used to develop an oxide (Y2O3 particles 20-30 nm in size) dispersion 
strengthened (ODS) material named FeAl40 Grade 3. The material has been developed initially for 
consolidation by hot extrusion, now is available in various forming states (forged and rolled plates, swaged 
and extruded bars, etc.) [2]. The yield strength and the elongation of such alloys can reach at room temperature 
900 MPa and 6.4 % in air [3]. The high strength has been attributed to the nearly equal contribution of solution 
hardening of the matrix, fine grain hardening as well as oxide dispersion hardening [4]. The conventional hot 
extrusion performed at temperatures above 1000 °C, inevitably results in grain growth up to the micrometer 
scale [5]. 

Spark plasma sintering (SPS) is a consolidation technique involving the simultaneous application of current 
and pressure. When SPS is applied to powders, densification can be achieved at significantly lower 
temperatures and shorter times than conventional sintering, thereby limiting grain growth and preserving the 
microstructure [6]. 

The present study was undertaken in order to compare properties of the dense fine grained material sintered 
from the feedstock powder prepared by ball milling [7] with properties of a new material of similar composition, 
sintered from the feedstock powder prepared by atomization. Microstructure of sintered samples was 
characterized by X-ray diffraction (XRD) and scanning electron microscopy with electron back scatter 
diffraction (EBSD), mechanical properties at room temperature were studied by microhardness and 
compression tests. 
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2. EXPERIMENTAL PROCEDURES 

The initial alloy (nominal composition Fe-40Al-0.1Zr-0.1B at.%) was prepared by arc melting under pure Ar 
atmosphere. The purities of materials were Fe: 99.97, Al: 99.9, Zr: 99.95, and B: 99.5 (supplied from Alfa 
Aeser). The charge materials were melted in a copper crucible cooled by water and then cast in a steel mold 
(8 mm in diameter). To prevent oxidation, the furnace was evacuated to about 5 Pa and then filled with Ar. The 
alloy was crushed manually with a hammer into pieces smaller than 10 mm. These pieces were milled in a 
planetary ball milling machine (Fritsch Pulverisette 5) under Ar atmosphere using hardened steel balls and 
bowl without a process control agent. The powder was sieved into final size fraction <20 μm [7].  

Atomized powder was prepared by LERMPS/PERSEE, France, using atomization in argon. Particle size 
distribution can be characterized by d10 = 13.7 μm, d50 = 29.0 μm, d90 = 51.2 μm values obtained by laser 
granulometry. 

The powder was consolidated using SPS 10-4 apparatus (Thermal Technology LLC). The graphite die, 20 mm 
in diameter, loaded with the powder, was heated up in two steps to a sintering temperature of 1100 °C with a 

heating rate of 200 K⋅min-1 (compare e.g. with [8]). The first step was a pre-pressing of the powder with a 
pressure of 5 MPa followed by evacuation of the chamber to 5 Pa and heating to 450 °C. A pressure of 60 
MPa was applied at this temperature and maintained until completion of sintering. The dwell time at 1100 °C 

was 70 s, followed by fast cooling (200 K⋅min-1) to 850 °C and then by slower cooling (100 K⋅min-1) to room 
temperature. The dimensions of the end-product were about Ø19 mm x 5 mm. 

XRD measurements were performed on the milled powder and the sintered bulk sample using a Bragg 
Brentano θ/2θ Bruker X-ray diffractometer, type D8 (Cu Kα radiation, λ = 0.15418 nm). 

The chemical analysis of Al, B, Cr, Fe, Ni, Zr was performed by ICP-OES method using Iris Intrepid HR, 
Thermo Scientific, the analysis of C was made using absorption spectrometer LECO CS-444, the analysis of 
O was made using absorption spectrometer LECO TC-300. 

Microhardness measurements were performed on powder particles and on compacted samples using Qness 
Q10A microhardness tester with Vickers loads ranging from 2.5 gram to 500 gram.  

Cuboid-shaped compressive samples, 4.94 x 3.47 x 3.66 mm3, were sectioned by diamond saw from the SPS 
disk. Uniaxial compressive tests were performed in air at room temperature with an initial strain rate of 1.0·10-

4 s-1, using an Instron 1186 universal testing machine. 

The microstructure of the SPS-consolidated bulk sample was examined by scanning electron microscopy and 
transmission electron microscopy. SEM observations were performed using Zeiss Auriga Compact 
Crossbeam® (FEG + FIB) microscope equipped with EDAX EBSD camera DigiView 5. 

3. RESULTS 

3.1. XRD analysis of powders and sintered bulk samp les 

XRD pattern of the milled powder confirmed the presence of a single phase structure of disordered bcc-phase 
with a = 0.2919(1) nm, the broadening of XRD peaks indicated an effect of crystallite size reduction and also 
straining of powder particles during milling process [7].  

XRD pattern of the sample sintered from milled powder showed a more complex phase composition. Due to 
the nominal composition of 40 at.% Al the ordering process in the sintered material should result in the B2 
structure of the matrix. The diffraction pattern consisted not only from peaks of the B2 structure with a = 
0.28927(5) nm, there are also superlattice reflections indicating D03 structure (Fe3Al) with a = 0.5781(5) nm, 
peaks from κ-Fe3AlC0.5 carbide with a = 0.3743(2) nm and small, probably α-Al2O3 (corundum) peaks 
corresponding a = 0.4754(5) nm, c = 1.2990(5) nm [7]. This indicated that formation of all these phases has 
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occurred during the SPS process, the presence of carbon was clarified by chemical analysis of the powder 
and the sintered sample, carbon was contained in the milled powder - see below. 

XRD pattern of the as-received atomized powder is presented in Fig. 1 and confirms the presence of the 
ordered B2 phase. There are not clear signs of the transformation into D03 structure in spite of ferromagnetic 
behavior of the powder at room temperature. XRD measurement performed after the annealing 408 h/420 oC 
of the powder in argon clearly showed the fully evolved D03 equilibrium structure with fcc Bravais lattice and 
doubled lattice parameter of a = 0.57914(2) nm.  

XRD pattern of the sample sintered from atomized powder is presented in Fig. 2 . The diffraction pattern in 
Fig. 2  consists not only from peaks of the B2 structure, there is also the (111) superlattice reflection indicating 
D03 structure (Fe3Al) and peaks from κ-Fe3AlC0.5 carbide and α-Al2O3 (corundum). The further formation of the 
D03 structure in the sintered sample was confirmed by the XRD measurements, performed after annealing 
408 h/420 °C in argon. The formation of the κ-phase and corundum occurred, similarly as in case of milled 
powder, during the SPS process. The carbon in this case comes from graphite foil surrounding the sample 
during the SPS process - see below.  

 

Fig. 1  XRD pattern of the as-received atomized powder, diffraction peaks correspond to the B2 structure with 
a = 0.2896(1) nm 

 

Fig. 2  XRD pattern of the sample sintered from atomized powder. The peaks with indices are peaks of D03 
structure with a = 0.5795(3) nm, peaks denoted by K correspond to the κ-Fe3AlC0.5 carbide with  

a = 0.3743(2) nm, peaks of corundum with a = 0.4754(5) nm, c = 1.2990(5) nm are denoted by C 
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3.2. Chemical analysis of powders and sintered bulk  samples 

The chemical composition of both feedstock powders is displayed in Table 1 . 

Table 1 Chemical composition (at.%) of powders 

Element Fe Al B C Cr Ni O Zr 

Milled powder 60.9 36.3 0.02 0.56 0.25 0.27 1.00 0.08 

Atomized powder 68.5 30.8 0.11 0.06 0.00 0.00 0.13 0.35 

The chemical analysis of C and Al was made also for the sample sintered from milled powder, the content of 
both elements was the same as in the feedstock powder [7]. It means that carbon (and also chromium and 
nickel) comes from the stainless-steel balls and bowl in the milling procedure. The κ-phase, observed in the 
sample sintered from atomized powder, was formed during the SPS by diffusion of carbon into sample from 
graphite foil and graphite die of the SPS apparatus.   

3.3. Mechanical properties of powders and sintered bulk samples 

The mechanical properties of powders were characterized by microhardness measurements on individual 
powder particles, the same measurements were performed also on sintered samples - see Table 2 .  

Table 2 Microhardness HV0.025 of powder particles and sintered materials, 0.2 % offset yield strength of  
    sintered materials at room temperature 

 HV0.025 0.2 % offset yield strength 
(MPa) 

Milled powder 800 ± 90 - 

SPS bulk from milled powder 790 ± 60 1325 

Atomized powder 380 ± 20 - 

SPS bulk from atomized powder 370 ± 15 630 

The 0.2% offset yield strength values, obtained from compression tests on sintered materials at room 
temperature with an initial strain rate of 1.0·10-4 s-1, are summarized in Table 2 too. It can be seen that the 
yield strength values of compacted materials are proportional to their microhardness values which are 
determined by microhardness of feedstock powder particles. 

3.4. Microstructure of powder particles and sintere d bulk samples  

Using optical metallography methods did not enable to visualize the microstructure of the sintered materials, 
we did not observe also any signs of a porosity of the bulk. The density measurement (Archimedes method) 
of the sintered material gave the relative density higher than 99 % [7]. 

The identification and visualization of grains of the matrix and also of the κ-Fe3AlC0.5 carbide was made using 
of the EBSD method for the material sintered from milled powder [7]. The average grain size was d = (1.6 ± 
0.6) μm, the estimated partition fraction of the κ-Fe3AlC0.5 carbide was lower than about 20 % [7]. In case of 
atomized powder we succeeded also in determination of microstructure of individual powder particles which 
have nearly perfect spherical form - see Fig. 3 . 

The microstructure of the material sintered from atomized powder (Fig. 4 ) is determined by the microstructure 
of atomized particles, i.e. in the sintered bulk there are very similar grains as in powder particles, additionally 
there are also some new fine grains grown during sintering process. The resulting microstructure has therefore 
a bimodal or multimodal distribution of grain sizes. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1344 

 

Fig. 3  Example of microstructure of atomized powder particle observed by SEM and EBSD method 

 

Fig. 4  Example of microstructure of the material sintered from atomized powder observed by EBSD method 

4. DISCUSSION 

The usual way of preparation of a feedstock powder for the SPS is the atomimization of an alloy or a 
mechanical alloying of elemental powders by mechanical milling or cryomilling.  

In this work we compare some properties of materials sintered from completely disordered and heavily strained 
powder and from long range ordered atomized powder of similar compositions. It seems that mechanical 
properties of both different sintered materials at room temperature are not significantly influenced by 
differences in secondary contamination by O, C, Cr, Ni, the microhardness and yield strength of sintered 
materials is probably driven by a combination of strain hardening and fine grain hardening, determining 
differences in microhardness of feedstock powder particles and persisting also in sintered material. The 
systematic investigation of such an effect will be based on cryomilling of the same atomized powder. The 
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variable time and intensity of milling will result in various straining of the feedstock powder particles and this 
way we are going to influence the mechanical properties of sintered material. 

5. CONCLUSION 

This work examined and compared the microstructure and mechanical properties of two materials obtained by 
SPS from two feedstock powders of similar composition prepared by mechanical milling and by atomization. 
The results of performed experiments show a key role of straining of feedstock powder particles for the 
mechanical properties of materials prepared by the SPS process. 
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Abstract  

A microcrystalline Alni alloy with the nominal composition Fe51.1Ni23.5Al23.7Si1.7 was prepared by melt-spinning. 
Detailed studies of the spinodal decomposition (SD), microstructure and magnetic properties of the ribbons 
subjected to isothermal aging at Tag = 500-780 °C are reported. TEM investigations of the decomposition of 

the solid solution (β2 → β + β2) after melt-spinning and aging have revealed several types of decomposition 
products. As prepared melt spun ribbons show zone structure and antiphase domain (APD) boundaries inside 
grains. Aging at 500-600 °C led to the coarsening of the zone microstructure and to the appearance of 

discontinuous precipitates (DP) (β + β2 → β' + β'2) at grain boundaries. Aging at higher than 650 °C causes 
the formation of a modulated microstructure instead of a zone microstructure inside grains and coarsening of 

DP products. As prepared ribbons reveal soft magnetic properties (Hc = 480 A⋅m-1). The maximum coercivity 

Hc = 20 kA⋅m-1 was obtained for the ribbons aged at 700 °C. MFM method was used to image the magnetic 
microstructure of melt spun Alni ribbons subjected to aging.  

Keywords: Alni alloy, melt-spinning, aging, antiphase domains, discontinuous precipitates 

1. INTRODUCTION  

Hard magnetic materials based on Fe-Ni-Al alloys have high coercivity value arising due to spinodal 
decomposition (SD) of the solid solution (β2 → β + β2). Recent studies of Alni and Alnico alloys [1-8] gave new 
results which show that magnetic properties of these alloys could be further improved. The properties of melt 
spun FeNiAl-based ribbons distinct from those of as-cast alloys. The microstructure, as well as the magnetic 
properties of the ribbons, are largely determined by the cooling rate used to solidify from the melt and 
temperatures of subsequent aging [5-8]. The grain boundaries (GB) and antiphase domain (APD) boundaries 
are markedly affected by the SD products. A discontinuous precipitation (DP) has been observed in the Fe2NiAl 
ribbons after subsequent aging. The cellular microstructure at GBs consisting of alternating lamellas of β’- and 
β’2 phases was sighted after aging the ribbons at 500 °C [6]. The effect of GB on spinodal decomposition 
leading to the formation of DP at the GB has been studied using computer simulation [9-11]. Despite above 
structural progress, the influence of the SD products on coercivity in melt spun Alni alloys is not clear yet. In 
this study, the microstructure and magnetic properties have been investigated in the melt spun Alni alloy after 
aging at different temperatures. The peculiarities of the spinodal decomposition on the GBs and APD 
boundaries and the DP reaction development at the GBs during the aging of melt spun ribbons at the 
temperatures 500-780 °C are reported.  

2. EXPERIMENTAL PROCEDURE  

The Alni alloy of the nominal composition Fe51.1Ni23.5Al23.7Si1.7 was studied. The cast ingot was melted and 

quenched by melt-spinning with a copper-wheel speed v ~ 40 m⋅s-1. The thickness of the melt spun ribbons 
was 20-40 μm. The aging of ribbons was carried out in an argon atmosphere at 500-780 °C for 10 min. The 
structures of the samples were examined by TEM using a JEM-1400 microscope operated at 120 kV. The thin 
foils for TEM were prepared by electro-polishing a Struers TenuPol 5 jet polisher. The ribbon micro-relief was 
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studied by atomic force microscopy (AFM) of AIST-NT manufacturer in a taping mode. Magnetic force 
microscope (MFM) was employed to image the magnetic domain structure in the ribbons with a typical lift 
height of 50 nm and a high moment Co-coated tip magnetized normally to the sample surface. The magnetic 
properties of the ribbons were measured at room temperature using a PPMS EverCool-II (Quantum Design) 
magnetometer.  

3. RESULTS AND DISCUSSION  

Fig. 1  shows (a) bright- and (b) dark-field images of the microstructure of Alni ribbon quenched from the melt 
and (1b, inset) associated electron diffraction pattern taken in 001 superlattice reflection. As-prepared ribbons 

have soft magnetic properties (Hc = 478 A⋅m-1). In accordance with [6], the microstructure of Alni ribbon 
conforms to the zone structure which was formed due to partial decomposition of solid solution into β and β2 
phases. The twisted lines correspond to positions of APD boundaries, which are decorated by precipitates of 
decomposition products. The antiphase domains are also observed in 001 reflection (Fig. 1b ) because the 
electron phase shift is not zero (displacement vector for APD in B2 is a/2<111>). The sequential ordering took 
place during the spinning of the alloy and APDs were formed during solidification from the melt via nucleation 
and growth mechanism (transformation of disordered A2 to ordered B2) [6].  

  

Fig. 1 Bright-field TEM micrograph of Alni ribbon and (b) darkfield image taken in 001 reflection and 
subsequent diffraction pattern (inset)  

Fig. 2  shows TEM micrographs of the microstructure of the melt spun ribbons aged at 500, 550 and 600 °C 
(for 10 min), respectively. The ribbons aged at 500-600 °C demonstrated low coercive force comparable with 

as-prepared ribbons. For example, aging at 600 °C for 10 minutes increases Hc only up to 5 kA⋅m-1.  

а) b) c) 
Fig. 2  Bright-field TEM micrograph of the ribbons aged at 500, 550 and 600 °C for 10 min 
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The aging led to the coarsening of zone microstructure inside the grains (normal SD) and to the appearance 
of discontinuous precipitate (DP) at GBs. The DP in the form of alternating lamellas of the β’ and β’

2 phases 
were grown from GBs with lamellar spacing approximately 20 nm. It may be assumed, that DP is formed by 

reaction β + β2 → β’ + β’
2, where β + β2 is initial SD structure within grains [5-8]. The lamellas were oriented 

not only in the ribbon plane but also perpendicular to it in a random way.  

Fig. 3  shows micrographs of the microstructure of the ribbons aged at 700 and 780 °C for 10 min, respectively. 
As is seen in these pictures, there are several types of structural components in the microstructure of the 
ribbons aged at 700-780 °C; these are the modulated structure within grains, alternating lamellas between 
some grains, and intergranular double-layers of the phases formed by the coarsening and transformation of 
the initial DP product.  

а) в) 

с) d) 

Fig. 3  (a,c) Bright-field TEM micrograph and (b,d) SEM image of the ribbon aged at 700 and 780 °C  

The aging at 700 °C for 10 min led to the formation of a modulated microstructure (normal SD) inside the grains 

with the wave length of approximately 100 nm (Fig. 3a, b ). The coercive force of this sample was 20 kA⋅m-1, 
which is the highest value for aged ribbons. The coarsening and particular coalescence of DP were founded 
at grains boundaries after the aging. The lamellar spacing of DP was 50 nm in thickness and 200-300 nm in 
length.  

The bright-field TEM micrograph and SEM image of the ribbon aged at 780 °C is shown on Fig. 3c, d . Since 
the increase in aging temperature lead to the depth decomposition of solid solution. The increase in 
temperature of aging leads to coalescence of β’- and β’

2 lamellas and the formation of surrounding cores made 
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of β’
2- phases inset in almost continuous net of β’ phase. After aging at 780 °C for 10 min, the size of the β and 

β2 precipitates of modulated microstructure inside the grains increased up to 150-300 nm. The Hc of the Alni 

ribbons aged at 780 °C decreased up to 10 kA⋅m-1 which may be the result of the coarsening of magnetic β 
particles of the modulated microstructure inside the grains along with continuous β’ net. After aging at 700 °C, 
the modulated structure consists of β- and β2 phase particles some of which are arranged predominantly along 
the crystalline axis, but after aging at 780 °C, the elongated particles are arranged mainly along <100> cubic 
directions.  

Fig. 4  a shows the temperature dependence Hc(Tag) and the hysteresis loops for the as-prepared ribbon and 
the ribbons aged at 550 and 700 °C for 10 min. The as-prepared ribbons exhibit soft magnetic properties 

(Hc = 1.27 kA⋅m-1).The increase in coercivity was observed as the aging temperature increases above Tag > 

600 °C. The maximum Hc = 20 kA⋅m-1 was obtained after aging at Tag = 700 °C for 10 min.  

 

Fig. 4  Temperature dependence Hc(Tag) and the hysteresis loops (inset), (b) TMA curves curve of as-
prepared ribbons and the ribbons aged at 550, 700 and 780 °C 

Fig. 4b  shows the temperature dependence of σ measured in H = 2.39 kA⋅m-1 of the as-prepared ribbon and 
the ribbons aged at 550, 700 and 780 °C. The σ(T) curve of as-prepared ribbon shows the bend at around 
455 °C. After aging the ribbons at Tag = 600-700 °C the bend cannot be found. But after aging at 780 °C the 
little bend appears again at around 470 °C. It may be assumed, that during melt spinning the zone structure is 
formed, wherein the compositions of the β- and β2 phases are separated until the values corresponding to the 
composition of these phases at temperature about 800 °C. Hence a paramagnetic state of β2 phase in the melt 
spun sample can be concluded. Therefore, during subsequent heating by TMA the bend on the σ(T) 
dependence shows the start of the DP reaction and formation of the β’ + β’

2 lamellar structure. Note that all 
σ(T) curves in Fig. 4b  show that during cooling to RT the magnetization of the samples becomes lower than 
during heating.  

For understanding the magnetization mechanism, the magnetic domain structure in the ribbons was 
investigated. Fig. 5  shows (a) topographic and (b) magnetic force images of the ribbon aged at 780 oC 
observed using AFM and MFM, subsequently. The wide intergranular layer of ferromagnetic β phase and 
modulated structure inside grains are observed in the topographic image. The corresponding magnetic force 
image is characterized by brighter areas which are located exactly at the site of the β phase layers and the 
mixture of the bright and darker areas of sub-micron scale inside the grains which correspond to the β phase 
precipitates into modulated microstructure. The bright areas in Fig. 5b  indicate that the magnetization direction 
in the soft magnetic phase is nearly parallel to the upward tip magnetization, and the dark areas indicate the 
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opposite. The magnetic force image clearly shows that the size and form of the magnetic domains is same as 
the magnetic β phase network and the β phase particles in modulated microstructure (Fig. 5a ).  

 

Fig. 5  (a) AFM and (b) MFM images of the ribbon aged at 780 °C for 10 min 

4. CONCLUSIONS  

TEM investigations of the spinodal decomposition of the solid solution (β2 → β + β2) in melt spun Alni ribbons 
subjected to aging have revealed several types of evolution of decomposition products. Firstly, normal SD led 
to the formation of zone structure inside grains and decorating of the APD boundaries with SD products. 
Secondly, aging at 500-600 °C of the ribbons resulted in the formation of a DP reaction at GBs, which forms 
the lamellar microstructure consisting of alternating lamellas of β’ and β’

2 phases. Thirdly, the development of 
DP and SD at the higher temperatures led to β’- phase core formation inset in continuous net of β’

2 phase. 
Fourthly, the periodic modulated structure inside grains is formed after aging of the ribbons at a temperature 

higher than 700 °C, which ensures the coercive force up to Нc = 20 kA⋅m-1. The aging of ribbons at 780 °C 

decreases coercive force to Нc = 9.5 kA⋅m-1 which are caused by β particles coarsening along with formation 
β’ continuous net. Hence, peculiarities of the structure transformations and formation of the several types of 
evolution of decomposition products side by side with the periodic modulated structure lead to lower value of 
coercive force in the melt spun Alni ribbons subjected to aging.  

MFM image reflects the topographic microstructure of the ribbon surface. The domain structure is found to be 
complex. The coarse domains observed in the wide intergranular layer of β phase. The fine scale domains 
observed inside the grains indicates the magnetic domains which are formed as result of magnetic interaction 
between the β phase precipitates in zone or modulated microstructure.  
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Abstract 

The influence of different consolidation procedures on compaction of Al powders was evaluated. Powder 
preparation procedures consisted of selection of particle size distribution, cold isostatic pressing (CIP), and 
vacuum sintering. Processing parameters investigated included the number of compression steps, 
compression pressure, and sintering temperature and time. Densities of the samples after compression and 
also after sintering were measured and compared. The overall oxygen content was analysed using by Energy 
Dispersive Spectroscopy. Phase composition was determined using X-ray. Microhardness measurements 
were performed to evaluate the degree of compaction. Double-step CIP at 200+300 MPa and subsequent 
sintering at 500 °C for 60 min produced the best combination of properties from all the consolidation 
technologies of Al particles. Of the particle size ranges studies, those with diameters between 20 and 45 μm 
produced the best results. Aluminum oxide was present in the structure after all the processing treatments. 

Keywords:  Aluminum powder, cold isostatic pressing, sintering, oxygen content, X-ray 

1. INTRODUCTION 

Aluminum is the basic material for most modern light weight structures. Nevertheless, mechanical properties 
of pure (commercial purity) Al are rather low. Therefore, methods to improve the properties are widely 
researched. Among the basic possibilities of improvement is alloying and refinement of the size of structural 
units [1, 2]. Refinement of structural units is favourable from the point of view of imparting a higher volume of 
grain boundaries (GBs) [3]. This mechanism contributes to strengthening, since GBs act as obstacles for 
movement of dislocations, as well enable higher plasticity, since when the grain size is small enough, grain 
boundary sliding deformation mechanisms become active. Achievement of fine structural units is easier when 
the original material already consists of small units, for example by using initial powder particles with small 
sizes, including nano-powders [4]. Alloying can be performed either using additions of other elements with the 
purpose of development of a strengthening mechanism, such as solid solution strengthening by Mg or 
precipitation strengthening by Mg and Si for Al-based alloys, or by addition of dispersed secondary particles 
to create metal matrix composites (MMCs) [3, 5]. One of the most favourable discontinuously reinforced 
aluminum MMCs is mixture of Al matrix and Al2O3 particles. The Al matrix has sufficient plasticity and ductility, 
while the particles are strong and hard to be able to carry the load. Combination of the two above mentioned 
methods is especially favourable, since Discontinuous Reinforced Aluminum (DRA) composites are preferably 
fabricated using powder metallurgy and then possess the combination of all the above mentioned advantages. 

This study is focused on investigation of fabrication of aluminum material from powder. The aim of this 
experiment was to find out optimal conditions for compaction of Al powder. However, in the initial conditions 
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all the particles are covered with a thin layer of Al2O3. Therefore, there is a presupposition that it would be 
difficult to eliminate all the original oxides. However, a small amount of residual Al2O3 can act as a reinforcing 
element. The factors evaluated during this experiment were the influence of particle size, compaction pressure, 
sintering time and sintering temperature. All the specimens processed with different further described 
technologies were cut into slices, which were subsequently subjected to several analyses. 

2. EXPERIMENT 

The selected particle size ranges were 25-45 μm, 65-125 μm and a 50:50 mixture of the two ranges. From 
each one of these ranges, three different samples intended to be subsequently subjected to different 
compaction procedures were prepared.  

All the compaction was performed using cold isostatic pressing (CIP), as follows: pressurizing at 200 MPa for 
30 seconds dwell and continuous depressurization; pressurizing at 300 MPa for 30 seconds dwell and 
continuous depressurization; and the subsequent combination of the afore mentioned (200 MPa for 30 
seconds and 300 MPa for 30 seconds). All the samples were compressed in a die with an inner diameter of 
20 mm, while the height of the powder filled in the die was 30 mm. The diameters of the compacted specimens 
were 18 mm.  

The compressed samples were then cut using a water jet cutter. Electro wire cutting could not be applied, due 
to the surface aluminum oxides, which made the samples non-conductive. Each of the samples was sliced 
into 4 thin specimens. Three of the sliced specimens were subsequently processed with three different 
sintering heat treatments. The fourth sliced specimen from each of the compressed samples was maintained 
in the compressed condition as a reference specimen. As for the sintering parameters, two different 
temperatures (500 °C and 550 °C) and times (30 and 60 minutes) were chosen. The sintering conditions were 
then 500 °C for 30 minutes, 500 °C for 60 minutes, and 550 °C for 30 minutes. 

After having performed all the compression and sintering, the specimens were analysed. All the 36 specimens 
were subjected to measurements of density. The measurements were performed ten times for each specimen 
and an average value was used as the final resulting value. Moreover, the three fine-particle specimens were 
subjected to X-ray analyses of chemical composition. Eventually, line microhardness analyses were randomly 
performed 5 times along the width of a specimen in order to investigate possible inhomogeneities throughout 
the circular specimens originating from the compression procedure. Average microhardness was the 
calculated for the samples compressed from the fine particles. 

The chemical composition of the initial powder was determined by EDX analysis using scanning electron 
microscope (SEM) at VSB - Technical University of Ostrava (TUO), while microstructural observations were 
performed at Colorado School of Mines (CSM), CO, USA. Samples were mechanically polished and eventually 
ion milled with a JEOL CP Cross Section Polisher. All the compressing was performed on a CIP device located 
at TUO, while sintering was performed in a Zwick vacuum creep testing furnace at ASCR, Brno. Analyses of 
density were performed by an AccuPyc II Micromeritics pycnometer device at TUO. The X-ray analyses were 
performed using the Philips X’Pert system at CSM. Copper with Kα1 wavelength of 0.154054 nm and Kα2 
wavelength of 0.154439 nm was used as the X-ray source. Final microhardness measurements were 
performed using a Vickers microhardness measuring device at CSM. The samples were loaded with the load 
of 500 g for 10 seconds. The line measurements were performed with 1 mm spacing starting 0.5 mm from the 
edge of a sample. 

3. RESULTS AND DISCUSSION 

3.1.  Density and oxygen content 

The chemical composition of the initial powder was as follows: 96.07 wt.% Al and 3.93 wt.% O. From the 
particle size point of view, the results of density measurements showed that the best compaction was achieved 
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for the specimens consisting only of the finest grain size range (25-45 μm) for all the compression procedures. 
This finding is in accordance with conclusions ensuing from the study by Eldesouky et al. [6], who investigated 
relative density of samples consolidated from AA2124 aluminum powder. They achieved the best results for 
the fraction at the size of 40 μm.  

As for the compression pressure, the best results were achieved for the specimens compressed by the double-
pressing technology (an example of the compressed samples is shown in Fig. 1 ). This conclusion applies for 
all the sintering temperatures and times. The sintering parameters were selected according to the studies 
performed by Sweet et al. [7], Liu et al. [8] and Dadbakhsh et al. [9]. The 30 minutes sintering time was also 
chosen based on study of literature [10]. The sintering procedure with the longer time was designed for the 
lower temperature in order to evaluate possible differences between the properties of specimens after the 
lower temperature + longer time and higher temperature + shorter time sintering procedures.  

Results of density measurements for six specimens with the highest density are summarized in Table 1 . 
However, as can be seen in the table, all the measured densities were slightly higher than the theoretical 
density of pure aluminum (2.70 g·cm-3). This can be a consequence of the presence of oxygen and therefore 
aluminum oxides. Aluminum oxides have higher theoretical density than pure aluminum. For example, the 
most common aluminum oxide, Al2O3, has the average density of 3.95 g·cm-3 [3]. Therefore, EDX analyses of 
oxygen contents were performed five times for each specimen and mean average values were subsequently 
calculated. The results of EDX chemical composition analyses of the selected specimens are also shown in 
Table 1 , while SEM microstructure of sample 2 (see Table 1 ) is depicted in Fig. 2.  

Table 1  Densities and oxygen contents for selected specimens 

sample 

number 

particles 
fraction 

(μm) 

CIP 

(MPa) 

sintering 
temperature 

(°C) 

sintering 
time 

(min) 

oxygen 
content 

(wt. %) 

measured 
density 

(g·cm-3) 

calculated density 

with Al2O3 

(g·cm-3) 

1 fine 200+300 500 30 5.70 ± 0.03 2.8276 2.851 

2 fine 200+300 500 60 4.97 ± 0.19 2.8073 2.832 

3 fine 200+300 550 30 5.65 ± 0.24 2.8278 2.850 

4 coarse 200 500 30 4.34 ± 0.11 2.8102 2.815 

5 coarse 200 500 60 4.33 ± 0.29 2.8944 2.815 

6 mixture 200+300 500 30 4.51 ± 0.07 2.8229 2.819 

The EDX analyses results showed presence of oxygen in all the analysed specimens; with oxygen levels 
between 7 and 10 at.%. The source of the oxygen is probably the protective aluminum oxide layer, which 
initially coated the surface of all the particles. This supposition is supported by the fact that the content of 
oxygen is the highest for the specimens prepared from the finest particles, for which the surface to volume 
ratio is higher than for coarser particles. Therefore the overall percentage content of oxygen for fine particles 
is higher than for larger particles. During the compression itself, the oxides already present at the surfaces of 
the particles get cracked and some of them can possibly be turned into hydroxides, which subsequently get 
evaporated during sintering. However, the compression procedure does not seem to have any significant 
influence on the content of oxygen in the structures. From the point of view of sintering temperature, the oxygen 
content is lower for specimens sintered for the longer time of 60 minutes. Nevertheless, the 
evaporation/dissolution temperatures for Al oxides are very high (over 2000 °C) and therefore they cannot be 
eliminated completely by the treatments [11]. To support the above mentioned presupposition that the 
increased density is caused by the presence of aluminum oxide, theoretical density calculations were 
performed. The results of all the confirmatory computations are summarized in Table 1 . 
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Fig. 1  Photo of a compressed sample (25-45 μm, 
200+300 MPa) 

Fig. 2  Microstructure of sample 25-45 μm, 200+300 
MPa, 500 °C/60 min 

As the final analysis, the three fine-particle specimens were subjected to X-ray analyses of chemical 
composition. Such analyses will be helpful for identification of presence of phases in the structures of the 
specimens. The results of the X-ray analyses were comparable for all the three investigated specimens. By 
this reason, only the results for specimen 2, which has been proven to be processed in the most favourable 
way, will be presented here. X-ray data plot for specimen 2 is depicted in Fig. 3 . 

 

Fig. 3  X-ray plot of chemical composition for specimen 2 

The most distinctive peaks in the plot are peaks corresponding to pure Al phase. Nevertheless, noticeable is 
the beginning of the plotted dependence, the detail of which is depicted in the upper right corner of Fig. 3 . In 
a reference plot of X-ray data for pure Al2O3, a set of distinctive peaks starts to rise at the angle of 28° (not 
shown here). Although the low intensities in the plot of specimen 2 are burdened with noise, a slight increase 
forming a little local peak can be distinguished between the angle of 28° and 29°. This is most probably due to 
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the presence of Al2O3. In the detail in Fig. 3  can also be seen that the plotted data exhibit a slight increase 
towards lower angles. Such a course of X-ray data indicates a presence of amorphous phase. Since the above 
described observations of distinctive peaks are valid only for crystalline structures, it is probable that Al2O3 will 
be present in the structure in an amorphous state. X-ray analyses are not able to provide exact determination 
of chemical composition of amorphous phases. Nevertheless, bringing together all the results from the above 
described measurements, analyses and calculations, the amorphous phase is most probably Al2O3. 

3.2.  Microhardness 

As the final part of this investigation, microhardness measurements were performed. The above mentioned 
analyses have already proven the superior performance of finer particle size range subject to the 200+300 
MPa double step compression procedure. According to the oxygen content results, the most suitable sintering 
procedure seems to be 500 °C for 60 minutes. For all the specimens, the measurements were performed 5 
times and average values were calculated. The results, summarized in Table 2 , prove the above mentioned 
conclusion and complete a comprehensive idea about a suitable pre-compaction procedure. 

Table 2  Microhardness measurements results 

Sample number 1 2 3 

Microhardness [HV] 26.33 + 1.15 27.40 + 1.96 29.58 + 2.07 

The results of the line measurements are demonstrated in Fig. 4 , in which they are comparatively scaled to 
the average value of each of the measurements set as 1. As can be seen from the figure, no 
increasing/decreasing trend in microhardness towards the central part of the samples has been observed. 
Therefore, the samples can be considered to be homogenously compacted. 

 
Fig. 4 Results of random line microhardness measurements 

4. CONCLUSIONS 

We have shown that higher extent of compaction can be achieved when fine size particles are used (25 - 45 
μm - mesh 325). Furthermore, cold isostatic pressing with two steps has a higher compacting efficiency than 
one step pressing. This was the case for both the analysed one-step procedures - 200 MPa and 300 MPa. 
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Density measurements showed density values higher than theoretical for pure aluminum for all the specimens. 
Nevertheless, SEM as well as X-ray analyses both showed the presence of higher density aluminum oxides. 
Microhardness measurements confirmed the above mentioned conclusions and prior presuppositions. The 
specimens consisting of the finest particles compressed in two steps all have the highest microhardness 
values. Microhardness analyses further did not prove any increasing/decreasing trend when measured 
throughout the cross-section of a specimen. Residuals of alumina within the compressed and sintered samples 
can be favourable for mechanical properties of the material, since they can contribute to strengthening of the 
final material. 
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Abstract    

Recently, research-development studies conducted for the production of organic brake pads because of the 
usage of asbestos in brake pads have negative effects on human health and the environment. This study aims 
to develop to non-asbestos high performance brake pads. Twenty-four types of different dusts in commercial 
brake pads have utilized as fillers, reinforcements, binders, abrasives and friction modifiers in mixture of 
organic brake pads produced. In this study, seventeen of these friction dusts were used to develop to organic 
brake pads. The 3.5 wt.% and 7 wt.% content of hazelnut and walnut as friction modifier materials were 
replaced with petrocoke dust eco-friendly. The performance of brake pads was determined by microstructural 
examinations, oil absorption and dimensional stability, and hardness of brake pads. The results indicated that 
the brake pads produced with organic dusts such as hazelnut and walnut shells can replaced with petrocoke 
dust. From this, it can be concluded that new type brake pads of non-asbestos organic-based dusts can be 
effectively used as a replacement for asbestos and performance in brake pad production.  

Keywords: Brake pads, hazelnut/walnut dusts, hardness, oil absorption, microstructure  

1. INTRODUCTION 

The brake pad is one of the most important elements used to provide speed control of the vehicle [1]. 
Sustainable friction coefficient at high temperature is the most anticipated feature of the brake pads [2]. In the 
past decade, various researches focused on the use of environmentally friendly for the engineering 
applications. In this eco-friendly trend also has been used in brake pads friction composite materials industry 
[3-4]. When it is used to natural composite materials component in the braking pads, released toxic and 
hazardous chemicals are reduced. People are generally avoided the use of asbestos materials which is located 
between the brake pads and friction dusts that cause lung cancer [5-7]. For these reasons, different ratios 
natural additives, with the addition of cheaper and high-performance friction materials used brake pads. 
Matejka et al. used natural and recycled hazelnut shell powder as the additives in their study. While taking as 
a basis the Indian hemp fiber and graphite nut shell two different samples were prepared. Specimens were 
subjected to the friction wear tests. As a result, the sample used nut shell powder (14 wt.%) with natural 
ingredients, has found the wear resistance and performance [8]. Another natural additives lining material used 
in the break pad research is palm kernel. Ikpambese et al. [9] evaluated their study, using palm kernel fiber 
with epoxy resin. According to their results it can be used as a reinforcement material. Bahari et al. [10] 
produced rice powders as the brake pad additives and they investigated the effect of stiffness and impact 
resistance of the lining dusts. They concluded that the rice powder reinforced brake pads gives better results 
than those commercially hardness pads used. Another natural material is used in friction linings sample is a 
banana peel. Idris et al. [11] used drying banana peel powders in their works. They have also some carbonized 
some amount of those powders. Carbonized and banana peel powder samples were subjected to some 
physical, mechanical and corrosion tests for the determination and characterization of the pads. They 
concluded that banana peel powders can be used in the production of the pads. Ma et al. [12] produced brake 
pads with bamboo tree dusts and they determine the performance, mechanical properties, friction-wear 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1359 

behavior and microstructure of the pads. Qi et al. [13] produced 7 different brake pads by using walnut shell 
dusts varying from 0 to 15 wt.%. Researchers produced the friction-wear pads sample tests, hardness 
measurements and microstructural studies were done. Optimum coefficient of friction lining pads were 
obtained in the sample containing 5.6 wt.% walnut shell powder. In another study, the friction material, brake 
linings samples were produced by using petro coke, cashew and Wollastonite. The friction coefficient, density, 
hardness and roughness and performance of the pads have been identified [14, 15]. In this study, seventeen 
common dusts and two different dusts are used to produce the samples of the organic brake pads. The 
hazelnut/walnut dusts as friction modifiers were replaced with petrocoke dusts at two different contents (3.5 
wt.% and 7 wt.%). As certain the performance of the produced pads hardness, dimensional changes and 
weight gain was measured for the different powder addition and obtained results discussed by means of the 
microstructure.  

2. MATERIALS AND METHODS   

2.1 Preparation of the raw materials    

In this study, seventeen (17) common dusts and two different dusts are used to produce the samples of the 
organic brake pads. The hazelnut/walnut dusts as friction modifiers were replaced with petrocoke dusts at two 
different contents (3.5 wt.% and 7 wt.%). The common brake pad dusts given in Table 1  are fillers (rock wool, 
vermiculite, rubber scrap, barytes, calcium hydroxide and mica), reinforcements (steel fiber, kevlar pulp), 
binders (phenolic resin, rubber), abrasives (quartz, zirconium silicate, graphite) and friction modifiers (brass, 
chalcopyrite, sulphur, petrocoke and walnut/hazelnut). The hazelnut and walnut dusts sieve sizes of 250-400 
μm were mixed homogeneously using a mechanical mixer at capacity of 50 kg for a period of twenty minutes 
before transferring it to a mould. The raw friction materials and mixing process are illustrated in Figs. 1  and 2.   

Table 1 The common brake pad compositions 

Number 
Dust 

Materials  

Compositions 

(wt.%)  

Dust grain 
size (μm) 

1 Steel fiber 15-20 125 

2 Rock wool 3-6 6-10 

3 Kevlar pulp 0.5-2 12 

4 Graphite 5-7 45 

5 Phenolic Resin 6-8 63 

6 Vermiculite 6-8 500 

7 Brass 4-6 50-100 

8 Calcium hydroxide 7-9 40 

9 Zirconium Silicate 3-5 10 

10 Metal Sulfide 0.5-1 45 

11 Iron oxide (Fe2O3) 1-3 0.2 

12 Rubber scrap 4-6 50 

13 Barytes 6-8 55 

14 Rubber (NBR) 2-4 50 

15 Petrocoke 3-5 125 

16 Chalcopyrite (CuFeS2) 4-7 50 

17 Mica+silica 4-5 50-100 
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        Fig. 1  Preparation of friction dusts         Fig. 2  The mixing of friction dusts for brake pads 

The mixtures of brake pad (Renault-Clio automobile) prepared in the appropriate amount (given by Table1 ) 
were hot-pressed to metal molds. Typical brake pad production parameters are given in Table 2 . 

Table 2  Brake pad production parameters 

Mold temperature 
(°C) 

Pressure 
(MPa) 

Time duration 
(minute) 

Holding temperature 
(°C) 

Holding time 
(h) 

180 ± 5 10 6 300 10 

After post-curing, the brake pads were finished by polishing them using polisher-grinder with various grinding 
paper of various sizes to obtain the final products. The previous volume of mixture (weight = 120 g and 
thickness = 48 mm) is three times bigger than that of the hot-pressed (thickness = 16 mm) products. Typical 
production procedure of the brake pads is shown in Fig. 3 .   

    

(a)                                                                       (b) 

Fig. 3  Hot-pressing process (a) and brake pads (b) 

3. MECHANICAL PROPERTIES AND MICROSTRUCTURE 

3.1. Hardness tests 

In order to confirm uniform mixing and proper curing during manufacturing of brake pads with hazelnut and 
walnut dusts, the hardness of brake pads with and without oil absorption (SEA 20/50 at 26-30 °C) was 
measured using a Shore D hardness tester (Macrona) according to the ASTM D2240. At least three 
replications of hardness test for each specimen were made and the average values are reported in Fig. 7 . 
Experimental scatter was about ± 2 Shore D.  
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3.2. Oil absorption and weight change 

The oil soak test determines oil absorption behavior of non-asbestos brake pads and the effect of the absorbed 
oil on its dimensions. After oven drying of the specimens (0-25 °C), its weight was measured. Subsequently, 
the dimensions (thickness) of the samples were measured using a caliper after twenty-four hours of 
submersion in engine oil, SEA 20/50 at 26-30 °C. The samples of brake pads were weighed after the excess 
oil had drained off. Eq. (1) was used in determining the weight of brake pads: 

Absorption 100
I

IS

W

WW −
(%)                           (1) 

Where: WS - weight after immersion, W I - weight before immersion 

3.1 Microstructure of brake pads 

The microstructure of the brake pads as shown in Figs. 4 and 5 is observed by using a digital metallurgical 
microscope. In this study, hardness, weight and dimensional change and microstructures of brake pads 
consisting of seventeen (17) common dusts and two different dusts (3.5 wt.% and 7 wt.%) replaced with 
petrocoke dusts are investigated. The brake pads with the contents of 3.5 wt.% hazelnut-3.5 wt.% petrocoke 
and the contents of 7 wt.% hazelnut and 0 wt.% petrocoke are designated as 1A and 1B, respectively. In 
similar way, the brake pads with the contents of 3.5 wt.% walnut - 3.5 wt.% petrocoke and the contents of 
walnut wt.% 7 and 0 wt.% petrocoke are designated as 2A and 2B, respectively. After oil absorption at 24 
hours, the brake pads with same contents are called as 1AY, 1BY, 2AY, 2BY, respectively. 

4. RESULTS AND DISCUSSION 

The developed brake pads in this study were composed of fillers, binders, reinforcements, friction modifiers 
and abrasives. The matrix of the brake pads includes rock wool, vermiculite, rubber scrap, barytes, calcium 
hydroxide, mica, phenolic resin and rubber. It can be seen that (Fig. 4  and 5) the friction dusts consisting brake 
pads have distributed as homogeneous within the matrix. Also it can be seen from these figures that the gray 
regions are matrix (fillers and binders), a portion of bright regions likes needle are reinforcement (steel fiber) 
and the others are friction modifiers and abrasives. Moreover, the microstructures in Figs. 4  and 5 also exhibit 
that the content of friction dusts increases with increasing the content of organic dust rate from 3.5 to 7 wt.%.  

 

Fig. 4  The microstructure of brake pads produced with organic dusts 

1. Steel fibers 
2. Graphite 
3. Fillers and binders 
4. Hazelnut 
5. Petrocoke 

6. Brass 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1362 

 
Fig. 5  The microstructure of brake pads with natural dusts: a) 1A b) 1B c) 2A d) 2B  

Fig. 6  displays the hardness variations of organic brake pads consisting of hazelnut and walnut dusts at 
different contents with/without oil absorption (24 hours). In Fig. 6 , the hardness value of the brake pads (1A) 
is measured as 92 shore D whereas the hardness value of the brake pads (1B) is determined as 93 shore D. 
Similarly, the hardness value of the brake pads (2A) is measured as 94 shore D whereas the hardness value 
of the brake pads (2B) is observed as 95 shore D. The hardness values of the brake pads slightly increases 
with increasing the contents both hazelnut and walnut dusts. After 24 hours in oil absorption, the hardness 
values of the brake pads with hazelnut and walnut decrease approximately 2 shore D.  
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Fig. 6  The hardness variations of brake pads with hazelnut and walnut (3.5 wt.% and 7 wt.%) 

Fig. 7  presents the weight variations of organic brake pads consisting of hazelnut and walnut dusts at different 
contents with/without oil absorption (24 hours). From Fig. 7 , it can be seen that the weight of the brake pads 

(a) (b) 

(c) (d) 

1mm 1mm 

1mm 1mm 
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increased around 1.5 to 2 g. The weight of the brake pad (1A) is 242.1 g while that of brake pads (1AY) is 
244.04 g after 24 hours oil absorption. It can also be seen from Fig. 7 , the weight of the brake pad (2A) is 
246.82 g whereas that of brake pads (2AY) is 247.8 g after 24 hours oil absorption. It can be said that significant 
change on the weight of the brake pads has not been occurred although the contents of hazelnut and walnut 
increases. Moreover, the dimensions of the brake pads with hazelnut and walnuts are also measured by a 
digital caliper after oil absorption 24 hours. Any change has not been occurred on dimensions of width, length 
and thickness. 
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Fig. 7  The weight variations of brake pads with hazelnut and walnut (3.5 wt.% and 7 wt.%) 

CONCLUSIONS  

• Hazelnut and walnut dusts with the contents of 3.5 wt.% and 7 wt.% have been replaced successfully 
in the brake pads.  

• The friction dusts consisting brake pads have been distributed uniform and homogeneously within the 
matrix. 

• The microstructural observation from brake pads exhibit that the content of friction dusts increases with 
increasing the content of organic dust rate from 3.5 to 7 wt.%. 

• After 24 hours oil absorption, the hardness values of the brake pads with hazelnut and walnut decreased 
approximately 2 shore D. 

• After 24 hours oil absorption, the weight of the brake pads has not been significantly altered although 
the contents of hazelnut and walnut increased.  

• Similar trends have also observed for both the weight and the hardness of the brake pads after oil 
absorption. 

• There has been no dimensional change in the brake pads after oil absorption. This situation can be 
indicative of the developed brake pads that can be reliably used.  

• Finally, the brake pads reinforced hazelnut and walnut dusts can be competed with commercial pads 
after the friction-wear tests have been performed.  
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PECULIARITIES OF OBTAINING SINGLE CRYSTAL CASTINGS OF SOLID SOLUTION 
ALLOYS 
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Vladimir State University, Vladimir, Russian Federation, sidorov.ev@mail.ru 

Abstract  

In the work the results of the structural perfection of the cellular and dendrite single crystals with the diameter 
24 mm of the Ticonal 9 alloy: 35 % Co - 14.5 % Ni - 7 % Al - 4 % Cu - 5 % Ti - Fe the rest (in wt.%) at the 
growing rates (R) from 0.1 to 9 mm/min with the constant temperature gradient 10 - 12 K/mm are presented. 
The block size decrease from 2.3 mm at R = 0.1 mm/min to 1 mm at R = 9 mm/min at the simultaneous 
disalignment increase from 1.8° to 7.8° accordingly was revealed. During the investigation the dependence of 
the working properties (magnetic parameters) of the single crystal casting samples obtained at different 
growing rates was determined. It is shown that the samples grown at high rates (5 ÷ 9 mm/min), i.e. the samples 
with the most imperfect structure have the highest magnetic properties (Hcb, Br, BHmax). Theoretical and 
experimental investigations carried out in the present work allowed explain these contradictions and give 
recommendations regarding the manufacturing conditions of single crystal castings of the Ticonal 9 magnetic 
alloy. 

Keywords: Single crystal, magnetic properties, growing rate, temperature gradient, structural perfection 

1. INTRODUCTION 

The demand for products with single crystal structure is constantly growing. At the present time the products 
with the single crystal structure include single crystal turbine blades based on the Fe-Ni, Ni-Ti alloys [1-3] and 
cast permanent magnets based on the Fe-Co-Ni-Al-Cu-Ti alloys (Ticonal 9 alloys) [4, 5]. Single crystal products 
have the highest working properties, and are the most stable to the external effects. 

2. THEORY 

The most simple and efficient manufacturing technique of the alloy single crystals is the directional controlled 
solidification method. However it is determined [4-7] that the formation of the plane crystallization front during 
the directional controlled solidification of the castings of the solid solution alloys with the crystallization range 
does not allow obtain chemically homogeneous along the length single crystals at any growing parameters. 
The only possible way to obtain single crystal ingots without zone segregation is to destroy the plane 
crystallization front and to form a transition liquid-solid cellular or dendrite structure. It allows change the zone 
macrosegregation for the dendrite microsegregation. This method ensures that after a short-term 
homogenizing one obtains homogeneous single crystals of multi-component alloys. At the same time the 
indispensable requirement is to obtain in the cast single crystal ingots the most perfect crystal structure with 
the minimum block disalignment which must ensure the best working properties. 

The crystal structure perfection in the cast ingot besides the alloy characteristics (the liquidus temperature (tL), 
the equilibrium (tS.E) and the non-equilibrium (tS.NE) solidus, the equilibrium (δtE) and the non-equilibrium (δtNE)  
crystallization ranges, the crystallization rate (i = dm/dt), the phase transitions in the solid state, etc.) depends 
to a great extent on the heat removal conditions, i.e. on the growing rate (R), the temperature gradients in the 
liquid (GL) and solid (GS) phases, the cooling rate (VCool), the size and the configuration of the dendrite single 
crystal being grown. It is considered that to grow top-quality single crystals high temperature gradients and low 
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growing rates are required [1, 8-11]. However in manufacturing practice the growing rate is the main constituent 
of the production process efficiency and hence the cost of the final product. 

3. EXPERIMENT 

The structure perfection and the working properties of the single crystals of the Ticonal 9 alloy ingots of the 
composition 35 % Co - 14.5 % Ni - 7 % Al - 4 % Cu - 5 % Ti , Fe - the rest (in wt.%) were studied. Ticonal 9 
alloy is a solid solution with the liquidus and solidus temperatures tL = 1350 °C and tC = 1290 °C accordingly. 
When the alloy is cooled from the solidus temperature to the room temperature polymorphy transitions take 
place in it. The alloy crystallizes as a one-phase α - solid solution and from the solidus temperature to 1200 °C 
it is in the one-phase state with the bcc lattice. In the temperature range 1200 - 900 °C the alloy is in the two-

phase α + γ state. The γ - phase has the fcc lattice. Below 900 - 850 °C the mixture of the α + α/ - phases 
forms by the reactions α → α + α/ and γ → α + α/. The α and α/ - phases are retained till the room temperature. 
The α/ - phase is magnetic. 

Single crystals with the diameter 24 mm and the height 120 ÷ 130 mm were grown in a one-position installation 
with a graphite resistance heater. The speed of the heater lifting was 0.1, 1, 3, 5 and 9 mm/min, the temperature 
gradient in the melt in front of the crystallization front was GL = 10 ÷ 12 K/mm. Single crystal seeds in all 
experiments were placed on the butt end cooler in the thermal unit of the heater. Single crystals were cut along 
the {100} planes along and across the direction of the growth. The samples were cut at the equal height in the 
middle part of the single crystal. 

X-ray structure analysis was used to certify the single crystals after growing. The Laue method was used to 
determine the crystallographic directions of growing, the rotating X-ray diffraction patterns were used to 
determine the phase lattice parameter (a). The block size (l) was determined by the topograms of the angular 
scanning of the longitudinal sections, the disalignment angle (∆) of the single crystals was determined by the 
topograms of the angular scanning of the transversal sections. 

4. RESULTS AND DISCUSSION 

It was determined that the phase composition of the Ticonal 9 single crystals depends on the growing rate. In 
the single crystals grown at high rates the X-ray analysis revealed the ordered phases on the base of the bcc 
lattice. One of them has the FeAl type structure and a = 0.2866 nm. The other has the Fe3Al type structure 
and a = 0.2897 x 2 = 0.5794 nm. The first is the strongly magnetic α/ - phase, the second is the weakly magnetic 
α - phase. Diffraction reflections from the α/ - phase are more intensive than from the α - phase, i.e. the volume 
fraction of the α/ - phase is higher. 

In the single crystals grown at a lower rate (< 1 mm/min) the X-ray analysis showed the presence of the single 
crystal ordered α - phase having a = 0.2884 x 2 = 0.5768 nm, or both α/ - and α - phases at the same time with 
the parameters which do not differ from the mentioned.  

Besides the reflections from these phases in the rotating X-ray diffraction patterns there are the lines of the 
polycrystalline phase with the bcc lattice the parameter of which in the first case is 0.2880 nm and in the second 
0.2869 nm. According to [12] it is formed from the high temperature γ - phase and is named the αγ - phase. 
The αγ - phase is clearly revealed by the metallographic methods. Its content in the single crystals obtained at 
the rates 0.1 and 1 mm/min is considerable and decreases when the growing rate increases (which agrees 
well with the regularities determined earlier). In the single crystals grown at high rates, the αγ - phase can be 
observed only by the metallographic methods. It is evident that in the course of the growing process the 
crystallized alloy bulk is in the region of the existence of the (α + γ) - phases as long as lower the heater lifting 
speed is. The formation of the γ - and then αγ - phases leads to the fact that the ingots lose their single crystal 
characteristics. Therefore the term “single crystal” can be applied to the Ticonal 9 alloy ingots with some 
definite degree of conventionality.  
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The lowest growing rate (0.1 mm/min) results in the cell formation. The dendrite growth begins at the rates 
close to 1 mm/min, at 3 ÷ 5 mm/min the second order dendrite branches appear. When the transition from the 
cellular growth to the dendrite growth occurs, the duration of the electrolytic etching of the samples to reveal 
them increases. It is shown [13] with the YuNDK40T8 alloy having a similar composition that the increase of 
the etching time involves the decrease of the dendrite segregation. 

The perfection characteristics of the Ticonal 9 alloy single crystals for different growing rates are given in 
Table 1 . 

Table 1  Perfection characteristics of the Ticonal 9 single crystals depending on the growing rate 

Growing rate R (mm/min) Cooling rate VCool, (K/min) Block size l (mm) Disalignment angle ∆ (deg) 

0.1 

1 

3 

5 

9 

1.0 - 1.2 

10 - 12 

30 - 36 

50 - 60 

90 - 108 

2.3 

1.7 

1.1 

1.0 

1.0 

1.8 

2.3 

5.3 

6.7 

7.8 

The largest block structure with the lowest disalignment angle of the crystal forms at the heater lifting speed 
0.1 mm/min under conditions of the cellular growth (see Table 1 ). The increase of the growing rate leads to a 
higher disalignment of the single crystals, with this the constituent of the turn around the transversal directions 
<100> prevails. The transition from the cellular to the dendrite growth mode is accompanied by the block 
diminishing, which can be regarded to the reduction of the dendrite cell size. Single crystals obtained at the 
rates 0.1 ÷ 3 mm/min have a more stable perfection than the single crystals grown at the higher rates. 

Single crystals show radial inhomogeneity of the structural perfection (Fig. 1 ). Their peripheral part is 
fragmented more than the central one. At the growing rates 3 mm/min and higher small size greatly disaligned 
blocks consisting of separate dendrites form at the periphery. The deterioration of the structure perfection in 
the periphery part may be the result of the abrupt change of the temperature gradient at the mould wall. It is 
known that the cooling rate has the greatest influence on the distance between the dendrite cells. Indeed, the 
distance between the dendrite cells at the periphery is less than in the central part. 

The comparative analysis of the angular scanning topograms of the adjacent transversal samples revealed a 
curve of the single crystal lattice which increases with the rise of the growing rate. The area of the reflection 
from the lower sample, the normal to which surface and the growth direction coincide, is more and from the 
upper sample for which these directions are opposite is less than the area of the reflection from the perfect 
crystal. We believe that the lattice curving of the single crystals occurs during their cooling and is the result of 
the strains occurring owing to a much earlier solidification of the external layers and a later solidification of the 
inner layers of the single crystal. 

The asymmetry of the thermal field of the heater influences significantly the process of the single crystal 
structure formation. The peculiarities of the diffraction topography patterns of the single crystals grown at the 
rates 0.1 ÷ 9 mm/min (Fig. 1 ) indicate this. They were grown with the seeds having similar alignment in the 
thermal unit of the installation. 
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a)  
 

b)  

c)  

d)  

Fig. 1  X-ray topograms of the transversal sections of the YuNDK35T5 alloy single crystals obtained at the 

growing rates: a. 1 mm/min; b. 3 mm/min; c. 5 mm/min; d. 9 mm/min - reflection (002) 

The following modes of the thermal magnetic treatment were applied to the single crystal samples grown at 
the mentioned rates: heating to 1250 °C, exposure 20 ÷ 25 min, cooling in the air in the magnetic field 2 ÷ 3 
min, isothermal exposure at 800 °C, 12 min, step tempering at 650 °C, 5 hours and at 550 °C, 20 hours. The 
dependence of the magnetic properties on the growing rate is shown in Fig. 2 . In the figure one can see that 
the magnetic parameters Hcb and BHmax increase while the growing rate increases, though the single crystal 
perfection deteriorates. The raise of the magnetic properties of the single crystal samples of the Ticonal 9 alloy 
at the growing rate increase was determined by the authors in the work [14]. Thus, it turns out that the formation 
of a more perfect structure in the single crystal ingots of the Ticonal 9 alloy leads to the decrease of the 
magnetic properties. In order to explain such contradiction it is necessary to consider other processes which 
are able to influence the final microstructure and the properties accordingly.  

The final aim of the whole manufacturing process of the single crystal permanent magnets of the Ticonal 9 
alloy is the decomposition into two finely dispersed isomorph phases α and α/ (Fig. 3 ). The maximum level of 
the magnetic properties will be only in that case when all particle of the highly magnetic phase (α/) are isolated 
by the paramagnetic phase (α) and their chemical compositions correspond to the final equilibrium at the room 
temperature for the given alloy composition. At the same time the disalignment of each particle must be 
minimal. In view of the fact that the single crystals are grown with the dendrite structure, in order to explain the 
working properties, it is necessary to take into account the parameters and the characteristics of that dendrite 
structure. 
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Fig. 2  Dependence of the magnetic properties on 
the growing rate of the Ticonal 9 alloy single 

crystals 

Fig. 3  High coercivity decomposition into the α and 
α/ - phases in the Ticonal 9 alloy after the thermal 

magnetic treatment 

The dependence of the dendrite cell size on the cooling rate (VCool) is shown in Fig. 4 . Since the cooling rate 
is bound up with the growing rate (R) and the value of the temperature gradient (GL) by the relation VCool = 
GL·R, the corresponding cooling rates are determined in this study for each growing rate at GL = 10 ÷ 12 K/mm 
(see Table 1 ). 

 
Fig. 4  Dependence of the average dendrite cell size (dav) on the cooling rate (VCool = GL·R) of the Ticonal 9 

alloy 

In [4, 7] it was shown that the more the size of the dendrite cell and the more the segregation manifests itself, 
the longer the homogenizing annealing must be. Thus the annealing of the samples cooled at the rate 1 K/min 
at the temperatures 1240 ÷ 1250 °C, 120 min did not eliminate the dendrite inhomogeneity in the Ticonal 9 
alloy. Homogenizing of the samples obtained at the cooling rates more than 20 K/min at the same temperature 
during 20 min eliminates completely the microsegregation. The low cooling rate of the Ticonal 9 alloy leads 
also to the formation of a greater amount of the γ - phase (up to 50 %) in the temperature range 1200 ÷ 900 
°C and its further decomposition results in the formation of the randomly aligned structure of the αγ - phase 
which in the end decreases the magnetic properties as well. Therefore the dendrite structure and the phase 
transitions in the solid state affect to a greater extent the magnetic parameters of samples with the dendrite 
single crystal structure. 

VCool  (K/min) 

dav 

(μm) 
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5. CONCLUSION 

To achieve the highest working properties in the products of the single crystal ingots of the solid solution alloys 
it is necessary not only to aim at the obtaining the most perfect single crystal structure but also take into 
account the influence of the dendrite structure and the phase transitions in the solid state on the generation of 
the micro-inhomogeneous zones and small size polycrystalline formations. 
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Abstract   

The Al-Mg 5xxx series aluminum alloy are widely used in industry especially for marine applications since they 
possess an excellent balance among material such as general corrosion resistance, strength, weldability, 
weight compared to other Al alloys and formability. These properties are related to the magnesium content 
and to the applied heat treatments. They undergo the transition phases by precipitation  which improves their 
mechanical properties. These improvements can be obtained by solution heat treatments and suitable ageing 
ones. Although they are already well studied, the questions concerning the stability of the microstructure and 
the effect of the various heat treatments are always asked. In this work, we present a study on the evolution 
of the precipitation reactions after quenching, exactly the evolution of the equilibrium phase (formation, 
coalescence, and dissolution), in Al-12 wt.% Mg alloy aged at 250°C during different ageing times. The use of 
various experimental techniques as differential dilatometry, differential scanning calorimetry, scanning electron 
microscopy and X-ray diffraction, shows their importance and their complementarity in the study of ageing 
process in this alloy. The obtained results clarified the parameters that govern the stage of β particles 
appearance and the mechanical responses to the applied heat treatments. These results advance the 
understanding of β phase evolution aiding future corrosion prevention. 

Keywords:  Al-Mg 5xxx series aluminum alloys, β phase, ageing, precipitation, mechanical properties 

1. INTRODUCTION     

Despite the importance of work in this area, aluminum alloys continue to be the centre of interest of several 
research projects in materials science. These alloys are one of the most familiar metallic materials used for 
commercial wrought and casting alloys due to its high corrosion resistance, mechanical properties and 
formability, which can transform to be supersaturated solid solutions through solution treatment ]1[ .  

The continuing development of modern techniques, the complication and expansion of requirements to be met 
by metal alloys have different properties and qualities that are even today the study of thermome- chanical 
processing is experiencing continued growth. New modes of heat treatment, thermomechanical and 
thermochemical alloys should be designed to meet the requirements of modern industry ]2[ . In this work we 
study the influence of ageing, at 250 °C for different times, on changes of mechanical properties, grain size, 
and microstructure by following the evolution of β phase (Al3Mg2) precipitation in Al-12 wt.% Mg alloy. The 
equilibrium β phase is cubic and incoherent with respect to grain boundary nucleation sites ]3[ . Due to the 
complexity of formation, we focus on the final formation of β phase equilibrium. 

2. EXPERIMENTAL 

We have studied Al-12 wt.% Mg. Chemical analysis of this alloy shows a Mg content of 11.95 wt.%. In order 
to obtain the supersaturated solid solutions, the samples were homogenized at 430 °C for 17h and quenched 
in iced water. Isothermal ageing 250 °C of supersaturated solid solutions were then carried out for different 
times.  
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DCS measurements were carried out under argon with a Setaram DSC 131. Samples were in a disk shape, 
3mm in diameter and 1.5 mm in thickness. The thermal cyclic applied consisted of heating from room 
temperature to 430 °C with heating rates of 10 °C/min.  

The dilatometric measurements were performed with a NETZSCH DIL 402 C differential dilatometer controlled 
by computer, under a protective atmosphere of pure argon. Samples for these measurements were in 
parallelepiped shape of 25 x 5 x 5 mm3. The thermal cyclic applied consisted of heating from room temperature 
to 430 °C with heating rates of 10°C/min.  

Microstructure of this alloy has been investigated using scanning electron microscopy (SEM). After different 
heat treatments, samples were prepared for scanning electronic microscopy examination and the SEM 
analysis were performed by Jeol JSM-6700F field emission (FEG) equipped with an EDS with a working 
voltage of 0.5 kV to 30 kV.   

A D8 Advanced Brucker Diffractometer has been used to record the X-ray diffraction spectra and to measure 
the lattice parameters.  

3. RESULTS AND DISCUSSION 

3.1. Results of the dilatometric analysis  

Dilatometric curves of the homogenised, quenched and aged at 250 °C for 21 h  sample (Fig. 1a) show only 

one large contraction between 257 and 418 °C. It is certainly due to the dissolution of the equilibrium β phase, 
entirely, formed during ageing. This curve has the same shape as that obtained after ageing for 8 h at 300 °C 

]4[  where the contraction was allotted to the dissolution of β phase. We should note that the peak intense 

increases with ageing time because of the increased amount of the dissolved β phase (Fig. 1 b and c).   

3.2. Results of the DSC analysis 

During heating with 10 °C/min of homogenised 16 h at 430 °C, quenched, and aged 21 h at 250 °C sample, 
we notice that no exothermic peak appears (Fig. 2a), which suggests that the nucleation and the growth of the 

β particles is completed during this sufficient ageing at 250 °C. Thus, the only anomaly which appears in the 

range 275 - 420 °C is a very big endothermic peak due to the dissolution of β particles. The extension of ageing 
time leads to the same shape of the curve by noting a slight shift of endothermic peaks towards high 
temperatures (Fig. 2 b  and c).  

But the splitting of the peak (Fig. 2c)  is a little weird! This may be due to the fact that the β' particles did not 
completely transform to the equilibrium β phase during aging i.e. this endothermic peak probably due to 
dissolution of the β' particles remained and β particles formed successively [5].  
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Fig. 1 Dilatometric curves of heating and their derivative curves at a heating and cooling rate of 10 °C/min of 
Al-12 wt.% Mg alloy homogenised for 16 h at 430 °C then quenched and aged at 250 °C for: (a) 21 h (b) 48 h 

and (c) 168 h. 
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Fig. 2 DCS curves during heating with 10 °C/min for Al-12wt. % Mg alloy homogenised for 16 h at 430 °C 
quenched and aged at 250 °C for: (a) 21 h, (b) 48 h and (c) 168 h 

3.3. Microstructure  

The microstructure of the aged 0.5 h at 250 °C sample ]6[  observed by optical microscope showed the 
formation of equilibrium β phase particles in globular form. This precipitation were heterogeneous: the white 
areas (almost nonexistent), where precipitation is retarded and black areas (most dominant) where it is 
accelerated. This observation confirms the formation of precipitated phases and consequently, the 
disappearance of excess vacancies. 

It should be pointed out that β phase in Al-Mg alloys has been widely considered to be invisible under OM due 
to its small size and poor contrast ]7[ . Currently, SEM is probably an efficient way to observe the microstructure 
and identify the phases, especially in well-known materials since it provides a much higher resolution 
compared to OM.  

Fig. 3 a  and b shows the direct visualization of β phase (Sponge-like β) in matrix and on grain boundaries, 
which grows with ageing time until it covers all the matrix and thereby grain boundaries become 

undifferentiated (Fig. 3b) . It has been suggested that β phase grows preferentially on the {111} matrix with 

{112} as a secondary plane which has an impact on haw continuous the precipitate along the grain boundary 
]7[ . Other factor that leads to faster formation of β phase is the higher levels of Mg which may explain the lack 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1374 

of growth near GB at earlier precipitation stages, and after a sufficient ageing time it appears a homogenous 
β precipitation by coalescence process.  

 

Fig. 3  SEM images for Al-12wt. % Mg alloy homogenised for 16 h at 430 °C, quenched and aged at 250 °C 
for (a) 48 h and (b) 168 h 

3.4. XRD results 

The X-ray diffraction results confirm how the reflections of β phase decreases with ageing time, this because 

of the coalescence process (Fig. 4 a, b  and  c).  The α-Al phase peaks shift to lower angles, indicating that the 
lattice parameter increase with ageing time caused by an increase of the solubility of Mg in Al.   

 

Fig. 4 The XRD patterns for Al-12 wt.% Mg alloy homogenised for 16 h at 430 °C, quenched, and aged at 
250 °C for: (a) 48 h, and (b) 168 h 

4. CONCLUSION 

The interesting experimental results obtained by very complementary, various and rigorous methods, leads to 
explain the contraction observed during precipitation on dilatometric curves and the endothermic peak 

appeared on DSC ones is due to the dissolution of all β phase formed during ageing at 250 °C. XDR spectra 

confirm that the increase in the amount of β phase dissolved is because the coalescence process that means 

β phase formation stops after a long ageing time.  

On the other hand, it is established that direct β phase visualization reveals a sponge-like β that precipitates 
preferentially near and on grain boundaries that evolves (by coalescence) with ageing time to cover all the 

matrix until they become undifferentiated.  
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Abstract 

The effects of a combined addition of 0.039 % P + 0.015 % Ag as well as a nominal addition of 0.1 % of the 
de-embrittling elements of copper - B, Mg, Ca, Ti and Zr - to give some variations in contents within the DHP-
Cu specification limits on grain size structure at a casting temperature of 1130 °C have been determined and 
compared to those without the microalloying addition of Ag of 0.015 % obtained at a casting temperature of 
1150 °C under TP-1 casting conditions. These results showed that on decreasing the casting temperature from 
1150 °C to 1130 °C, the degree of CET increased for DHP-Cu reference with and without microalloying with 
Ag; the microalloying addition of Ag of 0.015 % to DHP-Cu was essential for grain size control; and that, in 
comparison to the corresponding DHP-Cu reference cast at 1150 °C and 1130 °C, no further grain refining 
action was observed due to B, Mg, Ca, Ti and Zr microalloying additions for the conditions studied. 

Keywords: DHP copper, oxygen free copper, columnar to equiaxed transition, grain refinement, grain  
                    growth restriction, de-embrittlement 

1. INTRODUCTION 

Phosphorus-deoxidised, high-residual phosphorus (DHP) Cu contains P in the range 0.015-0.04 wt.% and has 
a minimum commercial purity of 99.9 % inclusive max. 0.015 wt.% of silver (all percentage compositions here 
are given in wt.% and ppm in wt. ppm). It has been demonstrated that in DHP-Cu there are many variants on 
processing route schedules to produce successfully a grain refined microstructure with improved properties 
[1-3]. For friction stir processing of DHP-Cu plate, for example, it was found that the heat exchange conditions 
determined the grain size, in that grain size decreased and hardness increased with increasing traverse speed, 
in bulk processing, and with decreasing rotational speed, in surface processing [1]. For the second example 
of continuous cast DHP-Cu tube, it was reported that an increased in the casting speed from 1040 mm/min to 
1360 mm/min led to a finer grain structure with subsequent improvement of the elongation values from 29 % 
expanding to 36 % expanding as measured by tube drift expanding test [2]. 

Our previous work on grain refinement of DHP-Cu by particle inoculation [4] and elemental additions [5] have 
shown that it was difficult to introduce in-situ generated Zr, Ti, Nb, La, Ce, Gd, Nd and W oxide particles and 
NbB2 particle additions into the Cu melt as well as grain refinement by combined additions of Ti+B, Zr+B, Al+B 
and Ca+B [4], and that, among additions of P, Ag, B, Mg, Ca, Ti and Zr within and outside of the DHP-Cu 
specification limits at a casting temperature of 1150 oC, a nominal addition of 0.1 wt.% Ag gave the strongest 
grain refining action [5]. It was therefore suggested making the maximum additions of P of 0.04 % and of Ag 
of 0.015 wt.% to DHP-Cu for adequate grain size control. 

Note that, C, P, B, Li and Mg are industrially effective deoxidisers of copper alloy melts, the reaction products 
being CO / CO2, P2O5 / 2Cu2O.P2O5, B2O3, Li2O and MgO, respectively [6].Thermodynamically, Ca, Ti and Zr 
can also deoxidise the copper melt. Here, we report the effects of the combined addition of 0.039 wt.% P + 
0.015 wt.% Ag as well as the nominal addition of 0.1 % of the de-embrittling elements of copper - B, Mg, Ca, 
Ti and Zr - [7] to give some variations in contents within the DHP-Cu specification limits on grain size structure 
at a casting temperature of 1130 °C under TP-1 casting conditions. Those results have been compared and 
contrasted with those without the microalloying addition of Ag of 0.015 % obtained at a casting temperature of 
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1150 °C [5] under TP-1 casting conditions and overall with the corresponding DHP-Cu reference cast at 1150 
°C [4] and 1130 °C. 

2. EXPERIMENTAL 

Cu cathode grade A (Cu-CATH-1) was used in this study. High grade Cu-CATH-1 is electrolytically refined to 
a purity of 99.95 %, containing 0.04 % maximum oxygen. It has a maximum impurity content of 65 ppm and a 
maximum Ag content of 25 ppm, to conform to BS EN 1978:1998. It is also of interest to note the very low 
solubility of C in liquid Cu near the melting point of pure Cu [8]. According to the peritectic type Cu-C equilibrium 
phase diagram that was proposed in Ref. 8, the value of the solubility of C in Cu is 10 at. ppm (1.9 wt ppm) at 
1100 °C. 

One kilogram of Cu-CATH-1 was remelted for each experiment at ~1200 °C in an A2 size clay-graphite crucible 
in an induction furnace in air using graphite flake protection on the surface of the melt for deoxidation during 
melting. Commercially available Cu master alloys and high purity Ag additions as given in Table 1 , were 
wrapped in Cu foil and were inserted into the melt at 1200 °C using a graphite plunger just before casting. The 
melt was always stirred using a graphite rod during the additions and before casting by pouring at 1150 °C or 
1130 °C into a standard TP-1 mould [9] preheated to 250 °C, followed by rapidly transferring into the water 
tank stand where a constant cooling rate of 3.5 K / s was maintained at the centre of a cross-section located 
38 mm from the base of the TP-1 sample. Details of all the experiments are also given in Table 1 . 

The TP-1 casting from each experiment was sectioned longitudinally parallel to its axis. In order to reveal the 
grain structure, samples were ground and macro-etched using a 1:1 vol. solution of HNO3 and H2O. Samples 
(1 cm3) were located in the mid-section 28-38 mm from the base of selected TP-1 samples and were analysed 
by inductively coupled plasma optical emission spectrometry (ICP-OES). 

3. RESULTS AND DISCUSSION 

3.1. Grain structure of DHP-Cu reference with and w ithout microalloying with Ag 

Macrographs of deoxidised DHP-Cu samples with and without a nominal addition of Ag of 0.015 % and cast 
at 1150 °C and 1130 °C, are shown in Figs. 1  and 2. It can be seen that they exhibited some degree of 
columnar to equiaxed transition (CET) to different extents. 

                                                   1150 °C                                    1130 °C 

 

 

 

 

 

 

 

Fig. 1 Grain structure of DHP-Cu reference without microalloying with Ag: a) cast 1 (0.030 wt.% P, 1150 °C) 
[4]; b) cast 2 (1130 °C) 

Cast 4 of 0.039 wt.% P + 0.015 wt.% Ag showed the greatest degree of CET - see Fig. 2b) . By comparison, a 
greater degree of CET was obtained: (i) on decreasing the casting temperature from 1150 °C to 1130 °C for a 

a b 
10 mm 
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given DHP-Cu reference composition [Fig. 1a)  cf. b) and Fig. 2a)  cf. b)] and (ii) with the nominal addition of 
Ag of 0.015 % at the casting temperatures of 1150 °C and 1130 °C [Fig. 1a) cf. Fig. 2a)  and Fig. 1b)  cf. 
Fig. 2b) ]. The latter indicated that the microalloy addition of Ag of 0.015 % to DHP-Cu was essential for grain 
size control. Those results are summarized in Table 1 . 

                                                   1150 °C                                 1130 °C 

 

 

 

 

 

 

 

Fig. 2 Grain structure of DHP-Cu reference with a nominal addition of Ag of 0.015 %: a) cast 3 (0.039 wt.% 
P, 0.0143 wt.% Ag, 1150 °C) [4] and b) cast 4 (1130 °C) 

3.2. Grain structure of DHP-Cu containing P, Ag, B,  Mg, Ca, Ti and Zr microalloying additions 

The effects of the de-embrittling elements of copper - B, Mg, Ca, Ti and Zr - [7] in concentrations of 0.085-0.5 
wt.% on the grain structure of DHP-Cu without an addition of Ag and cast at 1150 °C have been reported 
elsewhere as part of another study [5] and some of these results will be presented in this paper for comparison 
purposes at the two casting temperatures. For given microalloying additions of B, Mg, Ca, Ti and Zr to DHP-
Cu, the combined influence of decreasing the casting temperature from 1150 °C to 1130 °C and the nominal 
addition of Ag of 0.015 % on the grain structure of DHP-Cu are shown in Figs. 3 to 7. At both 1150 °C and 
1130 °C, for cast 5 of B and cast 6 of B+Ag, the grain structure showed some degree of CET with extremely 
coarse equiaxed grain sizes (Fig. 3 ), whereas for cast 11 of Ti and cast 12 of Ti+Ag, the grain structure 
exhibited some degree of CET to a lesser extent compared with those of the corresponding DHP-Cu reference 
casts 1 and 4 [Fig. 6a)  cf. Fig. 1a)  and Fig. 6b)  cf. Fig. 2b) ], respectively. 

                                                   1150 °C                                1130 °C 

 

 

 

 

 

 

 

Fig. 3 Grain structure of DHP-Cu: a) cast 5 of B (262B, 260P, 1150 °C) [5] and b) cast 6 of B+Ag (1130 °C) 

On decreasing the casting temperature from 1150 °C to 1130 °C, the grain structure changed from large, non-
uniform columnar [cast 7 of Mg (Fig. 4a) ), cast 9 of Ca (Fig. 5a) ) and cast 13 of Zr (Fig. 7a) )] to some degree 
of CET with extremely coarse equiaxed grain sizes, for cast 8 of Mg+Ag (Fig. 4b) ); to CET to a lesser extent 
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compared with that of the DHP-Cu reference cast 4, for cast 10 of Ca+Ag (Fig. 5b) ) and cast 14 of Zr+Ag 
(Fig. 7b) ). Fig. 5b)  also indicates the greater variability in grain size seen in cast 10 of Ca+Ag at 1130 °C, i.e. 
pockets of small equiaxed grains surrounded by large columnar grains. Those results are also summarized in 
Table 1 . 

                                                   1150 °C                                 1130 °C 

 

 

 

 

 

 

 

Fig. 4 Grain structure of DHP-Cu: a) cast 7 of Mg (754Mg, 218P, 1150 °C) [5] and b) cast 8 of Mg+Ag (1130 
°C) 
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Fig. 5 Grain structure of DHP-Cu: a) cast 9 of Ca (448Ca, 264P, 1150 °C) [5] and b) cast 10 of Ca+Ag (1130 
°C) 
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Fig. 6 Grain structure of DHP-Cu: a) cast 11 of Ti (35Ti, 371P, 1150 °C) and b) cast 12 of Ti+Ag (1130 °C) 
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Fig. 7 Grain structure of DHP-Cu: a) cast 13 of Zr (166Zr, 250P, 1150 °C) [5] and b) cast 14 of Zr+Ag 
(1130 °C) 

Table 1 Nominal and chemical compositions of investigated microalloying additions and macrostructure 

Cast  
T 

(°C) 
Nominal compositions 

(wt.%) 

ICP-OES 
trace analysis 

(wt.ppm) 

Master alloys / 
materials (wt.%) Macrostructure Ref. 

1  1150 0.039P 300P Cu-15P CET less. ext. 4 

2  1130 0.039P   CET less. ext.  

3 Ag 1150 0.069P, 0.015Ag 396P, 143Ag Ag (99.9) CET less. ext. 4 

4 Ag 1130 0.039P, 0.015Ag   CET  

5 B 1150 0.170B, 0.069P 262B, 260P Cu-1.73B-0.04Si-0.01Fe- CET exc. eq. gr. c. 5 

6 B+Ag 1130 0.1B, 0.039P, 0.015Ag  0.01Sn- 0.005Pb CET exc. eq. gr. c.  

7 Mg 1150 0.085Mg, 0.030P 754Mg, 218P Cu-20Mg Large columnar 5 

8 Mg+Ag 1130 0.1Mg, 0.039P, 0.015Ag   CET exc. eq. gr. c.  

9 Ca 1150 0.085Ca, 0.030P 448Ca, 264P Cu-6.87Ca-0.005Al- Large columnar 5 

10 Ca+Ag 1130 0.1Ca, 0.039P, 0.015Ag  0.001Fe-0.001Mg CET less. ext.  

11 Ti 1150 0.1Ti, 0.039P 35Ti, 371P Cu-28.924Ti-0.045Fe- CET less. ext.  

12 Ti+Ag 1130 0.1Ti, 0.039P, 0.015Ag  0.09Fe-0.002Pb CET less. ext.  

13 Zr 1150 0.085Zr, 0.030P 166Zr, 250P Cu-9.28Zr-0.11Sn- Large columnar 5 

14 Zr+Ag 1130 0.1Zr, 0.039P, 0.015Ag  0.09Fe-0.002Pb CET less. ext.  

exc. eq. gr. c. - excessive equiaxed grain coarsening; less. ext. - to a lesser extent compared with that of the DHP-Cu 
reference cast 4; Note that, in general, casts at 1150oC were previously reported [4, 5]. New results are reported herein at 
1130oC. 

4. CONCLUSION 

The effects the combined addition of 0.039 wt.% P + 0.015 wt.% Ag as well as a nominal addition of 0.1 % of 
the de-embrittling elements of copper - B, Mg, Ca, Ti and Zr - on the grain size structure at a casting 
temperature of 1130 °C were determined and compared to those without the microalloying addition of 0.015% 
Ag obtained at a casting temperature of 1150 °C under TP-1 casting conditions: 

1) On decreasing the casting temperature from 1150 °C to 1130 °C, the degree of CET increased for a 
given DHP-Cu reference composition. 

2) The microalloying addition of Ag of 0.015 % to DHP-Cu was essential for grain size control. 
3) In comparison to the corresponding DHP-Cu reference cast at 1150 °C and 1130 °C, no further grain 

refining action was observed due to B, Mg, Ca, Ti and Zr microalloying additions for the conditions 
studied. 

a b 10 mm 
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Abstract  

The Magnesium alloys play significant role in the weight lowering of the means of transport. The principal 
difference between forming the magnesium alloys and steel is temperature used by magnesium. Although 
some forming operations of magnesium alloys can be done at room temperature, elevated temperatures are 
used in most applications. Because of the hexagonal close-packed crystal structure, the cold forming of 
magnesium alloys is restricted to mild deformation and generous bend radius. The magnesium plate is due to 
its lack of slipping systems hardly cold formable when the slip realizes itself only in basal planes. However, the 
slip takes place in pyramidal planes from 225°C as well. Formed magnesium alloys can be used as either BIW 
parts or the dashboard carrier in the automotive industry. AZ31 alloy is commonly used for such purposes. 
When considering the use of magnesium plates in BIW structure, a material characteristic verification were 
needed, which the stress-strain tensile test in temperature camera and strengthening curves. Such results 
serve to further design of pressing tool construction.  

Keywords:  Magnesium alloys, hexagonal close-packed, slip planes, crystallographic texture, Hot forming 

1. INTRODUCTION 

Contemporary bodywork of a motorcar generally consists of steel sheets of different qualities, including sheets 
for skin panels or maximally strong sheets. It is very popular nowadays to use aluminium sheets mostly for 
outer parts. Apart from these materials magnesium sheets used for both surface and structural components 
could play in the future an important role in the further reduction of the weight of the bodywork. Magnesium 
and its alloys crystallize in hexagonal close-packed structure (HCP). Magnesium density near room 

temperature 20°C [1] is 
1.738 g/cm3 which is 4.5 times 
lower compared to steel and 1.5 
times lower compared to 
aluminium. Young´s modulus for 
magnesium is EMg=4.2*104 MPa 
[1]. Young´s modulus for 
magnesium is considerably 
lower than for steel 
(Esteel=2.1*105 MPa). It is 
therefore necessary to take this 
into consideration when forming 
components and proportionally 
increase the thickness of the 
stamped parts. The Fig. 1  
represents the comparison of the 
mechanical properties of 
different material types. 

Fig. 1  Young´s modulus, elastic strength and specific weight for steel 
(DC05, HX340), aluminium (AA6016) and magnesium (AZ31B-0) 

plates [1] 
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1.1. Production of magnesium sheets 

The rolling of different character is used to produce magnesium sheet products. The sheet is made of slabs in 
several steps of hot rolling and interstage amnealing. Thanks to the change in thickness and heat processing 
the original primary texture (grain size 70 - 800 µm) is reshaped into a mild, even secondary texture (grain size 
7 - 15 µm). Only plates are produces in this process. The above described process is, however, extremely 
costly due to multiple interstage amnealing. To face this expensive aspect the continuous process of rolling 
from meltage has been used to produce the magnesium sheets. The principle of the production line 
constructed by Magnesium Flachprodukte GmbH, Freiberg in Germany see Fig. 2. [2] is given as an example. 

 

Fig. 2  Rolling process melt metal [2] 

The substantial difference between those two processes is the fact that when the process  of the rolling of the 
meltage alloy is used you can directly get a broad strip of a roll , rolled at high temperatures with the definite 
size in the x/cross section. The advantages of the production of the strips directly from meltage alloy are [3]: 

• fast congealing, 

• reduction of segregation, 

• possibility of continuous production proces, 

• reduced layout of the production line, 

• energy saving. 

1.2. Stamping tools 

The sheets from magnesium alloys as well as other alloys with 
hexagonal crystal lattice are much better processes at higher 
temperatures due to the existence of additional slip planes. 
Thanks to this fact plastic deformation is reached more easily. 
This process is also typical of practice. The production 
equipment used to produce the pressings from magnesium 
sheets is identical with the production from other steel materials. 
The requirements for tools and the process of pressing itself 
differ due to the production at higher temperatures. Pressing 
with solid punch (Fig. 3 ) and pressing into liquid (Fig. 4 ) belong 
among the most frequent methods. Moulded sheet is the most 
frequently pre-heated by induction heating. [3] 

Fig. 3  Solid punch and with heating elements [2] 
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Fig. 4  Pressing into liquid [2] 

2. EXPERIMENTAL PART 

Mechanical properties tests were carried out at temperatures 20 °C, 100 °C, 230 °C, 280 °C. The samples 
were taken in the direction of 0°, 45° and 90°. Stress-strain tensile test was carried out at Tira Test 2300 device 
in temperature camera, where the required warming up of the sample was reached. The warming up samples 
reached the required temperatures. The results can be seen in Fig. 5  and in Table 1 .  

 

Fig. 5  Mechanical properties in dependence on temperature and direction of rolling 

Table 1  Mechanical properties of alloy AZ31, temperatures 100°C, 230°C, 280°C, direction of rolling 0° 

T [°C] Rm [MPa] Re [MPa] A80 [%] 

20 263 179.5 19.78 

100 203 142 54.19 

230 83 78 68.92 

280 58 55 107.37 

Upper part 

Lower part with matrix 

Influx of media 
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3. FRACTURE SURFACES 

The samples were subjected to macroscopic analysis using Steromikroskop SZH10 device. The direction of 
rolling is obvious from the samples. There was a distinct neck on the samples at temperatures 230°C and 
280°C (Fig. 6 ). 

  

100 °C 230 °C 

 

280 °C 

Fig. 6  The picture are taken from Steromikroskop SZH10 

4. FRACTURE SURFACES EXAMINED BY THE SCANNING ELECT RON MICROSCOPE 

The scanning electron microscope TESCAN VEGA2 XMU with backscattered electrons was used for 
examination (Fig. 7 ). There was always a malleable fracture with pitting morphology on samples torn at 
temperatures 230°C and 280°C. On the other hand it is more about quasi-brittle fracture on samples torn at 
temperature 100 °C. 

   

                   100°C                     230°C                       280°C 

Fig. 7 The picture are taken from electron microscope TESCAN VEGA2 XMU s backscattered electrons, 
magnification 1000x 
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5. CONCLUSIO 

It was proved during the particular tests that the magnesium sheet AZ31 is more malleable at higher 
temperatures. At the same time based on the tests it is obvious that rolling has significant influence on the 
mechanical properties and the process of plastic working itself. Carrying out the tensile test at temperatures 
230°C and 280° there were some optical changes on the sample surfaces. These changes should influence 
the audit of the surface parts of the bodywork. Examining REM by backscattered electrons there is an apparent 
change from quasi-brittle fracture to plastic fracture, which is connected to the increase in temperature. The 
material was fine-grained and homogeneously structured without any impurities. 
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Abstract  

Refractory linings of metallurgical furnaces have two main purposes: to control the heat flow, and to contain 
high temperature liquids (metal and slag). Through a proper management of heat flows, a layer of slag called 
freeze lining crystallizes on the internal walls of the furnace thereby protecting the bricks from the very corrosive 
high temperature liquid slag. The thickness, stability and properties of this frozen slag are key parameters for 
the performance of a safe and stable process. In situ observations of the crystallization process during furnace 
operations are very difficult. To overcome this difficulty, the present work proposes a combination of heat flow 
monitoring, numerical modeling of heat transfer and the mineralogical characterization of the residual freeze 
lining after the furnace operation. The combination of these tools helps with the management of the process 
and the understanding of how to preserve the thermal balance of the furnace and the stability of the refractory 
lining. Within a pilot furnace freeze lining, physical and chemical properties change depending on the operation 
parameters. The thickness of the free lining is one of the most important process variables to follow-up. An 
inverse heat transfer issue is solved using the software FLUENT in a simplified 2-D axisymmetric geometry of 
the furnace. After completion of the pilot, the freeze lining of the furnace is analyzed and characterized. All the 
significant evolutions in the operating parameters (temperature variations, slag chemistry changes) are 
recorded within the oxide layers of the skull. Additionally to characterization, the crystallization paths that 
occurred during the process can be calculated using thermodynamic equilibrium computations. This work 
provides a multi-disciplinary approach to understand usually unobservable phenomena within the furnace, 
allowing an estimation of the thickness, and physical and chemical properties of the freeze lining inside 
furnace. 

Keywords: Metallurgy, freeze-lining, thermodynamic, characterization, Qemscan  

1. INTRODUCTION  

In primary metallurgy, furnace sidewalls are subjected to highly variable thermal, mechanical and chemical 
conditions. When the sidewalls of a furnace are very conductive and high cooling rates are applied on the 
outer face, the hot slag solidifies onto the inner sidewall. Solidified slag creates a physical and thermal 
protection of the lining which plays a major role in a furnace lifetime, especially when the process generates 
important heat fluxes (>7 kW/m²). The stability of this frozen slag (called freeze lining) is therefore a key 
parameter to be carefully monitored and the usually performed by placing pairs of thermocouples inside the 
lining walls. These thermocouples allow the operator visualize hot spots on the lining or freeze lining loss. Heat 
fluxes through the sidewalls can also be evaluated. 

2. SAMPLE PREPARATION AND ANALYTICAL PROCEDURES  

2.1. Pilot furnace and thermic measurements 

Pilot campaigns are useful to test the impact of chemistry change in the feeding of the furnace, as well as to 
investigate process points and evaluate freeze lining stability. The size of a pilot furnace being quite small, the 
inertia of the process to a change of a process parameter is very short. At ERAMET, it is therefore a common 
procedure during process investigations accompanied by chemical analyses of the charge and the tapped 
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liquids. Thermal measurements are regularly performed at each shift during a pilot campaign. The pilot furnace 
under consideration in this study is an electric device of 1.2 m in diameter and 4 m in height high which was 
divided in 6 sectors. During the pilot campaign, thermocouples were implanted inside the lining. Flow rate and 
temperature of the water used to cool down the sidewalls were also monitored in order to evaluate the heat 
balance at each sector. A numerical model was developed at ERAMET Research (using Fluent® and Scilab 
softwares) in order to use these data as input parameters to evaluate the freeze lining state all along the pilot 
campaign (Fig. 1 ). The numerical model aids to compare global heat balance performed with the water 
measurements to pseudo-1D heat flux calculations compiled with pairs of thermocouples thermic 
measurements with the purpose to estimate the overall heat flux through the entire height of the furnace for 
each sector (with 2D axisymmetric steady state hypothesis). Measurements and their interpretation allow on-
line evaluation of growth and resorption of the oxide layer. Changes of process conditions (power load, 
excessive feeding…) could also be clearly traced during thermal measurements. 

 

Fig. 1  Example of a thermal state of the furnace during one shift modelled with FLUENT (left), and side view 
of the used furnace (right) 

2.2. Dig-Out and sample preparation 

A large collection of samples has been taken at all levels on one side of the furnace. Observations of each led 
us to choose a particular bloc of freeze lining for detailed characterization. The thickness of the freeze lining 
varies with the height in the furnace, but also with the distance from the slag tap hole. In order to make 
interpretations, we choose a level where we assumed that a liquid slag was permanently present during the 
four weeks of the pilot campaign: the slag tap hole level (Fig. 1 ). To avoid thermal disturbances in tap hole 
proximity, a zone in some distance to the tap hole was chosen to be a more representative zone of the furnace. 
The sample taken comprises the complete thickness of the oxide skull, from refractory brick to the hot face in 
contact with the liquid slag (20 cm long). It was cut into two pieces (too large for SEM observations), and 
embedded in Specifix resin. Afterwards, the blocks were polished using a Struers RotoForce-3/RotoPol-31 
device with silicon carbide paper disks successively from 220 µm down to a 5 µm medium-grain size. The 
polishing process was finalized on a diamond covered drape (1 µm grain size). Polished sections were then 
carbon coated (25 nm thick) to render them conductive for SEM analysis. 

3. THERMODYNAMIC MODELLING 

Thermodynamic calculations were performed by using the MTData® software to simulate oxides and mattes 
systems. In combination with MTData®, a ThermoCalc® software package was also used to study steel 
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making, alloys and super-alloys processes. The chemical compositions of the slag and the metal tapping were 
used in combination with estimated temperatures of the hot liquids inside the furnace in order to model and 
predict the phases inside the furnace, assuming that the process is in equilibrium. 

3.1. Analytical methodology 

During the pilot essay, slag was tapped every 4-5 hours. A complete analytical chain was installed to support 
its monitoring from sampling, crushing and homogenization of each step of tapping, to XRF analysis after 
fusion of the sample. This whole analytical process provides chemical analysis before the next tapping step. 

3.2. SEM-Qemscan methodology 

A FEI Quanta 650F microscope, coupled with two 30 mm² Brucker EDS detectors, was used at ERAMET 
Research for Qemscan measurements. The Qemscan software provides pixel by pixel chemical analyses 
which are used to attribute each pixel to a mineral to construct a dedicated database. Due to the large size of 
the block, a specific kind of measurement has to be launched (BSE centroid), leaving only few unidentified 
pixels (dark squares of “Others” in the mapping, Fig. 2 ). Nevertheless, high resolution mineralogical mapping 
allows identifying very few amounts of minor phases, and statistic data on mineral relationships. 

4. RESULTS 

4.1. SEM observations and Qemscan mapping 

 

Fig. 2  Qemscan mapping trough freeze lining from refractory bricks (left) to slag contact (right) 

Qemscan mapping led to the identification of different zones (Fig. 2 ): a manganosite (MnO) alone zone, a 
manganosite-galaxite (MnAl2O4) zone, and a three minerals (manganosite-galaxite-tephroite, Mn2SiO4) zone 
(Fig. 2 ). Two complete successions of these three zones can be seen in the sample. This freeze lining is in 
thermodynamic equilibrium with the slag in contact, a change in the mineralogical content of the solid part of 
this equilibrium follows a change of at least one other parameter, which can be the temperature or the slag 
chemistry. Sharp and abrupt transitions between zones imply a quick change of these parameters. 

In some areas within the skull, round-shaped oxide assemblages appear, sometimes reaching sizes of more 
than 1 cm (Fig. 2 ). Mineralogically, these droplets are rich in tephroite and poor in manganosite. The overall 
chemical composition is therefore richer in silica compared to the remainder of the freeze lining. Textural 
relationships in those parts show that manganosite has dendritic shapes suggesting a quick crystallization. 
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These droplets represent liquid slag trapped during skull crystallization, and frozen in it at the end of the pilot 
campaign when the temperature decreases drastically. Along the freeze lining, a dramatic mineralogical 
change occurs in theses slag droplets, containing only tephroite at the beginning (left part, Fig. 2 ), and 
tephroite + galaxite at the end (right part, Fig. 2 ). 

5. DISCUSSION 

5.1. Thermodynamic evolution 

The mineralogy of the simple systems, such as e.g. MnO-CaO-Al2O3-SiO2-system, are roughly known for 
decades [1], and thermodynamic modelling of ferromanganese slag is currently consistent with observations 
[2, 3]. Thermodynamic modelling applied to tapped slag describes the crystallization path followed by the liquid 
from liquidus to solidus conditions (Fig. 3 ). Manganosite is the first phase to crystallize at just below 1600 °C, 
resulting in an enrichment of silicon and aluminum in the liquid. Below 1300 °C, galaxite followed by tephroite 
are the next phases to crystallize. These two different phases appear at very close temperatures and the 
crystallization path ended at the invariant point defined by the common crystallization of manganosite, galaxite 
and tephroite at 1250 °C. 

 

Fig. 3  Phase diagram on MnO-Al2O3-SiO2 system (data from MTData® calculations) 

5.2. Chemistry - mineralogy - thermic measurement c orrelation 

The characterization of the sample showed alternations of zones characteristic of high temperatures (just 
below 1600 °C) and lower temperatures (approx. 1250 °C). The question to which we need to respond is how 
the history could be aligned to these observations of abrupt changes during the furnace operation. 

The temperature evolution inside the lining during the pilot campaign can be explained by means of Fig. 4 : 

• During the three first day, the lining temperature took days to stabilize at the beginning of the pilot, but 
remained always above the average temperature of later operating conditions. During this period the 
first layer of freeze lining was formed, this could explain the monomineralic manganosite layer, that is 
typical for high temperature. 

• During the normal conditions of pilot essays, the temperature of the lining decreased to between 200 °C 
and 300 °C. 
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• A thermal incident occurred a few days before the end of the pilot campaign, and the temperature inside 
the lining reached the starting temperature of the pilot. We will see later that was probably associated 
with a loss of some part of the freeze lining. Nevertheless, another high temperature layer is seen in the 
freeze lining (manganosite alone zone, like at the beginning) showing that the low temperature layers 
have not disappeared. The chronological timeline of the freeze lining is therefore probably broken, but 
it is not possible to establish the thickness of the missing parts. 

 

Fig. 4  Correlations between tapped slag chemistry, measured heat flow through refractory wall and 
mineralogical equilibria in freeze lining 

During the pilot campaign, a change of chemistry of the charge was performed (change of aluminum/silicon 
ratio) to change the slag properties [4]. This caused an increase of the tapped slag aluminum/silicon ratio. 
Trapped slag droplets observed in Fig. 2  show the same chemical change. All the significant evolutions in the 
operating parameters (temperature variation, slag chemistry change) are recorded within the oxide layers of 
the skull. 

5.3. Freeze-lining stability prediction 

Mineralogically alternating layers, and local zones of weakness (trapped slag droplets,…) can provide pertinent 
information to understand and predict physical or chemical destruction of parts of freeze lining. Liquid slag 
droplets trapped into the oxide skull of the lining are not randomly dispersed (Fig. 2 ). These droplets are absent 
in the first layer (dense manganosite only zone), and are small in the manganosite-galaxite layers. Large 
amounts of slag droplets are localized in the three minerals zone, and the second manganosite alone zone 
(Fig. 2 ). The phenomenon occurs indeed at either a low temperature, or when the already crystallized skull 
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begins to melt. These droplets are the starting points of a mechanic and thermal weakness causing parts of 
the lining to fall into the furnace. 

6. CONCLUSION  

This detailed study of freeze lining structures and mineralogy provides information on the entire life of a 
furnace, with only few gaps during drastic changes of operating parameters. Undoubtedly the story line can 
be shortened or cut by melting processes, but these phenomena do not seem to be predominant enough to 
suppress a major part of the history. These observations can be introduced to numeric modelling a numerical 
modelling, based on on-line thermic measurement, to predict the thickness evolution of a freeze lining. 

With a precise temperature monitoring of the furnace, mineral crystallizations on the refractory walls can be 
predicted in terms of mineralogy and liquid content. The stability of a freeze lining is directly linked to liquid 
proportions trapped in it, as well as to the solidus temperature of its mineralogical content. Improving the 
stability a freeze lining is one of the key points to improve the life time of a furnace. 
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Abstract   

This paper reports on the results of a study of the mechanical properties of sinters made of a new iron-based 
material, which is becoming increasingly popular in the manufacture of diamond impregnated tools as an 
economical substitute for cobalt and cobalt alloys. The sinters were formed by hot pressing a mixture of iron 
and bronze powders. Their properties were compared with those of hot pressed cobalt (SMS) powder. The 
specimens were analyzed for density, porosity, hardness, expansion and tensile strength. The fracture surface 
topography and the material microstructure were analyzed with an electron scanning microscope and a light 
microscope. The study involved determining the effects of the content of the powder on the chemical 
composition of the sinters as well as the influence of the fabrication process on the microstructure and 
mechanical properties of the material. The investigations show that the new iron-based material is inferior to 
cobalt; however, because of a favourable combination of hardness, yield strength and ductility it seems suitable 
for general purpose applications. 

Keywords: Bronze, iron, hot pressing, sintered diamond tools, matrix powder 

1. INTRODUCTION 

Research and development activities of the tools industry include searching for a new material to replace cobalt 
used as the matrix in diamond impregnated tools for cutting natural stone and other building materials. Cobalt 
powders are still the best material for the matrix of metal-diamond composites. After hot pressing at a 
temperature of 750 ÷ 950 °C, they form sinters characterized by low total porosity and high resistance to 
abrasive wear [1]. The cobalt matrix has very good retention properties that allow diamond particles to adhere; 
the particles are kept in the matrix by mechanical and/or chemical bonds [2-8]. Historically, cobalt has been 
and still is the most popular material. However, its high and unstable price [1] results in a high total cost of 
tools [1-4]. Moreover, cobalt is not harmless to human health. As it may cause allergic reactions [9], producers 
of metal-matrix diamond tools are looking for ways to replace cobalt powders with powders that are cheaper, 
neutral to the human body, and with performance properties similar to those of cobalt to produce tools at lower 
manufacturing costs [6, 9, 10]. 

Currently, investigations focus on the application of cheap iron powders as the metal matrix [11]. Fine carbonyl 
iron powders seem the most suitable to produce premixes [12]. Producers of metal powders from Europe and 
the Far East (e.g. China) use the most advanced tec hnologies to prepare press-ready premix powders 
for producing metal-matrix diamond tools [8]. The major benefits of such powders are a reasonable price, 
ease of consolidation by hot pressing and possibility to impart vastly different strengths and plastic properties 
by selecting the right temperature of hot pressing. Because of their attractive price, premix powders are 
becoming increasingly popular with producers of metal-diamond tools. They are replacing powders obtained 
with traditional methods. Theoretical and experimental investigations are being conducted to determine 
whether iron-based powders can be used to produce iron-matrix diamond composites with additives of copper, 
zinc, and tin and become an economical substitute for cobalt powders to produce disc saws for cutting natural 
stone [11]. 

This study involved analyzing a commercial iron-based powder mixture called CSA800. According to the 
information on its laboratory and experimental use provided by the Chinese producer [13], the powder is 
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universal and can be directly used to manufacture diamond impregnated tools for cutting various stones and 
ceramics. 

The paper studies the influence of the chemical composition and the fabrication process on the microstructure 
and mechanical properties of sinters obtained from the CSA800 powder. The properties of the sinters were 
compared with the properties of hot-pressed sinters produced from cobalt powder (SMS) type submicron sized 
[14-17].  

2.  MATERIALS AND METHOD  

The investigations were conducted on sinters obtained by hot pressing from the following powders:  
a) iron-based powder (CSA800) provided by a Chinese supplier to be used in laboratory and experimental 

testing,  

b) cobalt powder (SMS) with a particle size of 1.0 µm, according to the Fisher scale; produced by a Belgian 
company, UMICORE; with a mass percentage composition of ≥ 99.7 % Co. 

The shapes and arrangement of the powder particles used in the study are shown in Fig. 1 . 

a)        b)  

Fig. 1  SEM micrograph of the (a) CSA800 and (b) Co (SMS) particles 

Before consolidation, the CSA and Co (SMS) powders were tested and analyzed with a JSM-7100F scanning 
electron microscope integrated with an OINA-AZtec EDXS microanalysis system. As suggested by the 
suppliers, the powders were then consolidated by hot pressing in a graphite mould. Ten samples with nominal 
dimensions ~7x6x40 mm were produced simultaneously. The powder mixtures were held for 3 minutes at a 
maximum temperature of 880 °C and a pressure of 35 MPa. The hot pressing process was performed in the 
atmosphere of nitrogen using an ARGA CAR1001 hot press furnace. All the sinters were measured for density 
and hardness. The density was established by weighing in air and water with WPA120 type hydrostatic scales. 
The density data was used to determine the porosity of the sinters. The hardness of the sinters was measured 
at a load of 10 kg using the Vickers method. The measurement results are presented in Table 1. 

Table 1  Density and Vickers hardness of the as-hot pressed samples 

Powder Hot pressing conditions Density (g/cm3)* Theoretical density (g/cm3) 
Porosity 

[%] 
HV10 

CSA800 880 °C / 35 MPa / 3 min 8.13 ± 0.02 8.34 2.57  223 ± 12 

Co (SMS) 850 °C / 35 MPa / 3 min 8.74 ± 0.04 8.90 1.80  271 ± 3 

* scatter intervals estimated at 90 % confidence level 
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The strength tests were conducted using an INSTRON 4502 universal testing machine. The crosshead rate 
was set to be 0.5 mm/min and the diameter of the gauge section was 3.5 mm. The elongation was registered 
by means of an extensometer with a gauge length of 10 mm. The test results were used to calculate the offset 
yield strength R0.2, the ultimate tensile strength Rm, and the relative elongation ε. The stress-strain curves 
plotted for CSA800 and Co (SMS) are shown in Fig. 2 . Table 2 compares the test results for CSA800 with 
those obtained for cobalt.  

Table 2  Results of the static tensile test 

Material 
Modulus of elasticity  

E* (GPa) 

Offset yield strength 
R0.2 (MPa) 

Ultimate tensile 
strength Rm (MPa) 

Maximum elongation 
ε (%) 

CSA800 158 405.0 ± 31.2 591.0 ± 14.6 3.47 ± 0.28 

Co (SMS) 205 404.5 ± 25.4 865.0 ± 12.0 19.5  ± 1.5 

* determined using the acoustic method 

 

Fig. 2  Comparison of the tensile strength curves for the CSA800 and Co (SMS) sinters 

Dilatometry was used to monitor the occurrence of phase transitions in the analyzed sinters when heated up 
to 900 °C and cooled to room temperature. The results are presented in Fig. 3 .  

 

Fig. 3  Dimensional changes in the CSA800 and Co (SMS) sinters detected by dilatometry 

The tensile specimens were examined by fractography using a JSM-7100F scanning electron microscope 
integrated with an OINA-AZtec system for EDX spectroscopy.  
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Fig. 4  illustrates the character of the fractures of the materials studied. The microstructure of the CSA800 
sinter and example EDS spectra for the particular phases are shown in Fig. 5 . 

a)    b)   

Fig. 4  Scanning electron fractograph of the tensile strength specimens: a) CSA800, b) Co (SMS) 

  a)  b)  

c)  d)  

Fig. 5  Microstructure of the CSA800 sinter (a) with the X-ray spectra for the particular phases (b, c, d) 

Table 3  shows the chemical composition in weight percent obtained from the EDS analysis. The spectra 1, 2 
and 3 correspond to points 1, 2 and 3 marked in the microstructure in Fig. 5 . 

Table 3  Chemical composition of the phases (wt.%) 

Element O Fe Cu Zn Sn Sm Pb Y La Ce 

Spectrum 1 0.68 94.76 3.09 0.00 0.00 1.21 0.00 0.27 0.00 0.00 

Spectrum 2 0.00 4.17 82.09 7.20 6.09 0.18 0.28 0.00 0.00 0.00 

Spectrum 3 16.66 42.23 22.84 16.57 0.97 0.22 0.15 0.00 0.14 0.21 
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3. DISCUSSION  

The EDS analysis (Fig. 1 ) shows that the powder is composed of non-purified iron carbonyl particles mixed 
with irregular much coarser particles of the initially alloyed bronze. The spectra obtained for the particular 
particles indicate that bronze contained up to 6 wt.% Zn, 3 wt.% Sn and 1 wt.% Pb. The analysis of the CSA800 
powder particles suggests that it is a mixture of carbonyl iron and bronze particles (B663) containing about 6 
wt.% Zn, 6 wt.% Sn and 3 wt.% Pb. The powders constituting the sintering mixture were used in almost equal 
proportions. 

As shown in Table 1 , the CSA800 alloy exhibits an interesting combination of mechanical properties. It has 
high hardness (223 HV10), high tensile strength (591 MPa) and high offset yield strength (404 MPa) at a 
maximum elongation of 3.3 %. The fractographic examinations show that the fractures are ductile and dimple 
in character. 

Compared with cobalt, CSA800 has worse strength parameters. It should be emphasized, however, that its 
hardness, yield strength and ultimate tensile strength are sufficiently high to make the material suitable for 
general-purpose tools with less demanding applications [4, 3]. 

The dilatometry curve in Fig. 3  confirms the presence of carbon impurities in carbonyl iron in the CSA800 
powder, which corresponds to the occurrence of the eutectoid reaction in the curve. From Fig. 3  it is evident 
that the CSA800 alloy begins swelling when heated at a temperature of above 740 °C and this is most probably 
due to the partial melting of the bronze constituent. The alloy solidifies completely after cooling at a temperature 
of below 700°C. Hot pressing of the CSA800 powder at a temperature higher than 740 °C seems favorable 
because the occurrence of the liquid phase results in higher consolidation. 

The dilatometry curve obtained for Co (SMS) (Fig. 3 ) is non-linear at a temperature of 423 °C during heating 
and cooling. There is a clear relationship between the points and the phase transition of cobalt from a 
hexagonal crystal structure (A3) during heating at a temperature higher than 417°C into a regular side-centered 
structure (A1); the opposite was observed during cooling. 

The metallographic specimens of the CSA800 sinters were analyzed using energy dispersive spectroscopy. 
The data confirms that the complex multi-phase microstructure contains 42-57 wt.% Fe, 35-51 wt.% Cu, 3-4 
wt.% % Zn, 3 wt.% Sn, <1 wt.% Pb, and trace amounts of rare earth metals.  

As can be seen from Fig. 5 , the alloy consists of a solution (α-Fe) rich in carbon - (point 1 in Fig. 5 ), a solution 
of copper (Cu) - (point 2 in Fig. 5 ), which is a solid solution of Sn and Zn in Cu, and dark areas being a mixture 
of metal oxides - (point 3 in Fig. 5 ). Despite the occurrence of peaks of Pb in the EDS spectrum, there are no 
isolated inclusions of Pb in the structure. 

4. CONCLUSIONS 

It can thus be concluded that the CSA800 material is worth considering beacuse of its reasonable price, ease 
of consolidation by hot pressing and ability to modify its strength and plastic properties by modifying the 
temperature of hot pressing. Alloys containing CSA 800 reach >97 % of the theoretical density after as short 
a holding time as 3 minutes at a pressure of 35 MPa and a temparature of 800 ÷ 880 °C. The consolidation of 
the CSA800 powder mixture used as the matrix material and the diamond powder at a temperature of above 
900 °C may reduce the strength of the diamond particles. Thus, hot pressing at a temperature of 880 °C 
minimizes the negative effect of high temperatures on the strength of diamond. Even though CSA800 has 
worse mechanical parameters than Co (SMS), it can be used in general-purpose tools with less demanding 
applications. 
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Abstract 

The paper describes the metallurgical, technological and heat treatment aspects of semi-solid casting process. 
Rheocasting SEED method using mechanical swirling for reaching proper structure in semisolid state was 
applied to alloy AlSi7Mg0.3. Values of selected mechanical properties reached by different heat treatment 
modes are presented. Mechanical properties were measured by indentation method. For observing structure, 
SEM microscopy was used. 

Keywords: Rheocasting, semi-solid, automatic ball indentation, Al-Si alloys, heat treatment 

1. INTRODUCTION 

Aluminum alloys, especially alloys containing silicon as a main alloying element, are construction material 
suitable for characteristic applications in automotive and other transportation industry and also other industry 
fields. The benefit of these alloys is good castability and other technological properties and low density, which 
leads to low mass of final casting parts. Especially such casting methods, as high pressure die casting (HPDC) 
is, can reach near-net-shape construction with proper accuracy and low surface roughness. The handicap of 
the casting of aluminum alloys generally, especially HPDC, is the inner as-cast structure, often containing 
porosity, which can lead to lower mechanical properties of final parts comparing to other construction materials. 
To achieve higher values of mechanical properties, it is necessary to use some of progressive methods of 
casting, which ensure high integrity of casting parts. 

One group of these methods is the semi-solid casting. The thixotropic properties were discovered more than 
30 years ago. The possible advantages of applying these properties to process material in a semi-solid state 
were soon recognized and two different routes were proposed: thixocasting and rheocasting. There is presently 
a renewed interest in the semi-solid processing associated with the rheocasting route. However, the difficulty 
in obtaining a high-quality semi-solid material, together with the lack of a procedure for in situ measuring the 
rheological properties of the semi-solid slurry, has created some hurdles for the widespread use of the semi-
solid casting technologies [1].  

The SEED process (Swirled Equilibrium Enthalpy Device) is one of those rheocasting processes in industrial 
production of semi-solid castings. The SEED process is based on achieving rapid thermal equilibrium between 
the metallic crucible and the bulk of metal by swirling. Morphology and size of the solid phase and the 
subsequent rheological properties of the semi-solid slurry are dependent upon the selected process 
parameters, including the pouring temperature and time of swirling in relation to the metal volume. 

The special rheological properties of the semi-solid alloys are linked to a globular morphology of the solid 
phase, fundamental to achieving good quality final products. The key features of SEED method are quality 
improvements, such as production of high integrity shape complex parts with good inner quality suitable for 
structural applications, possibility of heat treatment of castings (blister free), parts are weldable, near-net-
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shape, thin and even thick wall pressure tight parts with geometrical flexibility, enhanced mechanical 
properties. There are also technological aspects, such as productivity improvement due to faster cycle rate, 
reduced total heat load on tooling, resulting in longer die life, returns can be fully recycled in the foundry. The 
SEED method principle is described in Fig. 1 [2]. 

 

Fig. 1 SEED rheocasting method principle - phases [2] 

For semi-solid methods, suitable are alloys with wide two-phase interval, both hypo- and hyper eutectic [3]. 
Practically, hypoeutectic alloy AlSi7Mg0.3 is one of the most applied alloys. Compare to alloys Al-Si commonly 
used for HPDC, this alloy has less silicon and, what is important, less iron content, which contribute to 
enhanced mechanical properties. 

In general, it is very difficult to verify the mechanical properties of real HPDC parts because of their shape 
complex character, thin walls and different cooling rate in specific casting parts. The standardized tensile test 
specimens for castings (with circular section) are usually impossible to cut out and machine, therefore flat 
rectangular specimens are often used. Even though the cutting out and machining of the specimens is very 
expensive and achieving of sufficient statistical matching of obtained values requires relatively large number 
of specimens. On these grounds, indentation was applied as an investigation method for evaluation of selected 
mechanical properties. 

The goal of this work is to examine selected mechanical properties of parts processed by rheocasting method 
SEED in as cast state and after heat treatment by indentation method. There is also the aim to find out, whether 
the theoretical values of mechanical properties of the alloy were reached. The practical goal of the work is to 
find out the proper temperatures and holding times of heat treatment mode T6 for specific casting of engine 
bracket.  

2. EXPERIMENTAL 

2.1. Rheocasting 

In 2011 two workplaces of SEED method were installed in Kovolis Hedvikov, a.s. One of the projects cast by 
this method is the engine bracket casting (see Fig. 2 ). In this study, aluminum alloy EN-AC AlSi7Mg0.3 was 
used to produce semi-solid castings with the SEED process. Chemical composition of the alloy is in Table 1 . 
SEED and HPDC process parameters are described in Table 2 .  

Table 1 Chemical composition of experimental alloy EN-AC AlSi7Mg0.3 (wt %) 

Si Fe Cu Mn Mg Zn Ti Others (each / total) 

6.5 - 7.5 0.15 0.03 0.10 0.30 - 0.45 0.07 0.10 - 0.18 0.03 0.10 
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Fig. 2 Experimental casting: engine bracket; places of cutting out the samples 

Table 2 SEED and HPDC process parameters used in experiment 

SEED process parameters HPDC process parameters 

Furnace metal temperature (°C) 655 (-14/+9) 

Piston position (mm) / shot speed 
(m/s) 

 

40 / 0.20 

Ladle angle (º) 31 280 / 0.20 

Crucible inside diameter (mm) 80 380 / 1.00 

Crucible length (mm) 250 500 / 1.00 

Target pouring temperature (°C) 638 509 / 1.00 

Swirling time (s) 89 Casting pressure (MPa) 95 

Swirling speed (rpm) 150 Cycle time (s) 63 

Rest time (s) 7  

2.2. Heat treatment 

Table 3  Variants of heat treatment modes and marking of samples 

Sample marking Solution annealing Artificial aging 

01 As cast 

11 520 ºC / 6 h 180 ºC / 6 h 

21 520 ºC / 6 h 150 ºC / 6 h 

31 540 ºC / 2 h 180 ºC / 6 h 

41 540 ºC / 2 h 150 ºC / 6 h 

Table 4  Theoretical mechanical properties of rheocast alloy AlSi7Mg0.3 

AlSi7Mg0.3 As cast T6 

Tensile strength (MPa) 240 303 

Yield strength (MPa) 140 228 

Elongation (%) 1 12 

Hardness HBW 5/250 55 90 
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After casting, the heat treatment T6 was applied to castings. Heat treatment T6, also called “complex heat 
treatment” consists of solution annealing, quenching and artificial aging. To determine the proper heat 
treatment mode for in question casting part engine bracket, 4 different modes of T6 heat treatment were 
applied, with varying temperatures and holding times at the temperature - see Table 3 . In Table 4  theoretical 
mechanical properties of alloy EN - AC AlSi7Mg0.3 are described for heat treatment T6. 

2.3. Testing methods 

Samples, marked as described above, were taken from different areas of the casting, both from thin and thick 
part (as shown in Fig. 2 ). Together it was prepared 10 samples, 5 from thin and 5 from thick wall. On each 
sample were made min. 3 indentation measurements, values displayed in charts in Figs. 4, 5   are the average.  

Indentation tests were carried out by a special device, which due to its design is capable of continuous 
recording of load and indentation depth of the used indenter. The system includes: the recording device, 
analog-to-date converter, PC with software, tensile-testing machine Instron 5582 as a force-producing 
mechanism. Maximum load indentation was 2.5 kN with the indenter diameter of 5 mm. Plane-parallel samples 
were used for ABI (Automatic Ball Indentation) testing.  

The hardness was calculated by the formula (1): 

hD

P
HB

π
= , (1) 

where HB - Brinell hardness, P - load (kN), D - diameter of indenter (mm); h - indentation depth (mm) (Fig. 3 ).  

For determination of the tensile strength Rm we used the dependence (2) [4]: 
Rm = c HB, (2) 

where с - coefficient of hesitate. For present series of alloys, we used the value of the coefficient - 2.8 [5].  

For determination of the yield strength Rp0.2 methodology proposed by the authors [4] (3) were used.  
Rp0.2 = c HM (3) 

Meyer hardness was calculated by the formula (4). 

2a

P
HM

π
=  (4) 

where c - coefficient of hesitate (2.8), HM - Meyer hardness, a - contact radius. Using the values of indentation 

depth (h), according to the formulas (5) and (6), strain values (ψ) and the contact radius (a) were determined. 

Value of deformation for the yield stress was 0.2 %, by analogy with tensile tests.  

a) b) 
Fig.  3 Scheme for determination of contact radius (a) and indentation curve for the AlMg6Mn alloy (b) 
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Fig. 3b  shows the resulting indentation curve for the AlMg6Mn alloy. The point with the deformation of 0.2 % 
is marked on the curve. 

D

h=Ψ  (5) 

2hhDa −=  (6) 

3. RESULTS AND DISCUSSION 

Measured values of mechanical properties are shown in charts in Figs. 4  and 5. Red columns are samples 
taken from the thin wall, blue from the thick. As seen, reached values of selected properties are generally low. 
It cannot be stated, that in general values of properties in thin wall are higher, than in thick part. Also it was not 
confirmed, that whether any heat treatment mode dramatically increases the values of properties in 
comparison to as cast state. The worst results of strength and hardness gives the sample 11, even worse than 
as cast sample 01, only Young modulus is lower for sample 21. Best results of all measured properties gives 
the sample 31, but still the values do not reach the theoretical values mentioned in Table 4 .  

Fig. 4  Resulting values of yield strength Rp0.2 and tensile strength Rm 

Fig. 5  Resulting values of Young modulus E and Brinell hardness HBW 5/250 

To explain the cause of such low values of mechanical properties measured by indentation method, 
observation by electron microscopy was performed, especially in sample 11 (Fig. 6 ). It was found, that the 
structure contains unexpected porosity and intermetallic phases. It can be assumed, that such structure 
defects as porosity can be the reason of obtained low values of mechanical properties. To make sure, more 

Rp0.2 (MPa) Rm (MPa) 

E (GPa) HBW 5/250 
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investigations and also comparative tensile tests should be done. Some previous and further works of authors 
are dedicated to analysis of characteristic defects of castings processed by rheocasting method SEED.  

  

Fig. 6  Structure of sample 11 obtained by SEM 

4. CONCLUSIONS 

Selected mechanical properties (yield and tensile strength, Young modulus and hardness) of casting 
processed by rheocasting method SEED without and with different heat treatment modes were measured by 
indentation method. So far, by this method cannot be obtained results for elongation, which would be useful 
especially for specific castings such as those processed by rheocasting. This possibility is expected after 
further development of the device. 

Values of mechanical properties of alloy AlSi7Mg0.3 cast by rheocasting SEED method measured by 
indentation method did not reach the theoretical values, which is also in breach with previous measuring by 
conventional methods. Low values of mechanical properties measured by indentation can be influenced by 
unexpected porosity and intermetallic phases found in structure. The cause of these defects is the subject of 
further works. Also will be processed more comparative tests of indentation and conventional tensile testing. 

Highest values of mechanical properties were reached by heat treatment mode consisting of solution annealing 
540 °C/2 h, quenching and artificial aging 180 °C/6 h.  
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Abstract   

The effect of ageing on microstructure and Vickers microhardness of fully lamellar Ti-45Al-5Nb-0.2B-0.75C 
(at.%) alloy was studied. The experimental procedure for preparation of the studied alloy included induction 
melting of pure elements, centrifugal casting of cylindrical bars and hot isostatic pressing of the bars to 
eliminate porosity. A fully lamellar γ(TiAl)/α2(Ti3Al) microstructure of the samples was achieved by the heat 
treatment consisting of solid solution annealing in a single α phase field followed by the cooling to room 
temperature. The ageing experiments were performed at three different temperatures of 750, 850 and 950 °C 
up to 650 h in protective argon atmosphere. During the ageing the Vickers microhardness first increases with 
increasing ageing time and after reaching maximum values it decreases. The microstructure analysis by optical 
microscopy, scanning electron microscopy and X-ray diffraction analysis (XRD) show that the variations of 
measured microhardness values with the ageing time are connected with precipitation hardening. The peak 
microhardness values measured in the samples aged at 950 °C for 8 h are connected with the precipitation of 
carbides mainly of Ti2AlC type. The age softening observed after the ageing at 950 °C for 650 h results from 
the coarsening of the carbides and partial dissolution of the α2 lamellae. 

Keywords: Titanium aluminides, microstructure, carbides, precipitation hardening, microhardness  

1. INTRODUCTION  

The intermetallic alloys based on γ-TiAl have been intensively studied as high temperature materials because 
of their low density, high melting temperature, good corrosion resistance, creep strength and acceptable 
price/properties ratio [1, 2]. Depending on the alloy composition and processing parameters, various 
microstructures can be obtained in this group of alloys. Alloys with fully lamellar type of microstructure are 
characterized by an improved high temperature strength when compared to that of the alloys with near γ or 
duplex type of microstructure [3]. However, their creep resistance at high temperatures (above 800 °C) does 
not fulfil requirements of designers which hinders their some perspective applications e.g. for turbocharger 
wheels of gasoline engines. Further possibility for increasing the creep resistance can be achieved by an 
optimization of their chemical composition through solid solution and precipitation hardening. It is well 
established that substitutional elements like Nb, Ta, Mo as well as interstitial element C improve creep 
resistance of TiAl-based alloys. Alloying by Nb, Ta and Mo leads to reduced diffusivity and retarded thermal 
activated dislocation climb during creep [4-6]. Additions of C results in a precipitation hardening through 
formation of carbide particles of TiAl-based matrix. Coherent Ti3AlC (P-type) particles are formed at 
temperatures up to about 750 °C and incoherent Ti2AlC (H-type) carbides at higher temperatures [6-8]. The 
carbide precipitation is greatly influenced by the carbon content and its solubility limit in the alloy [6, 9]. The 
solubility limit of carbon varies with Al content and alloying elements [10].  

The aim of this article is to study the effect of ageing on microstructure and Vickers microhardness of fully 
lamellar Ti-45Al-5Nb-0.2B-0.75C (at.%) alloy.  
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2. EXPERIMENT  

The selected alloy was produced by vacuum induction melting in graphite crucible from pure metals (99.99 %) 
and Nb-Al master alloy, which preparation, chemical composition and melting temperature were described 
elsewhere [11]. Table 1  shows nominal and measured chemical composition of the cast cylindrical sample 
with a diameter of 20 mm and length of 225 mm. A detailed description of the centrifugal casting and applied 
casting conditions were the same as described recently in [12]. The as-cast cylindrical bars were subjected to 
a hot isostatic pressing (HIP) at an applied pressure of 180 MPa and temperature of 1270 °C for 4 h in order 
to eliminate casting porosity. A fully lamellar γ(TiAl)/α2(Ti3Al) microstructure of the bar was produced by heat 
treatment consisting of solution annealing and cooling to room temperature. The solid solution annealing was 
performed in a single α phase (Ti-based solid solution with hexagonal crystal structure) field at 1360 °C for 1 
h followed by cooling at a constant cooling rate of 20 °C/min to 850 °C under argon atmosphere. The heat 
treatment was accomplished by the cooling to room temperature in air. After the heat treatment, the bar was 
cut by electro spark machining into small pieces with a diameter of 20 mm and length of 12 mm. The ageing 
experiments were performed at three temperatures of 750, 850 and 950 °C up to 650 h in resistance tube 
furnaces with static argon atmosphere. For metallographic preparation of the samples, standard techniques 
such as grinding on SiC papers with grain sizes ranging from 80 to 2000 and polishing with diamond 
suspensions with particle size changing from 5 to 0.3 μm were applied. The samples were observed by optical 
microscopy with using the microscope Olympus GX51 equipped with digital camera Olympus DP12 (OM), 
scanning electron microscopy in the mode of back-scattered electrons (BSEM) using microscopes QUANTA 
FEG 450 and JSM-7600F equipped with an energy dispersive spectrometer (EDS) and by X-ray diffraction 
(XRD). Transmission electron microscopy (TEM) was performed by JEM-2100 microscope operating at 200 
kV. Samples for TEM with an initial thickness of 0.3 mm were thinned mechanically by grinding to a thickness 
of 100 μm and finally thinned electrolytically in electrolyte A3 Struers with using TenuPol-3 device operating at 
a voltage of 20 V and solution temperature of -20 °C. Oxygen and carbon contents were measured by thermo-
evolution method by analysers ELTRA ONH-2000 and ELTRA CS-2000, respectively. Vickers microhardness 
measurements were performed at a constant load of 0.1 N for loading time of 10 s on polished and slightly 
etched samples. Quantitative metallographic analysis was performed on digitalized micrographs using a 
computerized image analyser SigmaScanPro. For the determination of porosity, the same procedure was used 
as described in [13].   

Table 1  Nominal and measured chemical composition of the alloy (at. %) 

  Ti Nb Al B C O 
Nominal  Bal. 5 45 0.2 0.75 - 

Measured Bal. 5.21 ± 0.10 45.33 ± 1.13 - 0.69 ± 0.01 0.13 ±0.02 

3. RESULTS AND DISCUSSION 

3.1. Microstructure of as-cast alloy 

The measured chemical composition of the as-cast alloy is very close to the nominal composition, as seen in 
Table 1 . The oxygen content of 0.13 at.% (490 wt. ppm) meets the requirements for the industrial applications 
where the maximum allowable oxygen content is usually reported to be about 500 wt.ppm [14]. Fig. 1  shows 
the typical microstructure of the as-cast alloy. The microstructure consists of columnar grains growing from the 
surface to the centre and some equiaxed grains in the middle of the bar. Fig. 2  shows the typical dendritic 
microstructure of the alloy. The microstructure is lamellar consisting of γ(TiAl)/α2(Ti3Al) phases, as shown in 
Fig. 3 . White colour network within the dendrites belongs to β phase (Ti-based solid solution with cubic crystal 
structure), which is enriched with Nb and depleted with Al (6.8 ± 1.1 at.% Nb, 37.6 ± 3.4 at.% Al). Small amount 
of γ-phase (dark colour phase) enriched with Al and depleted with Nb (4.35 ± 1.29 at.% Nb, 50.43 ± 3.88 at.% 
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Al) is formed in the inter-dendritic region. Particles with ribbon-like morphology are identified as (Ti,Nb)B 
borides, which is in agreement with the observations of similar type of alloys [15, 16]. Shrinkage porosity is 
formed inside the bar mainly in the interdendritic areas during solidification, as seen in Figs.  2 and 3. The 
highest volume fraction of pores (about 4 vol.%) and the large pores (until 0.1 mm2) are observed in the central 
part of the bar, as seen in Fig. 4.  
 

  

Fig. 1  Macrostructure of as-cast alloy Fig. 2  Dendritic microstructure of as-cast alloy, (BSEM) 

3.2. Microstructure of alloy after HIP 

The porosity in any part of the HIP-ed cylindrical bar (including the central region) does not exceed values 
above 0.02 vol.% with maximum pore diameter of 30 μm2. Fig. 5  shows the microstructure after HIP. The 
microstructure consists mainly of lamellar γ/α2 regions and some small equiaxed γ grains with the composition 

(4.91 ± 0.07) at.% Nb and (50.53 ± 0.29) at.% Al. The β-phase was completely dissolved during HIP at 1270 
°C corresponding to two phase γ + α2 field of the studied alloy.  

3.3.  Microstructure of heat treated alloy 

Fig. 6  shows the microstructure of the alloy after solid solution annealing followed by the cooling at a constant 
cooling rate of 20 °C/min to 850 °C and free air cooling to room temperature. The microstructure consists of 
equiaxed grains with an average size of 385 μm. The microstructure of the grains is fully lamellar with average 
width of the γ and α2 lamellae of (0.31 ± 0.04) and (0.42 ± 0.04) μm, respectively. Quantitative metallographic 

analysis revealed that the lamellar grains contain about 37 vol.% of the α2 phase and 63 vol.% of the γ phase. 
These results are in a good agreement with the results reported by Schwaighofer [6] for the TNM alloy with 

0.75 at.% C. Relatively high volume fraction of the α2 phase can be explained by a stabilizing effect of carbon 
[6, 9]. Fig. 7  shows TEM bright field image of alloy after the heat treatment. In this figure, the lamellae contain 

 

Fig. 3  Lamellar γ/α2 microstructure with boride 
particles of as-cast alloy (BSEM) 

Fig. 4  Distribution of porosity on transversal section of  
as-cast cylindrical bar 
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no carbides, which clearly indicates that carbon remained completely dissolved in the γ and α2 phases after 
the applied heat treatment. 

Fig. 5  Microstructure after HIP (BSEM) Fig. 6  Microstructure after heat treatment (OM) 

 

Fig. 7  Bright field image of microstructure after heat treatment (TEM) 

3.4. Microstructure and Vickers microhardness after  ageing  

Fig. 8  shows the variation of Vickers microhardness with the ageing time. The typical age hardening and 
softening are observed for all three ageing temperatures. During the age hardening the microhardness 
increases with the ageing time reaching maximum values at 8 h after ageing at 950 °C, The peak 
microhardness values for the samples aged at 750 and 850 °C are situated somewhere between 10 and 24 h 
and further experiments are still required to determined precisely the peak ageing time. Fig. 9  shows the 
microstructure after ageing at 950 °C for 8 h. A uniform distribution of fine precipitates can be observed in the 

lamellar γ/α2 matrix. These precipitates are mainly formed at the lamellar interfaces and inside the α2 lamellae. 
The XRD analysis (Fig. 10 ) shows occurrence of Ti2AlC and Ti3AlC carbides in the microstructure. The 
presence of the carbides is confirmed also the EDS analysis, which reveals an increased content of C in 
precipitates. An average size and volume fraction of the carbides is measured to (110 ± 10) nm and 2.3 vol.%, 

respectively. Fig. 11  shows the microstructure after ageing at 950°C for 650 h. The microstructure contains 

2.2 vol.% of coarser carbides with an average size of (520 ± 15) nm distributed mainly within the α2 lamellae. 

The image analysis revealed that the ageing at 950°C for 650 h leads to the partial dissolution of the α2 lamellae 
and decrease of their volume fraction from 37 to 21 vol.% and thickness from (0.31 ± 0.04) to (0.23 ± 0.03) 

μm. The formation of the carbides at 950 °C can be explained by the dissolution of α2 lamellae. The α2 phase 

has a significantly higher solubility of carbon than the γ phase which leads to the precipitation of the carbides 

at the γ/α2 interfaces to achieve thermodynamic equilibrium state of the alloy at the ageing temperature. SEM 
observations show only very small amount of carbides after ageing at 850 °C and practically no carbides at 
750 °C (Fig. 12 ). However, the increase of the microhardness values at 750 and 850 °C indicates the 
hardening. The age hardening at these temperatures results probably from the precipitation of very fine p-type 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1409 

of carbides, which are under the resolution of SEM and might be identified using TEM techniques as the next 
step of this work.    

Fig. 8  Variation of Vickers microhardness HVm 
with the ageing time 

Fig. 9  Microstructure after ageing at 950 °C for 8 h 
(BSEM) 

 
Fig. 10  XRD patterns after heat treatment and ageing at 750, 850 and 950 °C for 8 h 

Fig. 11  Microstructure after ageing at 950 °C         
for 650 h (BSEM) 

Fig. 12  Microstructure after ageing at 750 °C         
for 650 h (BSEM) 

4. CONCLUSIONS 

The effect of ageing on microstructure and Vickers microhardness of fully lamellar Ti-45Al-5Nb-0.2B-0.75C 
(at.%) alloy was studied. During the ageing of Ti-45Al-5Nb-0.2B-0.75C (at.%) alloy with fully lamellar 
γ(TiAl)/α2(Ti3Al) microstructure the Vickers microhardness first increases with increasing ageing time and after 
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reaching maximum values it decreases at all studied temperatures. TEM, SEM and XRD analysis revealed 
that the variations of the measured microhardness values with the ageing time are connected with 
microstructural instabilities. The peak microhardness values measured in the samples aged at 950 °C for 8 h 

are connected with the precipitation of carbides mainly of Ti2AlC type preferentially at the γ/α2 interfaces. The 
age softening observed after the ageing at 950 °C for 650 h results from the coarsening of the carbides and 
partial dissolution of the α2 lamellae. The formation of carbides at 950 °C can be explained by the dissolution 

of the α2 phase with a significantly higher solubility of carbon than the γ phase and achieving thermodynamic 
equilibrium state of the heat treated alloy at the ageing temperature.  
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Abstract 

The main objective of this paper is to describe the microstructure and mechanical properties of spark plasma 
sintered tungsten. The indentation tests, which are very advantageous because of their semi-nondestructive 
character and low requirements on the volume of investigated material, were carried out using Berkovich and 
spherical indenters. Indentation techniques with spherical indenters are less frequently used than those with 
sharp indenters but they offer variation of strain with the indentation depth and, therefore, they could be used 
for determination of stress-strain curves. Local stress-strain behavior obtained by this method showed good 
correspondence with the results of compression tests. Observation of the microstructure and the fracture 
surfaces helped to explain some phenomena which occurred during the mechanical testing. 

Keywords: Tungsten, SPS, instrumented indentation, stress-strain curve 

1. INTRODUCTION 

Tungsten is a metal with physical and mechanical properties desired in many applications, including future 
fusion devices. Nevertheless, the high melting temperature and hardness make the fabrication of tungsten 
parts by conventional methods very difficult. One of the possibilities how to prepare small and precise tungsten 
parts is powder metallurgy. In recent years, spark plasma sintering has become a method which is more 
frequently used in tungsten preparation due to lower temperature and shorter sintering time than conventional 
methods such as hot isostatic pressing. 

Subsequent mechanical and structural characterization of these parts is necessary. Besides classical 
mechanical tests (e.g., tensile, hardness, fracture toughness tests), the techniques of instrumented 
indentation, where the penetration depth of indenter h and applied force F are continuously measured, have 
become widespread. By choosing various indenter shapes, information about many different mechanical 
properties can be obtained. Thus, instrumented indentation tests could represent an important alternative to 
the classical mechanical tests. 

The advantages of instrumented indentation tests are their nondestructive character and low demands on the 
volume of the material under investigation. Indentation tests are very advantageous and in some cases also 
irreplaceable for the investigation of mechanical properties of welds [1] or individual phases of the material [2]. 
The most frequently used techniques are the tests with Berkovich indenter which gives the information about 
instrumented hardness and Young´s modulus. The techniques with spherical indenters provide more detailed 
description of elastic-plastic properties of the material. With increasing penetration depth, the shape of the 
spherical indenter causes the change of strain. Thus, it is possible to investigate the evolution of stress with 
strain and to obtain the flow curve. Although we can obtain the stress-strain curve in the whole elastic-plastic 
range, in reality this is very complicated and several problems have to be solved. 

The flow curves obtained by the instrumented indentation tests usually have a different shape than the curves 
from tensile tests [3], but methods for determining the yield strength, strain hardening exponent and other 
mechanical characteristics do exist. At low loads, the deformations are elastic, and the Hertz theory can be 
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used to calculate the stress and strain. With increasing load, plastic deformation starts to evolve in the material 
under the indenter. When the plastic zone reaches the surface of the sample, the ratio of hardness and yield 
strength H / σy stabilizes at the value of approximately 3. This evolution has been investigated and described 
by many authors [4, 5, 6]. The methods which enable the determination of the flow curve in the whole elastic 
and plastic range are presented for example in [7] and [8]. 

Another important issue is the real shape of spherical indenter. Many studies show that the real shape 
of the indenter differs from its nominal shape [9, 10, 11]. The inaccuracies in the indenter shape can introduce 
systematic errors in the determined values of mechanical properties. Another important question for very low 
indentation depths is the geometry of real contact between the indenter and the sample surface, where 
the surface roughness plays an important role. 

In the present study, the method of instrumented indentation was used to determine mechanical properties of 
spark plasma sintered tungsten. The yield strength values were compared with the data from compression 
tests. The microstructure and fracture behavior were also studied. 

2. EXPERIMENTAL PROCEDURE 

Tungsten sample was prepared by spark plasma sintering from a ~2 μm powder (Osram Bruntál, Czech 
Republic) in an SPS 10-4 machine (Thermal Technology, Santa Rosa, USA). The sintering was carried out at 
1800 ºC and 70 MPa for 3 minutes in a graphite die under an inert atmosphere. 

A sample for metallographic analysis was mechanically polished with abrasive papers and diamond pastes 
and finished with OPS suspension. The sample was chemically etched in the solution of nitric and hydrofluoric 
acid. Analysis was performed using light metallographic and scanning electron microscope. 

Hardness and Young´s modulus were measured by Berkovich indenter calibrated on fused silica sample 
according to the ISO 14577 standard [12]. Data were evaluated using the Oliver-Pharr method [13]. 
The indentations were carried out on Anton Paar CSM NHT nanoindentation instrument at the load range 10-
500 mN. The indentation sequence consisted of loading (30 s), holding at maximum load (10 s), and unloading 
(30 s). 

Indentation tests with the spherical indenter of nominal radius 20 μm were performed in order to determine the 
stress-strain curve. The method with loadings and partial unloadings (so called continuous multicycle) was 
used. Each indentation consisted of 20 cycles composed of loading to the maximum force (10 s), holding 
period (5 s), and unloading to 20 % of maximum force (10 s). The maximum applied force of each cycle 
progressively increased from 10 mN to 500 mN. Since the radius of the spherical indenter was not supposed 
to be ideal, the calibration of indenter area function Ap using the theoretical value of Young´s modulus of 
tungsten E = 400 GPa [14] was performed according to the equation 

2
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where S stands for contact stiffness and Er is reduced modulus of the specimen and the indenter. For 
an increasing contact depth hc, the real radius was then determined from the geometry of the system as  
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Representative stress σrepr and representative strain εrepr were computed according to Tabor formulae [4] 
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where a is the contact radius and C stands for the constraint factor equal to 3. 

Yield strength was determined by the approach used in automated ball indentation tests (ABIT) described 
in [7]. Yield strength was computed from the equation 

Amy βσ = , (4) 

where βm is a material constant same for a given group of materials. A is a fitting parameter of the equation 
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where m is Meyer´s coefficient and dt is total indentation diameter at maximum load. 

To avoid the problems with transition from elastic to plastic region and the errors arising from the uncertainty 
of geometry of contact at low penetration depths, the cycles with low maximum load were excluded from our 
analysis. 

The indentation tests with partial unloadings with the spherical indenter of 2.5 mm in diameter were also 
performed up to load 2 kN. Compression tests, which served as the comparison for the values of yield strength 
determined by indentation, were performed on testing machine Inspekt 100 kN on specimens with a cross-
section of 5 mm x 5 mm and a height of 8 mm. During these ABIT and compression tests, cracking occurred. 
The fracture surfaces were examined in SEM.  

3. RESULTS 

The microstructure of spark plasma sintered tungsten is shown in Fig. 1a . Inside individual particles, 
(sub)grains of submicron size can be observed. Between individual particles, some voids were observed which 
suggest that the sintering did not result in complete densification of the powder as it is typical of this type of 
material processing. 

The imprint created by Berkovich indenter in the surface with partially revealed microstructure is shown 
in Fig. 2 . Young´s modulus and indentation hardness were measured for depths from 200 nm to 2200 nm. 
Young´s modulus remained constant through the whole range of measurements at EIT = 409 ± 14 GPa 
(Fig. 3 ). On the other hand, hardness was not constant and it increased with decreasing contact depth. 
The most significant decrease was seen at the contact depths up to approximately 500 nm. For higher depths, 
the hardness tended to stabilize at about HIT = 5650 MPa (Fig. 3 ). 

The F-h indentation curve obtained by indentation with spherical indenter for the single indentation and 
the indentation with partial unloadings is shown in Fig. 4a . As can be seen from this figure, partial unloadings 
were fully elastic and they did not change the shape of the final indentation curve compared with the single 
indentation. The representative stress-representative strain curve obtained from these tests using the already 
calibrated indenter is presented in Fig. 4b . Data in the strain range 2-9 % were obtained. The constant βm, 
which is necessary for evaluation of yield strength, was set to βm = 0.2285 according to [15]. With this value of 
βm, the value of yield strength was σy = 1357 ± 95 MPa. 

Yield strength from the compression tests was σy = 1333 ± 17 MPa. Nearly immediately after reaching 
the yield strength in compression tests, the specimens started to collapse. Thus, the properties in the plastic 
region of stress-strain curve could not be determined in this way. Brittle behavior of spark plasma sintered 
tungsten was confirmed by indentation tests with spherical indenter 2.5 mm in diameter which caused cracking 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1414 

of the sample for loads higher than 1600 N. Fracture surfaces were examined in scanning electron microscope 
(Fig. 1b ). The fracture occurred entirely by interparticle decohesion (see e.g. [16]). 

    

Fig. 1 (a) Microstructure and (b) fracture surface of SPS tungsten 

 

Fig. 2 Berkovich imprint on the surface with partially revealed microstructure 

 

Fig. 3 Depth evolution of hardness of SPS tungsten 
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Fig. 4 (a) Typical indentation curves, (b) representative stress-representative strain curve 

4. DISCUSSION 

The results of Young´s modulus measurements show that the nanoindentation technique with Berkovich 
indenter is well applicable for the determination of mechanical properties of spark plasma sintered tungsten. 
The constant value of Young´s modulus with low scatter is in good agreement with the values of Young´s 
modulus given in the literature [14]. 

The change in hardness observed with the increase in penetration depth could be caused by microstructural 
effects. As can be seen in Fig. 2 , larger indents characterize the area corresponding to several powder 
particles including their bonding and also the voids between them. With decreasing size of indents, 
the microstructure of individual powder particles starts to play an important role. The presence of subgrains 
and the indentation size effect are the factors that can cause the increase in hardness with the decreasing size 
of indents. 

Since the real radius of spherical indenter usually does not match the nominal value, calibration is necessary 
in order to obtain accurate stress-strain curves of any material [17]. Nevertheless, some type of input 
information is needed to calibrate the indenter. The most commonly used technique is based on the knowledge 
of Young´s modulus. In this study, the literature value of Young´s modulus E = 400 GPa is used; however, the 
theoretical value of Young´s modulus is not known for every material. In that case, it is possible to use the 
value obtained by the indentation with Berkovich indenter which, in our case, meets well the theoretical values. 

Moreover, if the indenter calibration and subsequent measurements are performed on the same material, 
the effect of pile-up can be eliminated. In this way, the effect of pile-up is already included in the calibration 
and no errors are introduced into the results as a consequence of this phenomenon. 

The values of yield strength obtained by the instrumented indentation are in very good agreement with 
compression tests results. 

Microstructure and fracture surface observations revealed numerous voids between original powder particles 
of spark plasma sintered tungsten. Moreover, the cracks propagated by the mechanism of interparticle 
decohesion. This indicates low cohesion of individual powder particles, which resulted in the brittle behavior 
observed during indentation and compression tests. The sintering process should therefore be optimized. 

5. CONCLUSION 

The structural and mechanical properties of spark plasma sintered tungsten were examined. The technique of 
instrumented indentation was successfully used to determine Young´s modulus, hardness and stress-strain 
curves. Yield strength determined by spherical indenter is in very good agreement with the values from 
compression tests. Brittle behavior of this material, observed during indentation and compression tests, was 
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explained by the observation of voids and low cohesion of powder particles resulting in interparticle fracture. 
The results presented proved that the instrumented indentation is a suitable technique for mechanical 
characterization of the tungsten parts prepared by spark plasma sintering. 
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HYDROGEN STORAGE IN Mg-In-C ALLOYS: EFFECT OF COMPO SITION AND AGEING 
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Abstract   

Hydrogen storage in two Mg-In-C alloys with different indium concentration cIn was studied in the temperature 
range from 250 °C to 350 °C after five-years-ageing at room temperature. The both alloys show acceptable 
cycling stability, however, the storage capacity of the alloys decreased from about 5 wt.% H2 to about 2.5 and 
3.1 wt.% H2 by higher cIn and lower cIn concentration, respectively after 5 years. The sorption kinetics degraded 
much more by high cIn than by lower cIn. PCT isotherms, TPS and DSC patterns were measured for both 
materials. It was found that the hydrides responsible for hydrogen storage in alloy with higher cIn were slightly 
more stable. 

Keywords: Hydrogen, hydrogen storage, magnesium alloys  

1. INTRODUCTION 

In our previous papers [1-4] we studied hydrogen sorption in chosen Mg-based alloys that are perspective for 
hydrogen-storage (HS) [5]. Our interest was focused especially to ball-milled alloys composed mainly from Mg 
that contained Ni as catalyzing element, C as an element that assures fine milling (anti-sticking agent) and the 
third additive X. Elements X were chosen from the 13th and the 14th group of the periodic table and we tested, 
first of all, their effect on hydrogen sorption capacity, desorption kinetics and on the resistance of HS alloys 
against the detrimental effect of air residuals in absorbed hydrogen.  

Samples (see [4]) were ball-milled from pure components (splinters of Mg, Ni, X and powder of C) using Fritsch-
Pulverisette6 (450 rpm, 10 min milling / 50 min cooling - 20 times repeated; mass ratio of the balls to the charge 
was about 60). Powder was compacted at room temperature into pellets and annealed at 360 °C / 20 h / Ar. 
Before annealing, the samples were composed exclusively from Mg and Ni, after the thermal treatment, phases 
Mg and Mg2Ni were observed by XRD.  

Hydrogen sorption experiment in [1-4] was of the type one-charging-and-one-desorption, i.e., the ball-milled, 
compacted and annealed samples were charged by gaseous hydrogen at 345 °C / 20 h / 3 MPa in a pressure 
vessel and desorbed into large volume of about 5 l in a Sieverts-type apparatus [6]. The previous experiments 
led to a conclusion that indium improves substantially hydrogen sorption characteristics of a single absorption 
/ desorption (A/D) cycle and the composition of HS alloy that was found as an optimum became a subject of 
the Czech patent [7].  

It was shown that sorption characteristics depend on time τ elapsed from the charging. In [2] we investigated 

the behavior of HS alloys after times τ up to about on month. In the present work, we tested the same samples 

after extended time of 5 years. In contrast with the previous work, we also conducted measurements in 
absorption regime, studied of A/D cycling stability and dynamic measurements (measurement of activation 
enthalpy and entropy of hydrogen sorption). 

2. EXPERIMENTAL 

Measurements in the present paper were carried out with samples of two alloys that differ in content of indium: 
Mg-16.1Ni-5.2In-9.9C (Alloy 1) and Mg-15.2Ni-9.7In-9.4C (Alloy 2) - all in wt.%. Ratio of Mg/Ni binary base 
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was chosen slightly below the eutectic point in Mg-Ni binary alloy system and the ratio Mg/C was about 7. 
Samples of both alloys were stored in dry air for about 5 years. 

Hydrogen sorption characteristics were measured using Sieverts-type gas sorption analyzer PCT-pro Setaram 
Instrumentation. This equipment enables safe and fully automated measurement in both absorption and 
desorption regimes. The present studies were carried out at temperatures between 250°C and 350°C and 
under hydrogen pressure from 10 Pa to 2 MPa. All desorption experiments were done in region where the all 
related hydrides were unstable (below the PCT isotherm), absorption experiments were run always above the 
PCT isotherm. These conditions were fulfilled also during the A/D cycling. Measurement of DSC pattern was 
done using differential scanning calorimeter Netsch DSC 204 F1. 

3. RESULTS AND DISCUSSION 

3.1.  Cycling stability     

Maximum number n of A/D cycles in each cycling experiment was 10 because it was proved that this was a 
sufficient number for stabilizing the alloy sorption behavior in all cases. Example of cycling pattern measured 
with Alloy 1 cycled at 295 °C between the initial hydrogen pressures of 2 MPa (absorption above the PCT 
isotherm - positive values of hydrogen concentration cH) and 10 Pa (desorption below the PCT isotherm - 
negative cH) is shown in Fig. 1 . It is illustrated that A/D behavior of Alloy 1 was well stable starting from the 
second A/D cycle.  

 

                     Fig. 1 Cycling stability                                                         Fig. 2a Absorption kinetics  

Hydrogen sorption kinetics obtained with Alloy 2, on the other hand, showed significant dependence of sorption 
rate on number n: the stable behavior was reached after first 4 cycles. Comparison of both alloys is shown in 
Figs. 2a, 2b (Δt = t - ts; ts - start of sorption). It is obvious that Alloy 2 with higher In concentration needed more 
cycles to reach the stable A/D operation. This alloy also showed slower hydrogen desorption kinetics and lower 
hydrogen sorption capacity.  
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            Fig. 2b Desorption kinetics                                                          Fig. 3 Influence of ageing  

3.2.  Influence of ageing - A/D cycling     

In our paper [2], we observed influence of time τ elapsed from hydrogen charging (ageing time) upon the 

hydrogen desorption kinetics. Improvement in desorption rate with increasing τ was explained by gradual 

change of interface between the Mg-rich grains and small Mg2NiH4 particles due to diffusion redistribution of 
alloying elements. In another paper [4], however, we studied the phase composition in HS alloys with In and 
C and came to a conclusion that by alloys, containing carbon above certain concentration, a partial 
decomposition of phases might occur. It could be supposed that such decomposition decreased the efficiency 
of hydrogen storage and affects also the rate of sorption. Therefore, it seemed as highly interesting to repeat 

the sorption experiments after a long period τ that might accentuate the undesired phase decomposition. This 

test was carried out in the present paper and its results are shown in Fig. 3 . 

Desorption curves in Fig. 3 obtained in the previous measurement with Alloy 1 clearly illustrate that increase 

in τ improved the desorption kinetics (absorption kinetics was not studied in [1-4]). The present measurement 

conducted with the same alloy after 5 years, however, showed that this trend could be seen only at the very 
early stages of desorption, whereas at longer times, the desorption rate decreased, most likely due to 
decomposition of phases that were effective for HS. The XRD studies with aged samples that might support 
this conclusion are running at present.  

Difference in sorption behavior of the two aged alloys was expressive especially at low temperatures. 
Comparison shown in Fig. 3 is convincing: the hydrogen sorption of Alloy 2 at 250 °C was almost negligible 
within the first hour.   

3.3. Influence of ageing - PCT isotherms     

Measurement of equilibrium hydrogen pressure peq was carried out with both aged alloys. It should be noticed 
that all the PCT curves (dependence of peq on hydrogen concentration cH at constant temperature) were 
measured in the absorption regime in the present paper. In Fig. 4 , one can see a comparison of two PCT 
isotherms obtained at 250 °C with Alloy 2 after different treatment. It can be clearly seen that the isotherm for 
pre-annealed sample has two plateaus - the MgH2 is responsible for the lower one, the short upper plateau 
reflects the presence of Mg2NiH4-In hydride (squares). This was confirmed by experiment with Alloy 2 without 
only pre-annealing 360 °C / 2 h - i.e. without Mg2NiH4-In phase [8] - which led to a PCT curve with lower plateau 
(diamonds). Catalyzing effect of Mg2NiH4 phase can be documented, e.g., by DSC measurement. It is clear 
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from Fig. 5  that non-alloyed alloy (without Mg2NiH4-In phase) decomposed at temperature that was about 25 
°C higher than the annealed Alloy, and that it showed no decomposition peak of Mg2NiH4-In. 

 

 

 

 

 

 

 

 

 

 

 

   Fig. 4 PCT: Influence of Mg2NiH4-In phase                                             Fig. 5  DSC - desorption peaks  

Comparing PCT curves for both alloys (Fig. 6), it could be also concluded that the nucleation of hydride (phase 
β) was much easier in Alloy 1 compared to Alloy 2, because edge of both plateaus were sharper in Alloy 2. At 
lower temperatures, it could be even observed that the plateau decreased with increasing cH behind the edge. 
This fact might be a consequence of lower catalytic efficiency of Ni-containing phase and corresponded with 
the poor hydrogen sorption kinetics in aged Alloy 2 (Fig. 3 ). 

 

 

 

 

 

 

 

 

 

 

 

                             Fig. 6 PCT curves                                                          Fig. 7 Van’t Hoff diagram  

Plotting the values of peq in dependence on inverse temperature averaged during each isothermal experiment, 
van’t Hoff’s diagram was obtained (Fig. 7) and the activation entropy ΔS and enthalpy ΔH could be evaluated 
from the intercept and slope of the diagram, respectively. Obtained value of ΔH (see Table 1 ) for MgH2-In was 
slightly higher and that for Mg2NiH4-In was slightly lower than respective values for pure MgH2 and Mg2NiH4 

[9]. This was due to the effect of In.  

p
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Table 1 Activation parameters of hydrogen sorption 

  ΔS [kJ/(K ·mol H2)] ΔH [kJ/mol H2] Remark 

Alloy 1 Mg2NiH4-In 0.115 ± 0.002 57.6 ± 1.3 This work 

 MgH2-In 0.114 ± 0.002 72.2 ± 1.3 This work 

Alloy 2 Mg2NiH4-In 0.115 ± 0.004 58.1 ± 2.5 This work 

 MgH2-In 0.147 ± 0.007 80.4 ± 4.2 This work 

 Mg2NiH4 0.134 74.2 [9] 

 MgH2 0.130 70.8 [9] 

Values of peq in Alloy 1 and Alloy 2 were close to one another, but for Alloy 1 they were systematically higher 
than values for Alloy 2. This means that hydrides in Alloy 1 (and/or dehydrogenated phases alloyed by lower 
concentration of In) are slightly more stable, which may be the origin of better resistance of Alloy 1 to long-
term ageing. 

3.4.  Differential scanning calorimetry and Tempera ture programmed sorption  

Equilibrium hydrogen pressure peq was measured also by differential scanning calorimetry (DSC), and/or by 
measurement pressure of hydrogen released into fixed volume during absorption/desorption at variable 
temperature T(t) (temperature programmed sorption - TPS). Examples of results obtained by DSC and TPS 
are plotted in Figs. 5, 8 . It is illustrated in Fig. 9  that TPS in regime desorption (Fig. 8b ) could be used to 
relatively reliable extension of PCT measurements to low temperatures, where the measurement of PCT was 
difficult and DSC measurement offers reasonably reliable results that were, however, scattered over wide 
interval of pressures. TPS at high pressures and temperatures (regime absorption - see Fig. 8a ) suffered from 
limited reliability, which was due most likely to strongly non-equilibrium conditions. 

 

 

 

 

 

 

 

 

 

 

                Fig. 8 TPS pattern (0.7 °C / min)                               Fig. 9 Van’t Hoff diagram with TPS and DSC 

4. CONCLUSION 

Hydrogen sorption characteristics of two alloys Mg-Ni-In-C that differed in indium concentration (Alloy 1 with 
lower and Alloy 2 with higher In concentration) were studied. It was found that the original hydrogen sorption 
capacity (about 5 wt.% H2) decreased after 5 years down to about 3 wt.% H2. Alloy 1 showed very good cycling 
stability, and stable sorption kinetics starting from the second A/D cycle, higher hydrogen sorption capacity 
and slightly lower activation enthalpy ΔH of hydrogen sorption. The difference in hydrogen sorption 
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characteristics between both alloys grew more significant with decreasing sorption temperature. At 250 °C, the 
Alloy 2 absorbed and desorbed almost no hydrogen during the first hour, whereas Alloy 1 absorbed and 
desorbed 90 % of maximum capacity within about 100 s and 1 h, respectively. 
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Abstract   

Strain and temperature distribution fields during Friction Stir Welding (FSW) including plunging and welding 
stage were simulated using licensed software Deform 3DTM with Lagrangian Incremental formulation settings. 
Non-uniform temperature and strain distribution fields were observed. Developed model has a good agreement 
with experiment. Microstructure of friction stir weld was analyzed. Significant grain size refinement was 
observed. 

Keywords: FSW, numerical simulation, grain size 

1. INTRODUCTION 

Friction Stir Welding (Fig. 1 ) was invented at The Welding Institute (TWI) of UK in 1991 as a solid-state joining 
technique [1]. The first steps to this invention were done in USSR in 1967, invention certificate number is No. 
195846 [2]. FSW has a number of advantages when compared to conventional welding methods, such as 
reduced heat affected zone; porosity, hot cracks, harmful evaporation and UV emission elimination. Friction 
Stir Processing (FSP) is a targeted sort of FSW. During FSW an equiaxed and homogeneous microstructure 
with fine grain size is usually observed in the nugget zone of the weld [3]. Such type of microstructure improves 
mechanical properties of the weld compared to fusion welding methods. This metallurgical aspect is the 
conception of FSP invention as a solid state, thermo-mechanical metal processing technique. The purpose of 
FSP is to achieve microstructure modification by homogenization and refinement by means of severe plastic 
deformation in metallic alloys without welding or joining. 

 

Fig. 1  Principal scheme of FSW 
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FSP/FSW process has 4 stages (Fig. 1 ): 
1) Plunging. Tool with a shoulder and a pin plunges into a metal. The heat generated by frictional rubbing 

of tool shoulder softens the metal. 
2) Dwelling. Required elevated temperature (lower then melting point) is achieved for subsequent metal 

stirring. 
3) Stirring. After dwelling, tool translates along the surface of the work piece. 
4) Pulling. In the end of the process the tool pulls in vertical direction, in the processed material the exit 

hole occurs (except run-on plate or Retractable Pin options are used). 

2. FSW NUMERICAL SIMULATION 

2.1. Model description 

Licensed Deform 3DTM software for numerical simulation of FSW/FSP plunging and welding stage with the 

Lagrangian Incremental formulation was used. Detailed description of numerical simulation formulation is given 
in [4]. Workpiece with 50x50x2 mm in dimensions was modeled as rigid-perfectly plastic material, the tool with 
shoulder diameter equaled 12.5 mm and pin diameter of 4.2 mm on a tip is rigid, backplate has the similar to 
processed plate dimensions (Fig. 2 ).  

 

Fig. 2  FSW simulation model 

Process parameters such as tool rotation of 710 rpm, feed rate of 400 mm / s, plunging rate equal 8 mm / min, 
tilt angle of 2° and sinking depth of 0.1 mm, were used. Workpiece was realized as a single plate to prevent 
contact instabilities during simulation [4]. Treated plate was meshed with tetrahedral elements with finer 
elements close to the tool (minimum edge element size was 0.4 mm). Tool was also meshed with similar 
elements for thermal analysis. Tree sides of workpiece were fixed to prevent any displacement of the body 
caused by tool rotation. Materials flow stress curves (strain rate 1-100 s-1, temperature range 300-500 °C) and 
thermal characteristics of Aluminum 6082 from Deform 3DTM

 

database was utilized and shown in Fig. 3 . 

No dependence in heat capacity and thermal conductivity from temperature was applied: thermal conductivity 
k = 180 W / (m∙K), heat capacity c = 2.4 N / (mm2∙K). For achieving welding temperature in thin plate convection 
coefficient of 20 W / (m2∙K) was used during simulation. Contact heat transfer coefficient between tool, 
workpiece and backplate equal to 15 kW / (m2∙K) and constant shear frictional factor equal to 0.65 were used. 
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T = 300 °C  T = 400 °C 

T = 450 °C  
 

T = 500 °C  
Fig.  3 Used rheology properties of Al 6082 

2.2  FSW simulation results 

The maximum temperature of about 500 °C was achieved as a result of FSW numerical simulation and shown 
in Fig. 4 . The maximum temperature is located on the top of processed plate just behind the tool pin. It is about 
0.83 times from melting temperature. Non-uniform temperature distribution under the tool was obtained; it is 
related with the contact features: tool shoulder back part gets into contact with workpiece earlier because of 
tool tilt angle; FSW features as retreating and advancing sides (RS and AS respectively). 

 
Fig.  4 Temperature field (cross section view) 

AS RS 
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Non-uniform strain distribution in processed area was observed. Strain profile has also similar V-shape view 
and displacement to AS. Maximum strain intensity was reached on AS, it is equal to 40 and shown in Fig. 5 .  

 

Fig. 5  Strain effective distribution (cross section view behind the pin) 

For validation of the simulation, comparison of the calculated and measured values was made based on 
experiment. K-type thermocouples were placed on the top surface of the welded plates in 8 mm distance from 
the center line. Point P1 is located at AS, P2 - at RS. Experiment shows that the temperature field also 
displaced to AS (Fig. 6 ). The maximum relative deviation (MRD) in the maximum calculated and measured 
temperatures at points P1 and P2 is 4 %.  

According to study [5], the maximum measured temperature on the bottom surface in the center line is 450 °C 
for the similar FSW parameters and material thickness. The actual maximum calculated temperature for bottom 
surface of workpiece is 461 °C (MRD = 2.4 %). 

 

Fig. 6 Measured and calculated temperature during FSW (710 rpm, 400 mm/min of WS) 

3. MICROSTRUCTURE ANALISYS 

Samples processed with the welding speed (WS) of 400 mm/sec and rotation speed of 710, 900, 1120 rpm 
were cut for microstructure analyses. Polished and etched microsections of weld were viewed by optical 

AS RS 
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microscope Carl Zeiss and analyzed using Thixomet® Pro software. Parent metal, thermo-mechanical 
affective zone, stir zone received microstructures are shown on Fig. 7 . 

 

Fig. 7  FSW samples: a) Macrosample of FSWed sample with 710 rpm, WS of 400 mm/sec; b) Microstructure 
of FSW nugget (710 rpm); c) Microstructure of FSW nugget (900 rpm); d) Microstructure of FSW nugget 

(1120 rpm); e) Parent metal 

Grain refinement is observed compared with parent metal caused by the severe plastic deformation. Grain 
size (GS) of base metal was 25 μm. The most grain size refining was noticed in FSW nugget and reached 7.8 
μm treated by schedule with 710 rpm and 400 mm / min of WS. In the rest FSW specimens, GS in the nugget 
was about 11 μm. 

Fig.  8 Hardness test result (710 rpm, WS of 400 mm/min) 
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Hardness test results for the minimum nugget GS sample was made and presented in Fig. 8 . Hardness 
decreasing in HAZ was observed. 

4. CONCLUSION 

Thermo-mechanical numerical simulation of FSW was made. The maximum temperature located just behind 
the tool pin was observed. Strain field is displaced to advancing side and reached a value of 40 mm/mm. 
Numerical model has a good agreement with the experiment in temperature measuring. Accordingly to 
microstructure analysis the minimum achieving grain size in the nugget is 7.8 microns. The maximum relative 
deviation of temperature calculation is 4 %.  
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Abstract 

The ultrafine Cu-3 vol.% Al2O3  and Cu-3 vol.% MgO powders with comparable nanocrystalline structures were 
prepared by thermo-chemical technique and mechanical milling followed by hot extrusion. The study compares 
an influence of the two different oxide dispersoids on strengthening of the copper matrix after thermo-
deformation consolidation of the powders into bulk compacts and annealing of the compacts at elevated 
temperatures. The as-extruded Cu-Al2O3 alloy exhibits a homogeneous, thermal stable nanostructure up to 
900 °C due to the dispersed alumina nano-particles that effectively strengthen crystallite / grain boundaries 
and inhibit grain growth. In the Cu-MgO material, the MgO particles are less efficient barriers against the grain 
growth due to their agglomeration into coarser particles (>50 nm) during the consolidation. A negative role 
here is a weak coherence of particle / matrix interface. The as-extruded Cu - MgO alloy is characterized by a 
bimodal grain size microstructure, a low hardness and it is structurally stable only up to 200 °C due to the 
recrystallization processes. The results indicate that the choice of a suitable dispersoid for the given matrix is 
one of the deciding factors for thermal stabilization of the nano-grains. 

Keywords: Dispersion strengthening, Cu-Al2O3, Cu-MgO, nanostructure, thermal stability 

1.  INTRODUCTION 

Nanostructured materials have a large stored energy due their large grain boundary area and thus tend to be 
unstable with respect to grain growth. The grain growth is significantly facilitated by applying deformation at 
elevated temperatures during preparation or further processing of a nanocrystalline powder into a compact. 
This problem can limit the application of the nanomaterials. Thermal stabilisation of nano-grain can be 
achieved by addition of solute atoms / impurities and / or dispersion of second phase particles. Dispersion 
strengthened materials are superior to precipitation or cold working hardening systems in their microstructural 
stability. The ability to resist grain / subgrain boundaries migration and grain growth as well as to maintain high 
temperature strength is due to direct interaction of the strengthening particles - dispersoids with moving 
dislocations [1, 2]. 

The study compares an influence of the two different oxide dispersoids on strengthening of the copper matrix 
after thermo-deformation consolidation of the Cu-Al2O3 and Cu-MgO powders into bulk compacts and 
annealing of the compacts at elevated temperatures. Nanocrystalline dispersion strengthened copper alloys 
are particularly attractive for high temperature applications in electro-technical industry (spot welding 
electrodes, contacts, switches, etc.). 

2.  EXPERIMENTAL PROCEDURE 

The ultrafine Cu-3 vol.% Al2O3 and Cu-3 vol.% MgO powders were prepared by thermo-chemical 
transformations of precursors and mechanical milling. The preparation methods are documented in detail in 
our reports [3, 4]. The preparation has resulted in the formation of the Cu-Al2O3 and Cu-MgO powders having 
the comparable nanocrystalline structure. 

The consolidation consisted of pressing in the protective atmosphere under a pressure of 150 MPa, sintering 
in H2 at 850 ºC for 0.5 h, forging and subsequent extrusion at 950 °C. 
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Microstructure was characterized by light microscopy, transmission electron microscopy (TEM) with electron 
diffraction from selected area (SAED) and X-ray diffraction (XRD) using Cu Kα radiation. The mean crystallite 
/ grain size D was calculated by applying the well-known Scherrer formula [5] to (111) and (200) diffraction 
peaks, and later verified by TEM observations. Structural stability after 1h annealing of the samples in H2 at 
200 until 900 °C was observed by light microscopy and also it was tested indirectly by means of the Brinell 
hardness measurements. 

3.  RESULTS AND DISCUSSION 

As it results from the XRD analysis of the Cu-Al2O3 alloy, the changes in the mean crystallite size of the powder 
(D111 = 15 nm; D200 = 9 nm) and the compact (D111 = 24 nm; D200 = 31 nm) reveal that the densification at 
950 ºC has resulted in some coarsening but the newly formed grains have remained in the nanometric range. 
A typical TEM microstructure in Fig. 1a  presents the polygon grains having the sizes in the 200-500 nm range. 
The grains are fine fragmented into a cell substructure. The ring-type character of the corresponding SAED 
pattern provides an evidence of the existence of a large-angle misorientation in the fragments. The cell size 
here is in accordance with the crystallite size measured by XRD. The SAED analysis shows that the grains 
are (fcc) Cu and (fcc) γ- Al2O3. The Al2O3 particles ranging between 20-50 nm in diameter are dispersed over 
the whole matrix. Dislocations are present in form of the subgrain / grain boundaries and complex networks.  

 

 

 

 

 

 

 

 

The XRD analysis of Cu-MgO alloy showed that the consolidation process has caused a movement of the 
interfaces and the nanocrystalline powder matrix (D111 = 14 nm; D200 = 10 nm) has changed into the bimodal 
grain size compact matrix (D111 = >150 nm; D200 = 46 nm). The detailed TEM analyses reveal that the 
inhomogeneous microstructure consists of the micrometer-sized grains embedded inside a matrix of 
nanocrystalline / ultrafine grains (Fig. 1b) . The MgO particles size is in the wide range from 15 to 250 nm. The 
very fine particles are at the cell boundaries and inside the grains. The coarse oxides are located mostly at the 
boundaries of larger equilibrium grains and they are in form of the loosely clustered nano-MgO particles or as 
a large globular MgO particle. Phase analysis of the SAED patterns presents (fcc) Cu and (fcc) MgO.  

Structural stability of the both as-extruded materials after 1h annealing in H2 at 200 to 900 °C was tested by 
light microscopy (Fig. 2 ) and also indirectly, by means of the Brinell hardness (Fig. 3) . The Brinell hardness 
test was made by using a 2.5 mm diameter ball and 612.9 N indentation force at a period of 30 s. The Cu-

Fig. 1a TEM Cu-Al2O3 microstructure Fig. 1b TEM Cu-MgO microstructure   

a b 
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MgO composite hardness is only 90 HBW, and falls down above 200 °C as a result of the softening due to the 
recrystallization and abnormal grain growth. Fig. 2a  documents a typical fully recrystallized microstructure. On 
the other hand, the very good initial Cu-Al2O3  hardness of 160 HBW exhibits no / minor hardness changes 
after the annealing and cooling to room  temperature (Fig. 3 ),  thus  suggesting  an  excellent  thermal  stability  
of  the microstructure. The Cu-Al2O3 microstructure after 1h annealing at 900 °C depicted in Fig. 2b  shows 
that in the material have took place recrystallization processes but newly formed grains have remained in ultra-
fine sizes due to the effective Al2O3 dispersoids. 

 

 

Fig. 3 The Brinell hardness versus annealing temperature for the Cu-Al2O3  and Cu-MgO materials 

As can be seen, the hot consolidation of the Cu-Al2O3 and Cu-MgO powders with the comparable 
nanocrystalline structure has resulted in the materials with the different structure. The homogeneous, thermally 
stable structure with the nanometric grain size was formed in the Cu-Al2O3 compact. The Al2O3 nanoparticles 
with a good bond to Cu [6, 7] were uniformly distributed in the powder [8] and they have remained fine and 
dispersed also in the compact. They play a key role in the process of subgrains / grains stabilization at elevated 
temperatures by inhibiting dislocations movements as well as by suppressing diffusion needed for the matrix 
grain growth. The enhanced hardness results here from the nanostructure. In the Cu-MgO compact the 
clustering and subsequent agglomeration of a portion of the originally fine secondary particles [3] into particles 

0

30

60

90

120

150

180

0 200 400 600 800 1000

Temperature (°C)

H
ar

dn
es

s 

Cu-Al2O3 Cu-MgO

Fig.  2 Light micrographs of the as-annealed microstructures: (a) Cu-MgO after annealing at  
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with the size above 50 nm has occurred during the densification. This undesirable clustering is supported by 
a poor Cu / MgO interface bonding strength [9]. The coarse particles do not strengthen the grain boundaries 
what has negatively affected the microstructural evolution and consequently the hardness of the composite. 
Also the dislocations generated by mismatch of the thermal expansion coefficients α at the copper / particle 
interfaces contribute to the matrix strength. The generation of the new dislocations accumulating at the barriers 
- particles can enhance the dislocation density and subsequent re-formation of small crystallite / grains during 
cooling of the composite from the elevated temperature to ambient temperature. From the point of view the 
alumina dispersoid is preferable as MgO one because the ∆α value for the Cu / Al2O3 is sufficient but for the 
Cu / MgO interface is too small [αCu = (17.3 - 20.9)·10-6 K-1, αalumina = (7 - 8)·10-6 K-1 and  
αMgO = (12.0 - 17.3)·10-6 K-1]. 

4. CONCLUSION 

From the study follows that the Al2O3 dispersoids are effective in preventing the crystallite / grain size and 3 
vol.% of alumina uniformly distributed in the Cu matrix is sufficient for strengthening the copper nanostructure 
resulting in an excellent thermal stability of the Cu-Al2O3 alloy. On the other hand, the MgO particles are less 
efficient barriers against the copper grain growth due to their agglomeration into coarser particles (> 50 nm) 
during the hot consolidation of the Cu-MgO powder. The results indicate that the choice of a suitable dispersoid 
for a given matrix is one of the deciding factors for thermal stabilization of the nano-grain. 
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Abstract 

The purpose of this article is to research temperature field during friction stir welding (FSW). Experimental 
FSW of 2 mm sheets was provided for temperature determination. Aluminum alloy AW 6082 was chosen as a 
material for workpieces. Temperature was measured by thermocouples. Influence of the tool rotation speed 
on temperature distribution was estimated using experimental results. An analytical heat source model 
developed before was improved; capability of the model in comparison with experiment was proved. The 
temperature distribution was calculated by means of numerical simulation. The simulation model was 
compared with experimental result. The results of numerical simulation are in good agreement with 
experimental results. Maximum temperature distribution along and across the weld centreline was estimated 
using developed FE-model. 

Keywords: Friction stir welding, FSW, simulation, temperature distribution, aluminum alloys. 

1. INTRODUCTION 

Lightweight materials usage has a lot of potentials for aviation, automobile industry and mechanical 
engineering in order to reduce fuel consumption. Application of new welding methods is necessary to meet 
strength and reliability requirements for structures which are made of lightweight materials. FSW is a new 
method for such materials joints producing. 

The most important problem during FSW process is the non-uniform distribution of the properties in the weld 
area. The temperature is the most significant factor which influences the properties of the produced joint. 
Information about temperature distribution is necessary to predict the joints microstructure, mechanical 
properties of joints and whole structures. 

The aim of this study is to research temperature distribution in FSW joints. The temperature determination is 
possible by using thermocouples but it is difficult to measure temperature in the zone of plastic deformation, 
in particular under the tool shoulder and along the weld centreline. Influence of the rotation speed is estimated 
using experimental results. Numerical simulation enables an additional ability of temperature determination in 
the weld joints including the zone under the tool shoulder and along the weld centreline. 

2. ANALYTICAL HEAT SOURCE MODEL 

An analytical heat source model of FSW [1] was improved by taking into account not only the friction at the 
contact surfaces or close to the contact surfaces under the tool shoulder and at the tool probe sides but also 
the influence of the plastic deformation in the weld nugget on heating of the workpieces. 

Heat generation equation is as follows: 

4321 qqqqqgen +++= ,                                                                                                                             (1) 

where q1 is the heat generation from shoulder, W; q2 is the heat generation from probe side, W; q3 is the heat 
generation from probe tip, W; q4 is the heat generation as a result of plastic deformation, W. 
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Heat generation from shoulder equation is as follows: 

( )( ) ( ) 
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where ω is the angular velocity (rad s-1); Rshoulder  is shoulder radius (m); Rprobe is probe radius (m); µ is the 
friction coefficient, σ is the contact pressures (Pa); σyield is yield stress (Pa); α is shoulder cone angle and δ is 
the contact state variable. 

Heat generation from probe side equation is as follows: 
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where Нprobe is pin length, m. 

Heat generation from probe tip equation is as follows: 
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Heat generation due to plastic deformation ranges from 2 to 20 % [2, 3, 4] and is as follows: 

( )3214 qqqkq ++= ,                                                                                                                                    (5) 

where k is the plastic deformation calibration coefficient ranges from 0.02 to 0.2. 

3. EXPERIMENTAL PROCEDURE 

FSW experiment was performed in Brandenburg University of Technology. Plates made of EN AW 6082 T6 
aluminum alloy with the dimensions 2x400x125 mm were welded with different rotation speed of tool. The tool 
was made of a tool steel, diameter of the shoulder is 12.5 mm and cone angle of shoulder is 3 degrees. The 
probe length is 1.8 mm, diameter of the probe is 4 mm. Plates were placed on backing plate and fixed using 
clamps. The FSW parameters used during experiments are listed in Table 1 . 

Table 1  FSW conditions 

Rotation speed (rpm) Welding speed (mm/min) Axial force (kN) Depth of plunge (mm) Tilt angle (degree) 

710; 1120 400 5 0.1 2 

The temperature was measured by Type K thermocouples placed on both the advancing (AS) and the 
retreating sides (RS) symmetrically relative to the weld centerline. The scheme of the thermocouples positions 
is shown in Fig. 1 . 

Fig. 1  Thermocouples position 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1435 

Temperature cycles during FSW process with 710 rpm and 1120 rpm are shown in Fig. 2  and Fig. 3 
respectively. 

Fig. 2  Temperature cycles during FSW at 710 rpm 

It was noticed that the temperature on the AS and the RS during FSW at 710 rpm was different. The maximum 

temperature of 339 ⁰C was measured on the AS at a distance of 8 mm from the weld centerline and the 

maximum temperature of 313 ⁰C was measured on the RS. 

Fig. 3  Temperature cycles during FSW at 1120 rpm 

The maximum temperature of 363 ⁰C was measured on the both the AS and the RS during FSW at 1120 rpm. 

The maximum temperature growth was about 10% when increasing of the rotation speed was more than 50% 
(from 710 to 1120 rpm). According to Eq. 1 heat generation and temperature should increase in proportion to 
the rotation speed, but it did not occur. The reason for such a small temperature growth is the changing of 
contact state variable δ and yield stress σyield. It was noticed that the temperature difference between the AS 
and the RS decreased with increasing rotation speed. 

4. FINITE ELEMENT SIMULATION OF THERMAL PROCESS 

4.1. FE - simulation 

Simulation was performed using Ansys Version 14 software. The geometric plate model with the dimensions 
of 2x237.6x118.8 mm was built. In the present thermal analysis, the workpiece was meshed using a simplex 
element called SOLID70. A FE-model consisted of 116490 elements and 142188 nodes were generated. Heat 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1436 

source model for simulation is symmetric therefore it is enough to build it only for one sheet. Influence of the 
second sheet was compensated with adiabatic boundary conditions. The geometry of backing plate and 
clamps were not built. Influence of backing plate on the temperature distribution was compensated by means 
of the Newton’s boundary conditions with convection coefficient value of 9·10-4 W/(m2·K). This boundary 
conditions were applied to surface of the sheet to compensate the backing plate contact. Also Newton’s 
boundary conditions with convection coefficient which is shown in Fig. 4  were applied to other sheet surfaces. 

The thermophysical properties of workpiece material used in simulation (thermal conductivity λ, specific 
enthalpy H, convection coefficient hf) are presented in Fig. 4 . 

 

 

 

 

 

 

 

Fig. 4  The thermophysical properties of workpieces material 

Heat generation value used in finite element simulation was calculated using Eq. 1. The contact state variable 
of 0.5 and the plastic deformation coefficient of 0.1 were chosen for the calculations. Simulation was performed 
for rotation speed of 710 rpm. 

4.2. Simulation results 

The maximum temperature distribution at the plate surface along the weld centreline during FSW process is 
presented in Fig. 5 . 

Fig. 5  Maximum temperature distribution along the weld centreline 
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The maximum temperature distribution in front of tool is marked with red line and the maximum temperature 
distribution behind of the tool is marked with blue line. The calculated maximum temperature during FSW 
process of 511 °C presented in Fig. 5  is reached under the tool shoulder just behind the probe. The calculated 
minimum temperature of 304 °C shown in Fig. 5  is reached under the tool shoulder just behind the shoulder. 

The comparison of numerical maximum temperature distribution and measured value at the surface of the 
welded plates across the weld centreline is shown in Fig. 6 . 

Fig. 6  Comparison of numerical maximum temperature distribution and measured value 

The mean deviation at a distance of 8 mm from the weld centerline is 6.2 %. The mean deviation at a distance 
of 10 mm from the weld centerline is 7.8 %. The mean deviation at a distance of 14 mm from the weld centerline 
is 7.3 %. The mean deviation at a distance of 20 mm from the weld centerline is 9.3 %. 

The comparison of calculated and measured temperature cycles at the surface of the welded plates across 
the weld centreline is shown in Fig. 7 . 

Fig. 7  Comparison of calculated and measured temperature cycles 

The simulation results are in good agreement with experimental results. There is visible deviation in the range 
below 100 °C. The absolute deviation in this area is about 20 °C therefore this deviation is negligible. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1438 

5. CONCLUSIONS 

The temperature on the AS and the RS during FSW is different. This temperature difference between the AS 
and the RS decreases with the increasing of the rotation speed. The maximum temperature growth is about 
10 % when increasing of the rotation speed is more than 50 % (from 710 to 1120 rpm). The reason for such a 
small temperature growth is the changing of contact state variable δ and yield stress σyield. The maximum 
temperature of 511 °C is reached under the tool shoulder just behind the probe during FSW process with the 
rotation speed of 710 rpm. The minimum temperature of 304 °C is reached under the tool shoulder just behind 
the shoulder during FSW process with the same rotation speed. 
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Abstract 

Jet cooling is used in many industrial applications. A typical application is the ingot casting process. Cooling 
water flows into a mold, where it is distributed through a system of channels into holes that are spaced very 
closely together. For better homogenization, the water flows from the leading edge and then impacts the 
surface of an aluminum ingot [1]. To obtain realistic results from numerical simulations, it is necessary to know 
the boundary conditions for each cooling scenario. It is not possible to use analytic solutions or multiphysics 
simulation software to obtain realistic heat transfer coefficient (HTC) curves which represent the cooling 
intensity. Boundary conditions can be obtained by experimentally reproducing the same conditions in the 
laboratory and measuring temperature dependence over time. Evaluating the data is done using the inverse 
task, which calculates the surface temperature and HTC. Temperatures are measured using shielded 
thermocouples which are installed very close to the sample surface. The final goal of this work is to 
experimentally investigate the cooling intensity during the casting process of ingots. Two types of cooling 
regime - continuous and pulse and changing the amount of cooling water were studied. The HTC curves from 
the calculated surface temperature data are used as boundary conditions for a numerical model which can 
simulate temperature distribution inside the ingot during the cooling process. 

Keywords: Aluminum casting process, heat transfer coefficient, inverse task, thermocouples 

1. INTRODUCTION 

One of the most important considerations during the aluminum casting process is the capability of attaining 
defect-free ingots. The major influence on defect generation has a superheat extraction from the incoming 
liquid metal by the secondary water-cooling system due to direct water impingement on the ingot surface; 
typically, more than 80 % of the total heat is removed this way under steady-state conditions [2]. The casting 
process has two distinct stages - start-up and steady state. Considerable attention should be paid to the initial 
start-up stage, where defects are most likely to be initiated. Issues which reduce ingots quality include hot 
tearing, cold cracking and the butt curl effect caused by thermal stress generated during the transient start-up 
phase [3]. In order to avoid the appearance of structural defects in aluminum alloys ingots should be cooled 
with a low intensity. Decreasing at continuous regime can be achieved just by the reducing water flow rate. 
But to ensure the proper mold cooling function during the casting process the water flow rate can't be reduces 
below a certain minimum value. In other case cooling intensity will be non-uniform. Due to this the pulse 
cooling, which can decrease the cooling intensity in impingement zone (IZ) without reducing the water flow 
rate within the mold, is preferable in this casting phase. A solution is to find the optimal synergy of all main 
technological parameters (metal pouring temperature, casting speed, cooling regimes - continuous or pulse, 
and alloy composition) with the knowledge of the desired cooling intensity through a numerical simulation. A 
numerical model which can predict temperature distribution during the casting process should be based on 
boundary conditions reproducing a real cooling scenario. There is no available function which accurately 
describes cooling intensity using all of the aforementioned parameters, and so real measurement is the only 
way to determinate the cooling intensity [4]. Due to this fact, unique techniques utilizing the inverse 
computation of the HTC using a two dimensional transient model was developed in the Heat Transfer and 
Fluid Flow Laboratory (HeatLab), at Brno University of Technology. 
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2. DESIGN OF THE EXPERIMENTS 

The goal of the experimental measurement was to reproduce real casting conditions in the laboratory and 
show the influence of parameters on cooling intensity which are typically used in casting plants, including: 
water flow rate, cooling regime (continuous or pulse) and on/off time for pulsating water. The experimental rig 
is illustrated in Fig. 1 . It consists of a test sample with built-in thermocouples which is heated to approx. 475 
°C. Cooling is performed with a mold segment positioned in front of the sample. The flow rate is adjusted to 
the desired values (from 5 l/min to 15 l/min) with the help of a control valve and flow meter. A pulsation unit is 
used for pulse cooling, along with a pneumatic valve for switching between two ducts a) and b) (see Fig. 1 ) 
and to deliver on/off water pulses. All pulse periods last for 1.5 sec and can be programmed via PC. The 
readings from the embedded thermocouples were recorded by a data acquisition unit to a PC with a frequency 
of 100 Hz. 

 

(a) All components 
 

(b) Position of the thermocouple due to the 
water flow 

Fig. 1 Experimental rig 

1. Tank with cooling water. 2. Electric motor with hydro-generator. 3. Valve (providing pulse cooling). 
4. Valve pulse controlling connection. 5. Flow meter. 6. Thermocouple for cooling water temperature 

measurement. 7. Mold segment. 8. Test sample. 9. Thermocouples for data collection from sample. 10. Tank 
for used water. 11. Data acquisition system. 12. Computer 

Table 1 Experiments setup 

Continuous Cooling Pulse Cooling 

Experiment Flow rate [l⋅min-1] 
 

Experiment Flow rate [l⋅min-1] ON time [s] OFF time [s] 

E1 5.79  E5 5.94 0.6 0.9 

E2 6.42  E6 5.94 0.9 0.6 

E3 10.7  E7 6.42 0.9 0.6 

E4 14.98  E8 6.38 1.35 0.15 

2.1. The experimental device 

1. 

2. 

3. 

4. 

5. 

6. 7. 8. 

9. 
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The design's main function is to ensure that the position of the mold and the sample during measurement is 
as it would be during the real casting process. The design allows for the vertical position of the sample to be 
changed before experiment by raising or lowering it, thus changing the IZ position of the thermocouples. Due 
to this change the place of impingement zone on the sample surface. The experimental procedure is as follows 
and is illustrated in Fig. 2 : The sample was placed into a furnace to warm it to a temperature of 475 °C. Next, 
data recording was started at the computer, the desired water flow rate was set (if pulse cooling was required, 
the periods of pulses were set as well) and the sample was placed in the cooling position. The last step was 
to let water impact the sample surface by removing the deflector. 

 

 

(a) Heating position  

 

(b) Preparation position 
before cooling 

 

(c) Cooling position 

Fig. 2 Experimental device 

2.2. Design of the sample 

The aluminum sample had a machined surface with a height of 200 mm and thickness of 20 mm. It was 
equipped with 10 shielded, ungrounded, K-type thermocouples with a diameter of 1 mm. Holes for 
thermocouples were drilled from the side surface of the sample parallel to the horizontal axis at a distance of 
3 mm from the cooling surface. The distance between thermocouples was equal to 10 mm. First, two 
thermocouples were placed above the impingement zone, the axis of the third thermocouple coincided with 
the IZ and the rest of the thermocouples were placed under the IZ (see Fig. 1b ). 

2.3. Calculating of boundary conditions 

Measured data in the form of temperature dependence on time was taken as inputs for the calculation of the 
temperature dependent boundary conditions (HTC on the surface temperature). The inverse heat conduction 
problem (IHCP) based on a modified 2D method of Beck’s sequential approach was used for solving. The two-
dimensional model was used because the high thermal conductivity of aluminum leads generates large lateral 
heat fluxes in the material during the cooling process which must be accounted for. The basic idea of the 
sequential approach was to solve the entire task step by step in time [5, 6]. First, the sum of squares error was 
computed using f future time steps when the measured temperatures Ti

* are compared with the computed 
temperatures Ti at the current time m: 
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Temperatures Ti are temperatures calculated by direct calculation for a constant heat flux. Then, the surface 
heat flux q at time m was calculated by minimizing equation (1) using the linear minimization theory 
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where 0=mT qi  are the temperatures of the thermocouples, which have been embedded in the test sample, 

and computed from the forward solver using all previously computed heat fluxes without qm. ζi is the sensitivity 
coefficient at time index i to the heat flux pulse at time m. These sensitivity coefficients physically indicate an 
increase of the temperature in the thermocouple per unit of heat flux at the surface. The heat transfer coefficient 

can be computed when surface temperatures 
mT0  and surface heat fluxes qm are known. 
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mT∞  is ambient temperature. 

3. RESULTS OF THE JET COOLING INTENSITY MEASUREMENT S 

The following charts were calculated via the model which is described in the previous section. All obtained 
boundary conditions had been verified using the commercial software ANSYS 15.0. These HTC curves were 
used as boundary conditions for cooling. This data aligns to measured temperatures quite well. All deviations 
are within acceptable values. 

 

 

(a) 0 mm from IZ 

 

(b) 20 mm from IZ 

 

(c) 30 mm from IZ 

 

(d) 50 mm from IZ 

Fig. 3 Influence of distance from IZ on the HTC curves for continuous cooling experiments 
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The HTC loops were formed during pulse cooling as a result of switching between time periods with and without 
cooling. These loops cannot be described by mathematical functions and therefore were averaged according 
to the following equation (4). The following four charts in Fig. 4  are average values of relative HTC. 

n

HTC

HTC

nt

ti
i

ave

∑
+

==   (4) 

Where t is the time index for the beginning of a pulse and n is the sample number collected in one pulse. The 
time period of each pulse is 1.5 sec and the sampling frequency during the experiments was 100 Hz, as 
described in the beginning of section 2. 

 

 

(a) 0 mm from IZ 

 

(b) 20 mm from IZ 

 

(c) 30 mm from IZ 

 

(d) 50 mm from IZ 

Fig. 4 Influence of distance from IZ on the HTC curves for pulse cooling experiments 

4. ANALYSIS OF THE RESULTS 

One important property of aluminum is its high thermal conductivity. Due to this fact, it is capable of supplying 
the surface layer with sufficient heat energy by internal and lateral heat fluxes. Therefore the vapor layer can 
resist the water flow much longer (see Figs. 3  and 4). 

Figs. 3  and 4 show that the HTC curves have two modes. In the first mode (see Fig. 3a , 3b, 4a and 4b), with 
a distance within 20 mm from the IZ, there is not a visible Leidenfrost point neither film boiling regime. The 
kinetic energy of the water flow has enough energy to break through the vapor layer immediately after it hits 
the sample surface. In the second mode (see Fig. 3c , 3d, 4c and 4d), with a distance of 30 mm and further 
from the IZ, the water flow is separated from the surface by the steam layer, which acts as insulation. Above 
the Leidenfrost temperature (about 320 °C), the HTC is close to zero compared to maximum values. 
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During the experiments were observed an unstable behavior of the water stream for a very short period of 
time. This effect was occurred at the moment when water impacts the sample. Due to this fact is the maximum 
of average HTC located between 0 mm and 10 mm from the IZ (see Fig. 5 ). 

 

(a) Continuous cooling 

 

(b) Pulse cooling 

Fig. 5 Variation of average HTC [%] for different distance from IZ and different types of cooling 

When comparing both cooling types (see Fig. 5 ) it is clear that pulse cooling has a lower intensity. For the 
start-up phase of the casting process this cooling type is more suitable because it generates less thermal shell 
strain. 

5. CONCLUSION 

This article summarizes the results from an experimental determination of heat transfer coefficient. It also 
compares the influence of two different types of cooling, pulsation and continuous, on cooling intensity. During 
this work was established that a pulsing cooling regime of ingots provides a lower intensity. At pulse cooling 
regime the lowest HTC were received when the period of cooling (ON time) was the shortest and not-cooling 
period (OFF time) was the longest. This cooling type is more suitable for the start-up phase of the casting 
process because it generates less thermal shell strains. 
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Abstract   

Mechanochemical processing route appears to be an advanced technique for synthesis of nanosized materials 
of composite type. The work is focused on the synthesis of Nb-Nb3Al/Al2O3 composite by mechanical alloying 
(MA). For these purposes, a mixture of niobium (V) oxide and pure aluminum powders was subjected to high 
energy ball milling. The structural and phase analyses of powder particles before and after milling for different 
times was conducted by scanning electron microscopy (SEM) and X-ray diffractometry (XRD). Thermal 
properties were detected by using differential scanning calorimetry (DSC). Formation of the Nb/Nb3Al 
nanocomposite was proved, as a side effect of the reactions almost alumina matrix was formed during 
mechanochemical reaction for the Nb2O5 / Al ratio used. 

Keywords: Mechanical alloying, mechanochemical synthesis, intermetallics, niobium aluminate. 

1. INTRODUCTION 

Composites are an important group of engineering materials that contain a combination of two or more different 
materials with a clear interface between them [1]. They are typical by dispersion of reinforcement phase in a 
matrix phase; the reinforcement can be of different shape and dimension mostly in the form of a particulates, 
short (chopped) fibres, or continuous fibres. Composites exhibit properties that are an average of the matrix 
and reinforcement properties according to rule of mixture [2], e.g. typically for Young’s modulus, hardness or 
strength. But thanks to synergy of different reinforcing and toughening mechanisms they may possess 
extraordinary enhancement of selected properties, e.g. fracture resistance. In such a case the key role is seen 
in a well-defined interface properties between the matrix and the reinforcement phases in addition to controlled 
thermal expansion coefficient and elastic properties of both the reinforcement and the matrix. 

Aluminum based alloys are widely used as aerospace and automotive components, because of their high 
specific strength, stiffness and good formability. A sintering technology of aluminum alloys powder has been 
considered to be a low cost manufacturing process for light weight parts and other light weight applications 
[3,4]. Thanks to their attractive mechanical properties the lower density aluminum alloys and their composites 
prepared by powder metallurgy route appear to be important candidate materials for applications and 
sinterability conditions of aluminum composites powder. Sintering of aluminum powder has difficulty to wet 
with another particle due to its oxide layer, Al2O3. The thickness of this oxide layer can be up to 100 nm. High 
melting point of Al2O3 hinders diffusivity of aluminum during sintering. So approaches must be investigated 
how to remove this oxide layer during sintering and/or exploit the oxides for properties improvement e.g. by 
formation of oxide nanoparticles dispersion inside the aluminum grains. Magnesium is considered to be an 
agent to remove oxide layer due to its reactive behaviour at lower temperature to form spinel, MgAl2O4 [5]. 
Another way is seen in intermetallic phase formation inside the metallic matrix that could bring both the 
strengthening and fracture resistance enhancement of the aluminum alloy. 

Among intermetallic compounds, niobium aluminides appears to be one of potential solution [6]. The Nb-Al 
phase diagram shows that the Nb(Al)ss solid solution phase is extensive and the other two intermetallic phases 
are stable under high temperature even above 1000 °C, besides, the stoichiometric Nb3Al phase only exists 
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at high temperature in equilibrium. With temperature falling, the composition of the Nb3Al deviates from the 
stoichiometric ratio, which results in Tc declining [7].  

Mechanochemical activation as a type of in-situ method is a solid state powder processing which induces 
chemical reactions in a mixture of as-received powders at room temperature or at least at temperatures 
comparably lower than standard sintering ones. An increase in the kinetic of reactions during high energy ball 
milling can be a result of microstructural refinement, repeated cold intensive deformation and fracture of 
particles [8]. The mechanochemical technique has been widely used to fabricate interpenetrating phase 
composites with nanosized microstructures. A mechanochemical was process proposed by Iizumi et al. [9]. 

This work is focused on mechanochemical reactions in Nb2O5 / Al composite system. The work could show 
whether there is any possibility for formation of intermetallic phase of the type Nb3Al that could be further used 
for reinforcement of the aluminum matrix. 

2. EXPERIMENTAL 

Mixtures of pure aluminum (particle size 45±20 µm, GTV) and niobium (V) oxide (purity 99.9 %, particle size 
44 µm, Aldrich) in the stoichiometric ratio of 25 wt.% Al were used as initial materials. Fig. 1 shows the 
morphology of the as received powders. Al powder has an accidental morphology while Nb2O5 spongy. 

  

Fig. 1  SEM morphology of as received powders: (a) Al; (b) Nb2O5 

Milling was carried out at room temperature using a high-energy planetary ball mill (Fritch Pulverisette 6). High 
chromium-carbon hardened steel vial containing the powders and balls (of 15 mm in diameter) is fixed onto a 
rotating disc and rotates in the opposite direction to that of the larger platform. The rotation speed of the vial 
and platform were fixed at 300 rpm. The mass of powder charge was 15 g and the weight ratio between steel 
balls and powder charge was controlled about 15:1 in all cases. The powder sample and milling balls were 
loaded into the vial, which was filled with Ar gas to avoid powder surface contamination. No process control 
agent (PCA) was used during milling. 

Phase transformation and mean crystallite size during milling were determined by X-ray diffraction method 
(XRD) in a Philips X´PERT diffractometer using filtered Co Kα radiation (λ = 0.1790307 nm). The morphology 

of milled powder particles was examined by scanning electron microscopy (SEM) using ZEISS Ultra Plus 
electron microscope.  

Thermal behaviour was studied by differential scanning calorimetry (DSC) using Setsys Evolution calorimeter 
from Setaram. The powder samples were placed in a crucible and heated in dynamic Ar atmosphere up to 

1200 °C at a rate of 10 K⋅min-1. The heating of the samples was conducted in Ar atmosphere. 

(a) (b) 
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3. RESULTS AND DISCUSSION 

3.1. XRD analysis and crystallite size 

XRD analysis enabled Nb2O5 to investigate the effect of ball milling time on the phases formation. 25 wt.% 
aluminum and 75 wt.% Nb2O5 powders were mixed as stoichiometric mixture to produce Nb - 38 wt.% Nb3Al 
nanocomposite. Fig. 2  shows the XRD patterns of powder mixture after different milling times. The diffraction 
patterns of initial powder mixture show several peaks corresponding to Al and Nb2O5. As can be seen, XRD 
patterns of powder mixture after 2 h of milling time disappear due to the reaction between Nb2O5 and Al. But 
remainder of pure Al is expected to be present in the composite mixtures. Note, that there may be overlapping 
of Nb and Al diffraction lines. There has been a displacement reaction during ball milling with niobium (V) 
oxide. At longer milling times the activation energy required for reaction between Nb2O5 and Al is provided 
through mechanical activation and this reaction occurs. So, after 12 h of milling time the Nb3Al and Nb peaks 
are presented in the XRD pattern. 

 

Fig. 2 XRD patterns of Al - Nb2O5 powder mixture after 0, 2, 5 and 12 h of milling 

Except for unreacted Nb there are also present Al, Nb3Al and Al2O3 In the mixture. From the diffraction pattern 
is not easily identifiable signals of the separate phases but this follows from the mass balance of reaction 
products. Phase Nb3Al was formed by reaction between free Nb and Al. Free Al stayed in the structure due to 
still unreacted powder.  

Ball milling for 12 h led to broadening of Nb diffraction peaks evidencing crystallite refinement - decrease of 
crystallite size. The crystallite size of Nb for different milling time is presented in Table 1 .The crystallite 
refinement is caused by severe plastic deformation of powder particles due to impact force of colliding balls 
during milling process.   

Table 1 Crystallite size of Nb after different milling time. 

Milling time Crystallite size [nm] 
2 11 

12 3.5 

3.2. Powder  morphology analysis 

The changes in morphology of powder particles during milling process are shown in the following Fig. 3 .  
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Fig. 3(a)  shows the as-blended powder mixture. The morphology of particles is consisting of Al and Nb2O5. 
After 2 hrs of milling (Fig. 3(b) ) the powder particles are composed of cold welded small units. The powder 
particles became spherical due to the gradually repeated cold welding, fracturing and severe plastic 
deformation. The particle size decreases with increasing milling time because the powders are crushed by the 
collision between the powder and the milling media. But, after 12 h of milling time, as shown in Fig. 3(d) , the 
particle size increased because of extensive the reaction between Al and Nb2O5. This reaction is in fact of 
exothermic nature and thus increases the temperature locally and causes the particle size to grow. 

  

  

Fig. 3 SEM images of the Al - Nb2O5 powders after: (a) 0 h; (b) 2 h; (c) 5 h and (d) 12 h of milling 
times 

3.3. Thermal analysis 

DSC technique was used to detect the phase transformations in the samples. The effect of milling time on the 
reaction between aluminum and niobium (V) oxide was carried out. 

As observed in Fig. 4  for the initial Al/Nb2O5 powder mixture (0 h of milling - red line), four peaks appear in 
DSC curve. As can be seen, the first peak is an endothermic reaction which corresponds to the melting point 
of pure aluminum. The other peaks that are seen on the DSC curve are the exothermic peaks at 909, 953 and 
993 °C. These three exothermic peaks may correspond to the reduction of Nb2O5 by Al and subsequent 
formation of the intermediate niobium oxides during the reaction [10]. After 2 h of milling (green line) no peaks 
are observable. The structure is formed by Nb in alumina matrix that are stable up to 1200 °C according to this 
measurement. Only further ball milling induces mechanochemical reaction leading to Nb3Al phase formation. 
After 12 h of milling (blue line on DSC diagram) one exothermic peak can be observed. The exothermic peak 
in the range of 767 to 852 °C can be assigned to intermediate phase from free Nb and further intermetallic 
Nb3Al formation.  

(a) (b) 

(c) (d) 
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Fig. 4 The DSC analysis (at 1200 °C) of Al/Nb2O5 system after different milling time 

4. CONCLUSION 

Formation of Nb3Al nanostructured phase during mechanochemical reaction was investigated. Mechanical ball 
milling has been found to be a process applicable for producing this phase. XRD analyses showed that during 
milling (2 to 5 h) there is only exchange reaction between Al and Nb2O5 resulting in formation of Al2O3 and Nb. 
After 12 hours of milling only the intermetallic phase Nb3Al was formed. Crystallite size decreased with 
increasing milling time. From the analysis of morphology it is evident that particle size is reduced during milling. 
But, in case of milling for 12 h the particle size was again increased. This was caused by the exothermic 
reaction between the products of previous stages of ball milling. It was also deducted from the calorimetric 
studies that the as-blended powder showed reduction of Nb2O5 to intermediate niobium oxides at higher 
temperatures. After 12 h of milling time DSC curve showed formation of intermediate phases and intermetallic 
Nb3Al. 
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Abstract  

Materials for long term implants must be highly corrosion resistant. Corrosion resistance of surface is closely 
connected to biocompatibility of particular application. Surfaces of implants can also be treated for specific 
biological reaction of organism. The article is focused on corrosion properties of porous titanium with different 
level of porosity. This material was created by sintering titanium powder with different fraction of sodium 
chloride. Porous surface on implants from such material ensure high level of osteointegration of the implant 
into bone. The surface of the implant can be also treated additionally and this material is common for 
manufacturing of long term implants. Electrochemical corrosion behaviour of this material was tested and 
observed. Isotonic solution was used for these particular measurements. Open circuit (corrosion) potentials 
were found, corrosion rate and polarization resistance values were determined. Pitting potentials of 
depassivation and repassivation were also measured. Effect of porosity on corrosion properties was compared 
and discussed. Surfaces of samples were observed by light and electron microscopy before and after testing. 
EDS microanalysis were made on surface of tested samples and inside of corrosion pits.  

Keywords:  Porous titanium, biocompatibility, implants, electrochemical corrosion, polarization test 

1. INTRODUCTION 

Metallic materials are still most common used materials in fields like surgery, implantology and other specific 
medical disciplines. Especially a unique combination of mechanical properties makes metallic materials only 
suitable for constructing most of medical instruments or applications. For most stressed parts of implants like 
artificial joint head only high strength materials (Co-Cr alloys) can be used, but on the other hand for less 
stressed parts of implant like temporary support or stabilizers even special polymers can be applied [1, 2].  

Usability of biomaterial is determined by its biocompatibility, which is closely connected to corrosion properties 
of specific biomaterial. If material is corroded during his contact with an organism, corrosion products are 
released into organism tissues. If these products are toxic or became toxic after reaction with organisms 
environment, they can cause pathological changes of different organism tissues. In this case material corrosion 
properties must be improved by surface treatment, unless this material can’t be used in implantology because 
of high risk of allergies or other diseases [1, 3]. On the other hand there are applications where corrosion 
damage of material is acceptable or even required. These materials are used for construction of applications, 
which don’t have to be removed. Material of application is degraded and metabolized by organism during his 
lifetime. According to interaction of material and body environment is this sort of materials called bioactive [3]. 

Long term implant application requires high corrosion resistance and higher strength for its proper function. 
Also specific interaction between implant surface and surrounding tissues is necessary for fixation of 
application. For this case implants from bio-inert material covered by bioactive layer started to be used. As a 
reason of significant difference between mechanical properties (Young modulus and tensile strength) of 
material used for implant construction and surrounding tissue, connection between implant surface and tissue 
cells can be disrupted or damaged in case of extreme mechanical loading of implant. It leads to functionality 
decrease of whole application [4]. Materials with mechanical properties close to tissue properties were 
developed during last couple decades. These materials can also have different porosity level in cross-section; 
core of material with low porosity level and high Young modulus is surrounded by material with higher porosity 
level and lower elastic modulus. Whole application manufactured from this kind of material is rigid enough  to 
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carry all mechanical load without failure but the connection between material and surrounded tissues is stable 
and effective [5, 9].  

Porosity of material can negatively affect corrosion resistance of material, which can be easily degraded by 
aggressive corrosion environment of organism. Especially risk of crevice corrosion is increased as a reason of 
pores geometry. Residues of pore forming agent can also negatively affect localized corrosion resistance, 
which is typical for non-noble metallic materials protected by corrosion resistant passive layer [6]. The aim of 
this present research is to compare corrosion characteristics sintered titanium material with different level of 
controlled porosity. Specimen without addition of pore forming agent was also tested for corrosion resistance. 
Relation between corrosion resistance and porosity was studied in this paper. There are corrosion properties 
of porous titanium and other titanium alloy (Ti6Al4V) compared in this paper. Ti6Al4V is also commonly used 
in implantology or for other medicinal purposes.  

2. MATERIALS AND METHODS 

Titanium with controlled porosity level was used for corrosion testing. Titanium sponge with a purity of 99.99% 
was crushed in ball mill to achieve particles of proper fraction. These particles were mixed with sodium chloride 
in specific ratio - addition 0 %, 10 %, 15 % and 25 % of pore forming agent was realized. After that specimens 
were stamped and pore forming agent were discharged in hot water. In the end samples were sintered in 
evacuated chamber. Details of manufacturing process were published earlier in [7].  

For corrosion tests special samples were prepared. Small discs (dimensions 13 x 5 mm) were cut from sintered 
specimens. These discs were soldered to isolated copper wire and mounted by resin. After that front side of 
mounted sample were grinded on abrasive SiC papers of different grain sizes (120-250-500-800 and 1200) 
for proper surface state without any deep scratches. No polishing or etching was applied. Structure of tested 
samples can be seen in Fig. 1 . Weight ratio of pore forming agent in each sample is demonstrated in Table 1 . 

Table 1 Weight ration of pore forming agent 

Sample number  Ti-1 Ti-2 Ti-3 Ti-4 

Structure ration of pore 
forming agent (wt. %) 

0 10 15 25 

For corrosion testing isotonic solution was used. This solution can simulate body environment and contains 
0.9 wt.% of NaCl. All corrosion measurements were performed according to ASTM F 2129 standard [8]. 
Solution was tempered to 37±1 °C during all measurements. Capacity of glass corrosion cell was 1000 ml of 
corrosion solution. Main equipment used for this experiment was potentiostat Voltalab PGZ 100 and software 
Voltamaster 10. Before experiments the samples were connected to potentiostat as a working electrode. 
Saturated calomel electrode (SCE) served as a reference electrode. In the end the platinised titanium counter 
electrode with surface a larger then 10 cm2 was fixed to create consistent electric field around working 
electrode. Samples were immersed in saline electrolyte for 1 hour to establish a corrosion potential. After that 
interval corrosion potentials were measured. During next step pitting or crevice corrosion was initiated and 
simulated by linear polarizing of sample to potential much more noble values than corrosion potential. 
Polarization scan rate was 1.0 mV/s. During this polarization pitting or crevice corrosion is marked by general 
and large increase of current density. When current density increased to value 2.0 mA/cm2, reverse 
polarization of sample has started. Experiment was finished when current density decreased to -0.10 mA/cm2 
or potential reached starting value. After corrosion tests the samples surfaces were observed by light and 
electron microscopy.   
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Fig. 1 A - structure of sample Ti1; B - structure of sample Ti2; C - structure of sample Ti3;  
D - structure of sample Ti4  

3. RESULTS AND DISCUSSION 

The main result of experiment is a polarization curve for each sample. From this curve certain corrosion 
properties can be determined. Corrosion potential, corrosion rate and polarization resistance were determined 
by Taffel and Stern methods and results are demonstrated in Table 2 . Potentials of depassivation and 
repassivation (Edep, Erep) were found out by intersection method (extrapolation of polarization curve and its 
intersection with X axis). Also conventional method were used: the values of depassivation potential were 
found by polarization curve where the current density reaches the value of 10-4 A/cm2 and potential of 
repassivation was found on curve when current density decreases to 10-5 A/cm2. These results are compared 
in Table 3 .  

Note: Size of exposed surface was calculated for nominal diameter 13 mm. But the size of exposed surface is 
also affected by porosity of the sample. With increasing porosity real size of exposed surface is also growing, 
but the current density was defined for nominal size of surface, which was calculated for nominal diameter of 
the samples. The deviation or variance of measurement could be increased with increasing of porosity.  

 

 

Table 2 Chosen corrosion properties of tested materials 
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Sample  
Corrosion potential          
Ecor (mV) vs. SCE 

Corrosion rate   
rc (nm/year) 

Polarization resistance               
Rp (kΩ/cm2) 

Ti-1 -457 -450 16750 20 21 

Ti-2 -302 -307 2 7410 6820 

Ti-3 -281 -272 2 79750 72330 

Ti-4 -264 -264 3 153000 179000 

Ti6Al4V -518 -519 1131 104 106 

Table 3 Characteristic (pitting) potentials of tested materials 

Sample 
Potential  values (mV), SCE 

Edep Edep-con Erep Erep-con 

Ti-1 2200 2150 2740 2720 

Ti-2 1410 1390 1750 1800 

Ti-3 1360 1290 1450 1480 

Ti-4 1380 1350 1510 1490 

Ti6Al4V 1790 1820 1650 1730 

Just for comparison corrosion properties of Ti6Al4V alloy, which is commonly used for implant manufacturing, 
were added into previous tables. The surface of sample from this alloy was prepared by the same way as 
porous titanium samples. Also corrosion behavior was tested by the same methods as porous titanium 
samples. Comparison of polarization curves for sample Ti-1 and Ti-4 is demonstrated in Fig. 2 . 

 

Fig. 2 Polarization curves for samples Ti-1 and Ti-4 

Similar curves were registered for other samples. (Other curves are “hidden” for better lucidity in the figure). 
The difference between values of corrosion potential and potential of depassivation or repassivation are clearly 
visible. Potentials of repassivation were higher than potentials of depassivation. This was probably affected by 
polluted surface of sintered titanium particles-during corrosion were the particles of pollutant corroded and 
during reversed polarization uncontaminated surface were repassivated easily. Also sample Ti-1 have lower 
corrosion potential and highest corrosion rate. On the other hand potential of repassivation was highest for this 
sample; it means that this sample is most pitting corrosion resistive. Samples with addition of pore forming 
agent have higher (more noble) corrosion potential and also their corrosion rate was significantly lower. On 

2 
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the other hand their pitting corrosion resistance was inferior. Corrosion pits were observed especially on 
surface of sample Ti-1, where the porosity was least and pitting corrosion was preferred. On the surface of 
samples Ti-2 - Ti-4 marks of crevice were also observed. Character and shape of polarization curves indicated 
crevice corrosion as well. Because of that, common level of smoothing was applied on corrosion curves. During 
polarization color of exposed surface was changed completely (golden shade). Complex oxides with different 
chemical composition or crystallographic modification were formed on the surface of titanium material in 
relation to applied potential-shade of oxide layer was determined by applied potential and time of exploitation. 
Character of corrosion pit and shade of oxide layer on the sample Ti-1 surface is shown in Fig. 3 . 

Fig. 3 Corrosion pit on surface of sample 1 observed by A light microscopy; B electron microscopy 

In Fig. 3  B are also marked areas (points 1, 2, 3) where EDS analysis was used for identification of approx. 
chemical composition of each area. Different chemical composition is clearly visible due to material contrast. 
Chemical composition of each area is shown Table 4 .  

Table 4 Chemical composition of selected areas from Fig. 3 B 

Area 
Chemical composition of each area (at.%) 

O Na Si Cl Ca Ti 
1 39.88 24.53 0.19 14.16 1.81 19.44 
2 25.10 37.12 0.23 22.27 1.77 13.51 
3 55.03 0.56 n 13.97 7.85 22.58 

EDS analyses of area 1 and 2 denotes, that particles at the bottom of the corrosion pits were formed during 
corrosion by interaction of material with corrosive solution (particles are rich for elements from physiological 
solution). Surrounding area of corrosion pit contains mainly oxidized base material with addition of elements 
from solution.   

4.  CONCLUSIONS 

In this article porous titanium materials with different fraction of pore forming agent were tested for pitting or 
crevice corrosion by ASTM F2129 standard. Corrosion properties like values of corrosion potentials or 
corrosion rates were determined. Also potentials of depassivation and repassivation were found out during 
measurements. It was proved that addition of pore forming agent slightly decrease pitting or crevice corrosion 
resistance but relation between amount of this agent and pitting or crevice corrosion resistance wasn’t found 
out. Corrosion properties of porous titanium were compared with Ti6Al4V alloy as well. Character of corrosion 
damage was observed by light and electron microscopy and EDS analysis was used for specification of 
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corrosion products. Feature research will be focused on in vitro and in vivo testing of bioactivity of this 
advanced material.  
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Abstract 

Study of structural and mechanical physical properties of metal powders is important considering the 
processes in powder metallurgy. The procedural behavior of copper, iron and aluminum powders depends on 
many parameters. Therefore metal powders are most thoroughly characterized with size, shape and 
distribution of particles. In this research work the attention is paid not only to properties of individual particles, 
but also their collective, volume mechanical and physical quantities such as flowability, aeration of powders or 
compression. For the samples of copper, iron and aluminum powder has been determined particle size 
distribution, particles shape and surface topography of the sample using the EDF Z profile (extended depth of 
field) in connection with their mechanical and physical properties. The smooth, spherical aluminum particles 
show without one degree, the angle of internal friction so called "Ideal bulk material", unlike the iron powder 
with grains of rugged structure with internal friction angle of 43°. These way defined Fe particles with distinct 
ruggedness of surface show a low degree of compressibility or any other method of formation. In the field of 
aeration it is difficult fluidisable powder. This demonstrates not only the material classification into group B 
according to Geldart, but also the aeration test result itself. 3D microscopic evaluation of copper powder 
particles shape has been defined as micro leaf-shaped. The Cu sample corresponds with pronounced 
compressibility 4.6%. 

Keywords: Metal powders, particle shape, angle of internal friction 

1. INTRODUCTION 

Metal powders are basic materials for powder metallurgy. Powder metallurgy is a progressive technology for 
the manufacture of structural and functional materials, and its benefits include a better use of the incoming 
materials and hence, production cost reduction. Metal powders find use in the manufacture of materials, e.g., 
for electrical engineering (magnetic materials, hard-melting metals, contact materials) [1], optoelectronics, 
catalysis [2] and biosensors [3]. 

A metal powder can be defined as a crystalline substance with a tight arrangement of the building units (high 
coordination number) and with typical physical properties which are frequently governed by the nature of the 
bonds between the atoms in the crystalline metal powders. The bonds between the atoms in the metal powder 
crystals have neither a directional nature nor multiplicity (multiple covalent bonds). The bonds in metal powders 
can be looked upon as an extreme case of a delocalized covalent bond, created by the overlap of the external 
orbitals in the atom with similar ones, surrounding it in the crystal structure [4].  

Study of the properties of metal powders as the input materials is of importance in gaining insight into the basic 
principles of powder metallurgy. Generally, the properties of metal powders can be categorized into basic 
properties, such as particle size and shape, technological properties, such as bulk density and compressibility, 
and joint properties such as electrical conductivity and heat conductivity [1]. More or less straightforward 
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relations exist between the basic, technological and joint properties. The aim of the present work was to 
disclose the relations between the structural and selected basic/technological properties of metal powders - 
specifically copper, iron and aluminium powders. Copper powder possesses a face-centered cubic crystal 
structure and exhibits outstanding electrical and thermal conductivity. It is also frequently used as an alloying 
element for iron powder components with a view to improving its mechanical properties [5]. Iron metal powder 
possesses a body-centered crystal lattice (α modification), whereas aluminium metal powder crystallizes in the 
face centered cubic system. Structural properties and mechanical/physical properties of powders are important 
especially for gaining a detailed idea for understanding material systems, which are subject to extensive 
research, especially in process engineering of powders and bulk materials.  

2. EXPERIMENTS AND METHODS 

2.1. Materials 

The copper, iron and aluminium powders were purchased from Fichema. Their surface roughness was 
examined based on the EDF Z profile and 3D photographs taken on a Nikon AZ100 stereomicroscope. (Note: 
the EDF [extended depth of field] Z profile provides dependence of the powder surface's z axis at a given x 
position. The algorithm combines images of the planes into a single sharp composite approximating the metal 
powder's real topography [6, 7].)  

2.2. Particle size distribution 

Particle size distribution was determined by the wet method by using a CILAS 1190 laser analyzer, where 
coherent light 830 nm wavelength from a low-power laser diode passes through a cell containing the metal 
powder dispersed in water or in air and is scattered by that medium. The results were interpreted based on 
Fraunhofer's theory.  

2.3. Bulk properties 

The bulk properties of the powders were measured on an FT4 Powder Rheometer, which allows flow energy 
to be measured in relation to many variables and all packing states, shear properties of the consolidated or 
unconsolidated powders, bulk properties, compressibility and aeration.  

Angle of internal friction 

The rotary shear module for measuring friction parameters consists of a vessel containing the sample powder 
and a shear head to cause normal and shear stress. The blades of the shear head sink into the mass powder 
and the front face of the head starts to apply normal stress to the surface of the powder bed. The shear head 
moves downwards until sufficient and stable pressure is applied between the head and the powder bed. Then 
the shear head starts to rotate slowly and thus cause shear stress within the bulk mass. The shear plane is 
formed just below the end of the blades. Since the powder bed prevents rotation of the shear head, shear 
stress in the measuring plane increases until a slippage occurs. Then, the maximum value of transferred shear 
stress is recorded.  

Compressibility 

Compressibility is measured as the change in volume or density, respectively, depending on a normal load. 
The data obtained are quantified by expressing the percentage compressibility for a normal load of 15 kPa 
applied by the module, which is part of the FT4 Powder Rheometer. 

Aeration 

In the aeration test, air is fed to the bottom of the FT4 measuring cell and aerates the whole bulk material 
(sample) column. The dependence of the powder's flow properties on the amount of air is examined by 
measuring the decreasing flow energy.  
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3. RESULTS AND DISCUSSION 

Particle size distribution was determined by the laser diffraction method for all the metal powders investigated 
(Table 1 ). The largest particles were found in the iron powder, the smallest (34 μm in average), in the copper 
powder. However, this experimental method fails to provide information regarding surface roughness or 
surface structure. Therefore, a microscopic photograph (3D surface plot) was taken for each sample (Table 2 ), 
and the EDF Z profiles were generated (Fig. 1 ).  

Table 1 Particle size distribution of copper, iron and aluminum powders 

Parameter/Material Cu Fe Al 
d10, [μm] 14.17 82.83 26.70 

d50, [μm] 34.38 134.05 69.72 

d90, [μm] 56.35 219.43 125.34 

Table 2 Microscopic photos of copper, iron and aluminum particles and their 3D surface plot images 

 Particle Microscopic photo 3D surface plot image 

Cu 

   

Fe 

   

Al 

 

  

The microscopic photographs demonstrate appreciable surface roughness particularly in the iron powder with 
leaf-shaped particles. The copper powder particle shape is described as micro-leaf-like, while aluminium 
powder consisted of smooth spherical drop-like particles (Table 2 ). Comparison of the conventional 
microscopic photographs and the 3D surface plots reveals a basic difference between the mutual positions of 
the powder particles and the particle-substrate position. While the microscopic photograph suggests a self-
similar boundary, the 3D surface plots represent a self-affine profile. The self-affine profiles scale up in the 
vertical (z) direction (Fig. 1 ).  
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Fig. 1  Self-affine profiles (EDF Z profiles) which correspond with surfaces roughness parameters 

The roughness amplitude descriptors as indicators providing basic descriptive informations were generated in 
order to enable the EDF Z profiles to be compared. They include the standard deviation (Rd) and maximum 
peak high (Rp), depending on the isolated particles. The descriptors are used for characterizing the surface 
roughness patterns, and can be applied as such also to metal powders [7]. 

Table 3 Selected surface roughness parameters - standard deviation (Rd), maximum height (Rp) 

Parameter/Material Cu Fe Al 
Rd, [μm] 8.8 33.7 28.7 

Rp, [μm] 32.9 130.8 107.9 

Appreciable roughness of the iron powder was also confirmed by the calculated surface parameters, which 
are highest among the powders studied. Copper powder, although possessing appreciable surface roughness 
as well, exhibits the least pronounced fluctuation in the z direction away from the substrate.  

            

 

Fig. 2 Shear tests of metal powders                       Fig. 3 Aeration tests of metal powders 

The description of the sample surfaces based on the 3D surface plots and EDF Z profiles was correlated with 
selected mechanical/physical properties. Shear tests (Fig. 2 ), compressibility (Table 4 ), and aeration ratios 
(Fig. 3 ) were measured for all of the powders. 
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The angles of internal friction are seen to be markedly affected by the metal powder structure and particle size. 
The rather high value of 40.5° for iron powder (Fig. 2 ) attests to appreciable particle surface roughness 
associated with a large specific surface area. The smooth spherical particles provide an angle of internal 
friction of 31.2°. 

Table 4 Flowability, compressibility and aeration tests results for copper, iron and aluminum powders 

Material Cu Fe Al 

Cohesion [kPa] 0.279 -0.180 0.292 

Unconfined Yield Strength [kPa] 1.09 n/a 1.03 

Major Principle Stress [kPa] 27.4 27.6 24.1 

Flow Function 25.1 n/a 23.3 

Angle of internal friction [°] 36.0 40.5 31.2 

Bulk Density [g/cm3] 3.05 3.04 1.46 

Compressibility at 10 kPa [%] 3.91 1.68 3.19 

Compressibility at 15 kPa [%] 4.60 1.98 3.50 

Basic Flowability Energy [mJ] 7318 4360 1893 

Aeration Ratio (Air Flow Rate: 10 mm/s) 66.6 1.18 125 

In powders, bulk property is influenced by many factors such as particle size distribution, cohesiveness, 
particles shape and particle surface texture. Compressibility test showed clear-cut differences. The largest 
particles, i.e. those of the iron powder, with the highest surface roughness parameters (see Table 3 ), exhibit 
the lowest compressibility (1.98 %) while the structured smallest particles of copper powder exhibit the highest 
compressibility (4.60 %). 

The bulk properties of all the metal powders are also affected by air, since the void space between the particles 
is filled with air. The amount of air affects mutual particle interaction and hence, the powder flow properties. 
The measurements showed that from among the three metals, aluminium powder requires the lowest energy 
to form the fluidized bed, in contrast to the iron powder which is difficult to fluidize. In Geldart's categorization, 
copper and aluminium powders can be classed in group A (as well aerable materials), whereas iron powder, 
with its higher density and larger particles, falls in group B [8].  

4. CONCLUSION 

The present contribution illustrates existing relationships between structural properties and selected 
mechanical/physical properties of powders of three metals: copper, iron and aluminium. 3D surface topography 
on the microscopic scale appears to be a suitable tool for evaluating the basic structural properties of metal 
powders for scientific as well as industrial purposes. The selected mechanical/physical properties included 
angle of internal friction, compressibility and behaviour in aeration. 

Aluminium powder particles were found to be spherical, nearly drop-like, whereas iron and copper powder 
particles exhibited appreciable surface roughness and were leaf-shaped or microleaf-shaped. The angle of 
internal friction of aluminium powder was fairly low, 31°, while copper and iron powders with their rougher 
particle surfaces exhibited higher angles of internal friction. In line with this, aluminium powder was the easiest 
to bring to the fluidized state (aeration energy 15.1 mJ). The compressibility parameter was most pronounced 
for copper powder, whose small particles are easiest to rearrange into tighter formations.  

It can be deduced that the key parameters affecting the behaviour of the metal powders during the 
technological processes must be identified and determined in order to be able to optimize powder metallurgy 
processes. We demonstrated that the shape and surface structure (roughness) of the powder particles are 
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among such parameters, capable of affecting the angle of internal friction, compressibility and fluidization 
behaviour. 
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Abstract  

Structured sheet metals are becoming more and more popular for using in lightweight constructions. In the 
present research three different schemes to produce structured sheet from aluminum AW6061-T6, namely 
stretch forming (two type of die) and stamping using elastomer, were investigated. Evaluation criteria for 
application of these schemes were proposed. Numerical models for each technological scheme with some 
assumptions were developed in the software package DEFORMTM. The dimensions of sheet were limited only 
by the thickness (1 mm) and for numerical simulation a little part of the sheet was used. Influence of FE-mesh 
(type and number of elements) on calculation accuracy was estimated. Also such characteristics as power 
parameters of process, fields of internal stress and geometry of resulting profile were estimated. 

Keywords: Structured sheet metal, finite element model, numerical simulation, aluminum. 

1. INTRODUCTION 

The structured sheet metals are sheet metals with hexagonal bumps (Fig. 1 ). They have much potential for 
using in lightweight constructions. Structured sheets metals have more rigidity than the flat-rolled sheet metals. 
For example, structured sheet metals can be used in automobile industry, where the most important 
characteristics of constructions are safety, weight and environmental compatibility [1]. Materials determine 
weight of an automobile and its petrol consumption. Reduction of automobile’s weight by 100 kg leads to the 
reduction of environmental compatibility on 0.7 l per 100 km [1]. Application of aluminum structured sheets 
allows realize a required level of reliability of car body and, at the same time, to reduce a volume of used 
materials by production. 

The investigated structured sheet has the following features [1, 2]:  

• more rigidity in comparison with flat-rolled sheet 

• improved heat exchange with environment 

• effective absorption of sound vibrations 

    

Fig. 1  Structured sheet and its geometric characteristics (in mm) 

Butt et al. in [3] experimentally showed that such shape of structured sheet allows to reduce significantly drag 
coefficient Cd for Reynolds numbers ranging from 3.14·104 to 2.77·105. That is structured sheets can be used 
in constructions that are effected by air flows in order to reduce air resistance of such constructions. 
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The objective of this study was theoretic investigation of different deformation patterns for production of 
aluminum structured sheet with dimensions 500 mm x 500 mm. Several possible technological schemes of 
structured sheet production with thickness 1 mm from aluminum alloy AW 6061-T6 were investigated. Using 
software package DEFORMTM for all technological schemes were developed the numerical models of 
production process of structured sheet with unlimited horizontal dimensions. One of the evaluation criteria of 
technological scheme application was a power parameters calculated on the basis of developed models.  

2. SELECTION  OF DEFORMATION PATTERN 

Choice of deformation pattern should meet following criteria: 

• possibility of application by present conditions; 

• universal use (for sheets with different thickness); 

• minimization of energy-power costs; 

• minimal thickness variation; 

• repeatability of structured sheet shape; 

• adaptation of  scheme to the periodicity of sheet structuring process. 

   
a) stretch forming (embossing). 

Matrix die type A 
b) stretch forming (embossing). 

Matrix die type B 

c) stamping using elastomer 
(hydraulic forging) 

 
d) rolling  

Fig. 2 Deformation pattern of thin aluminum sheets (in section) 

Three following schemes were chosen as main deformation patterns (Fig. 2 ): 1. stretch forming (embossing); 
2. stamping using elastomer (hydraulic forging); 3. rolling. 

By stretch forming shape of movable die should have the shape of structured sheet. At the same time the 
shape of matrix die can be different. For example, in study [2] for production of structured steel sheets was 
used a matrix die with hexagonal recesses (Fig. 2a, 2c ). 

In study [4], rolling was mentioned as a method of the structured sheets production (Fig. 2d ). One of two rolls 
was like a comb, another one had a bigger diameter than the first one and was covered with elastomer. The 
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second roll with the bigger diameter rolls a sheet and presses it in a space between «needles» of the first one. 
The «needles» of the comb touch the sheet at the border of three hexagonal elements and completely 
determine the shape of the sheet. A numerical model of stretch forming process, where matrix die type B was 
used (Fig. 2b ) was developed on the basis of this method. This matrix die has “needles” as a comb and allows 
receive the required structured sheet by stretch forming process. 

3. DEVELOPING NUMERICAL MODEL OF STRUCTURED SHEET P RODUCTION IN DEFORMTM . 

For calculating mode of deformation by different deformation schemes using DEFORMTM it was performed 
numerical simulation of described processes. Finite Element method is the most popular numerical method by 
performing such tasks. The Finite Element mathematic model performed in DEFORMTM is based on Lee-
Kobayashi approach. The principle of this method is minimal capacity of plastic deformation. This principle is 
as follows [5]: 
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Relation between stress and strain rate is shown in Levy-Mises equation: 
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The basic equation for plastic zone is equation (1), for rigid zones - equation (6): 
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where ( ) 000 ;, εεεσσ &&=  takes on a defined critical value [5]. 

This approach and the method based on it allow to create a numerical model of sheet deformation process 
and to calculate mode of deformation in metal. 

3.1. Initial data for calculation in DEFORM TM 

There was an assumption made that rigid zones of the sheet (under pressure die, Fig. 2a, 2c ) have a little 
impact on mode of deformation in the middle area of sheet (under the top and bottom dies, Fig. 2 ). For this 
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reason was developed the numerical model with the condition that the sheet has only defined thickness (1 
mm), but it’s another dimensions are endless. Hexagonal structured element of profile was divided into six 
equal parts. For simulation it was used only one (equiangular triangle with side 20.2 mm, Fig. 3 ). Temperature 
of sheet and dies was 20 °C. Dies were rigid. Elastomer was replaced by evenly distributed load on the surface 
of sheet. Displacement rate of movable die was 0.5 mm/s. 

The material of sheet was AW6061-T6. All rheological properties of aluminum were chosen from material’s 
library of the software package DEFORMTM with temperature range 20 - 250 °C, strain rate range 1 - 100 s-1. 
Yield strength, TS was 275 MPa, tensile strength σm - 393 MPa. 

 

Fig. 3  Geometric shape of the single element of structured sheet. The red paint shows the element of 
structured sheet which reflection allows repeat the shape of the whole structured sheet entirely 

In study the contact between sheet and die was determined by friction factor m with value 0.2. fк = m·k, where 
fk - friction stress (МPа), k - flow stress (MPa). 

Software package DEFORMTM allows work with two types of elements: brick that has 8 nodes and tetrahedron 
with 4 nodes. Calculations were made with different mesh, as variable parameters by these calculations it were 
chosen the type of elements and their count. As a main mesh for models’ creation it was chosen a mesh with 
tetrahedral elements of equal size. The mesh consisted of 187160 elements.  
Boundary conditions were determined as follows: 

• Symmetry conditions were determined on three side edges of a sheet (symmetry axis on Fig. 3 ); 

• The contact between a sheet and a die was determined with the heat exchange coefficient 
11 N / (mm∙s∙K) [6]; 

• The contact between a sheet and environment was determined with convectional heat exchange 
coefficient was 20 N / (mm∙s∙K) [6]. 

3.2. Evaluating results in DEFORM TM 

It was investigated: the power parameters of the process and mode of deformation in each studied scheme. 
Besides, it were calculated the fields of stress rate intensity and strain rate intensity by sheet’s volume, fields 
of internal stress after removal of load and the change of geometric parameters of a sheet. 

Calculating stress fields of a sheet (Fig. 4 ) showed reaction of metal by structuring and weak points. Fig. 4  
illustrates that the use of matrix die type B by stretch forming leads to unequal thinning of a sheet (up to 0.26 
mm) at the joining point of a sheet and a die that is left after removal of the load. Application of the another 
schemes where matrix die type A is used leads to unessential thinning at the joining points of a sheet and a 
die (up to 0.2 mm by stamping using elastomer and up to 0.12 by stretch forming). It should be also pointed 
out that application of matrix die type B doesn't allow reach the required geometric parameters of structured 
sheet what leads to formation of unacceptable deflections (up to 1.46 mm) at the joining points of two nearby 
elements of structured sheet. 
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a) stretch forming using matrix die type A 

 

 

b) stretch forming using matrix die type B 
 

 

c) stamping using elastomer 

 

Fig. 4  Distribution of maximal internal stresses in the body of a sheet 

As it was expected the main 'weak points' by all structuring schemes were the places of contact between a 
sheet and a matrix die where operate compressive stress (Fig. 4 ) and where stress intensity mainly reaches 
maximal values. These values didn't exceed the limit of breaking stress of the material. 

  
a) stretch forming using matrix die type A b) stretch forming using matrix die type B 
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c) stamping using elastomer 

Fig. 5  Axial load on a die by production of structured sheet dimensions 500 x 500 mm 

Fig. 5  presents calculated dependence between axial load on a die (towards the move of a press) that is 
needed to produce structured sheet with dimensions 500 x 500 mm (without rigid zones) and time of the 
process. The application of elastomer demands from press more axial load comparing with stretch forming in 
matrix die type B (Fig. 5b ) where the contact area of sheet and die is significantly smaller. 

4. CONCLUSION 

• Numerical simulation of sheet structuring process by the proposed schemes showed that the most 
proper deformation pattern for producing of a preset structured sheet are: stretch forming used matrix 
die type A and stamping used elastomer.  

• The developed finite element mesh can be used by developing the new numerical model that takes into 
account influence of the pressure die and rigid ends of a sheet (the case when sheet has finite 
dimensions). 
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Abstract 

Deposits of 92/8 at.% Ti/Ni were produced by low-pressure cold spray technique using heated air as working 
gas. The chemical composition of the 8 mm thick was kept in hypoeutectoid concentration. Samples of the 
deposited material were annealed at temperatures from 500 to 1000 °C for two hours in argon protective 
atmosphere. Selected samples were quenched directly from the homogenizing temperature of 1000 °C and 
subsequently evolution of precipitated eutectoid was studied. Generally microstructural changes of material 
character during annealing were evaluated together with changes in the character of fracture behaviour and 
local micro hardness of the evolved phases. Microstructure and chemistry of the newly formed phases was 
evaluated using analytical electron microscopy. DSC study was involved in order to characterize the 
precipitation behaviour under eutectoid temperature. Gradual evolution of intermetallic phases by diffusion 
mechanism was observed. The samples general shape was preserved during the heating process although 
formation of Kirkendall porosity was evident. First occurrence of intermetallic phases was observed at 600 °C. 
The evolved phases incurred by diffusion mechanism and included phases close to Ti2Ni, TiNi, and TiNi3.  

Keywords: Cold spray, reaction synthesis, intermetallics, diffusion, metallic foam 

1 INTRODUCTION 

Intermetallic phases typically exhibit strictly different crystallographic arrangement than the metallic elements 
form which they are constituted. Intermetallics also usually have high strength and lower ductility - 
characteristics that are connected to the crystal lattice type [1-3.] Manufacturing of intermetallic materials 
usually is limited to precise casting or casting and machining. In this study, the Cold Spray technique is used 
for deposition of arbitrarily shaped samples of material.  

Cold Spray is a technique using gas that expands in Laval-type jet to super-sonic speeds as carrier medium 
for accelerating individual particles of the deposited powder which weld locally upon impact on the substrate 
or previously deposited particles. The fact that the particles are not melted during flight and at impact and that 
oxidation of the particles surface is minimal establishes this method not only as surface engineering method 
but also for bulk material deposition method, where high volumes 
of material ca be deposited [5,6]. 

2 EXPERIMENTAL SETUP 

Cold Spray technique was used to deposit the analysed material. 
A powder previously mixed form pure Ni and Ti powders were 
used as feedstock. The elemental powders were mixed in the 50 
at.% Ni : 50 at.% Ti ratio. Air was used as the carrier gas, 
temperature 300 °C and pressure 1.5 MPa. Samples in the form 
of bars were deposited by 20 consecutive passes of the nozzle. 
The resulting material had thickness of approx. 1 cm. (Fig. 1 ).  

Fig. 1  Overall appearance of the 
deposited material 
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This material was cut using low speed saw to samples 5x6x7 mm big which were then used for annealing 
experiments. The annealing was done in tube furnace under flowing Ar (1.2 l/min, purity 4N8) protective 
atmosphere. Temperature as measured directly at the sample which was placed into 100 g heavy stainless 
steel holder that provided homogeneous temperature field and also enabled fine control of the sample 
temperature. Only the deposited bi-metallic CS deposit was annealed after the Al temporary substrate was 
removed. 

Following temperatures were used: 600, 700, 800, 900 and 1000 °C. The samples were heated relatively slow 
to the desired temperature; then 2 hours were used for the isothermal annealing. After two hours, the samples 
were left in furnace to slow cool still in the protective Ar atmosphere.  

The annealed samples were fractured and one piece of the material was used to prepare a metallographic 
sample by standard grinding and polishing techniques. No etching was used, but colloid silica (OPS from 
Struers) was used for the last polishing step, which provided also visible microstructure. 

Light microscopy and electron microscopy were used to evaluate both fracture surfaces and the polished 
metallographic samples microstructure (Zeiss Z1M light microscope, Zeiss UltraPlus FEG-SEM). For chemical 
analysis, local and mapping EDS analyses were used (OXFORD EDS mounted on the UltraPlus). XRD 
analysis was used for phase occurrence determination (Philips Xpert). 

Micro-hardness measurements of the individual grains and microstructure constituents were used to provide 
also mechanical property despite the small size of the samples. Vickers indenter and F1 = 0.09807 N were 
used as the indenting force for 15 seconds. 

3 EXPERIMENTAL RESULTS 

The as sprayed material shows strong change in the average composition when comparing to the original 
feedstock composition, this has changed form 50/50 at.% Ni/Ti to 8/92 at.% Ni/Ti. The deposition efficiency of 
nickel in this case was much lower than that of titanium (Fig. 2 ). 

The fracture surface of the as-sprayed material shows nicely that titanium, although severely deformed by the 
deposition process, still possess some plasticity and produces mixed ductile fracture with large areas of 
decohesion, whereas the nickel particles do not break at all and the fracture surfaces contain delaminated 
nickel particles where the nickel particles and the titanium matrix have separated. In the as-deposited state 
there is no connection between the nickel and titanium particles (Fig. 3 ). 

Fig. 2  Microstructure of the as deposited material dark 
phase Ti, light phase Ni 

Fig. 3  Fracture of the as deposited material 

100µm 10µm 
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3.1. Annealing at 600 and 700 °C - sub eutectoid te mperatures 

Annealing at these temperatures caused changes in 
the micro hardness in individual nickel particles and 
also in limited extend in titanium particles, which 
later show increase in hardness. This can be seen 
in Table 1 . The as deposited titanium particles were 
too brittle for hardness measurements, later the 
annealed material is gradually recovering when 
annealed One exception in the monotonous 
decrease is the case of titanium particles hardness 
after annealing at 800 °C. The value is higher than 
the hardness value for 700 °C. We expect this is due 
to diffusion of nickel atoms into the titanium. This 
creates solid solution strengthened by substitution 
mechanism. The fracture surface character is 
unchanged in all samples with lower annealing 
temperatures. The fracture surface is composed of 
ductile fracture of the titanium and delamination of the nickel particles. A very limited amount of intermetallic 
phases was generated on the Ni-Ti interphase at both lower annealing temperatures. Point analysis showed 
that NiTi2, NiTi a Ni3Ti were firmed in minute areas (Fig. 4).  

Table 1 Microhardness values of Ti and Ni particles 

Temperature Ti particles Ni particles 

(°C) HV 0.01 HV 0.01 

0 - 281 

600 307 238 

700 267 147 

800 334 141 

900 367 120 

1000 326 - 

3.2. Annealing at 800 - 1000 °C - above eutectoid t emperature 

At 800 °C new phases were formed rapidly around the nickel particles by mutual diffusion (Fig. 5 ). By local 
chemical analysis compositions both Ti2Ni a TiNi3 were detected (Fig. 6 ). This mixture is likely to be the result 
of decomposition of NiTi under 620 °C. Also eutectoid mixture can be found occasionally, which indicates the 
presence of beta titanium solid solution. The diffusion speed is increased at elevated temperatures and with 
the possibility of beta titanium solid solution. After crossing the alpha to beta transformation temperature of 
titanium, the evolution of intermetallic phases was further increased. 

The next annealing temperature - 900 °C is above the transformation temperature of beta titanium (882 °C). 
While solubility of nickel in alpha titanium is very low, in beta titanium it is above 10 %, which greatly promotes 
diffusion and new phases formation (Fig. 7 ). The titanium particles get enriched by nickel and gradually form 
network of eutectoid microstructure of α-Ti a Ti2Ni (Fig. 7 ). This composition was confirmed by EDX analysis 
(Fig. 8 ). The nickel particles are surrounded by rings of intermetallic phases and porosity. Parts of the nickel 
particles can be still seen unreacted. The matrix of this material consists of alpha titanium and eutectoid 
mixture. The fracture is of predominantly cleavage mechanism in titanium areas. Eutectoid delamination 
between individual phases is possible in the areas of decomposed solid beta solution (Fig. 9 ). Large amounts 

 
Fig. 4  Microstructure of the material after 550 °C   

Darkest Al, grey Al70Fe30, lightest Fe 

 

10µm 
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of porosity can be seen on the fractured surface and also in section of the microstructure. This corresponds to 
the original porosity of the as-deposited material. Only the shape of the porosity is changed to be more round 
and the individual titanium particles are well joined together.  

 

 

 

Fig. 5  Microstructure of the material after 800 °C   
Darkest Ti, lightest Ni and intermetallics 

 

Fig. 6  Analysis of the intermetallics formed at 
800°C, Titanium-blue, Nickel-yellow 

 

 

 

 

Fig. 7  Microstructure of material annealed at 900 °C 
Fig.  8 Analysis of the intermetallics formed at 900 °C 

Oxygen-cyan, Titanium-blue, Nickel-yellow 
 

 
Fig. 9  Fracture of material annealed at 900 °C 
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At 1000 °C, nickel is fully dissolved in beta titanium matrix. The microstructure at room temperature is formed 
by titanium, the eutectoid mixture and intermetallic phase Ti2Ni (Figs. 10 and 11 ). The sample exhibits uniform 
and homogeneous character. The pores are nearly round which correspond with high diffusion rates. 

 
Fig. 10  Microstructure of material annealed at 1000 

°C 
Fig. 11 EDX map  of nickel (yellow ) and titanium 

(magenta) in material annealed at 1000 °C 

4. SUMMARY 

The samples annealed at lower temperatures of 600 and 700 °C exhibit already minor new phases formation. 
Gradual change of local hardness of the nickel and titanium particles was observed, which can be attributed 
to deformation strengthening healing and then by solid solution strengthening of titanium. The generation of 
new phases is in accordance with the previously published works [7-8]. 

Homogeneous microstructure of eutectoid accompanied by Ti2Ni intermetallic and titanium solid solution was 
generated after high temperature annealing. All samples had microstructure with porosity. First there was the 
porosity generated during deposition between the titanium particles. This gradually changed shape as the 
titanium particles welded and the sharp angle voids begun to change to more rounded shape. It may be 
considered that this was motivated by the minimization of free surface energy in the material [9-11]. The 
porosity appeared to be of open type, so the material is in the form of solid metallic sponge. The porosity 
mainly originates in the depositing porosity; however some Kirkendall porosity mainly at medium temperatures 
around 800 and 900 °C could be seen around the nickel particles [12-13]. 

The porous intermetallic material manufactured by this approach can be used further for matrix reinforcement 
by melt infiltration or simply as is for filtering or catalyst support for high temperatures taking advantage of the 
high temperature resistance of the intermetallic phases and the high specific surface of the open porosity. 

5. CONCLUSIONS 

Ni Ti intermetallics were created by annealing of elemental powders cold spray deposit. Uniform porosity 
materials were created at repeated attempts. Since the cold spray technique allows to form any shapes and 
sizes of the deposits, the material can be considered for technical applications rather than similar products 
achieved by pressing or free powder reactions. 
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TRANSFORMATION AND EFFECT OF REFINEMENT ON COMPRESS ION PROPERTIES 

JUŘICA Jan, SKOTNICOVÁ Kateřina, PETLÁK Daniel 

VSB-Technical University of Ostrava, FMMI, RMTVC, Ostrava, Czech Republic, EU, jan.jurica@vsb.cz 

Abstract  

The possibilities of microstructure refinement of several γ-TiAl alloys by the massive transformation and the 
effect of refinement on compression properties are discussed in this paper. Two alloys were prepared by 
plasma arc melting using the water-cooled copper crystallizer and two other alloys were prepared by vacuum 
induction melting. All alloys were subjected to subsequent two-step heat treatment, which consisted of the 
dissolving annealing followed by the ageing. This procedure resulted in the considerable reduction of the mean 
grain size from 200-340 µm to 70-35 µm. The microstructure refinement led to the increase of values of the 
plastic deformation in compression, namely from 9-17 % to 25-30 %. This effect denotes the substantial 
decrease of brittleness of these intermetallic alloys as a result of the used heat treatment. 

Keywords:  γ-TiAl alloys, plasma arc melting, vacuum induction melting, massive transformation, mechanical  
         properties 

1.  INTRODUCTION 

γ-TiAl based alloys are very perspective materials thanks to their outstanding properties, such as high specific 
strength, low density, high modulus of elasticity, good oxidation resistance and resistance to creep. In many 
applications in aircraft, power and automotive industries they might replace the currently used materials, such 
as nickel based superalloys, which are characterized by higher density. One of the main reasons why it 
happens only in very limited extent is their brittleness and complicated production of components [1-3]. 
Brittleness is characterized by low values of elongation at room temperature, which are usually less than 1%. 
This value is generally considered as the minimum acceptable level for structural parts in the above mentioned 
sectors [2, 3]. A suitable combination of strength, creep resistance, toughness and ductility have the recently 

developed alloys γ-TiAl of the third and fourth generation, containing relatively high amounts of refractory 
metals (5-10 at.% Nb, Ta) [2-6]. These alloys, however, are in the cast state characterized by a coarse-grained 
microstructure, which has a negative effect on mechanical properties. For this reason it is necessary to refine 
the final microstructure. Reducing the grain size improves significantly room-temperature ductility without 
degradation of creep resistance. There are main two approaches to refining of the coarse grained structure of 
γ-TiAl based alloys: (i) affecting of solidification path by alloying with minor addition of boron, and (ii) formation 
of highly faulted massive γm through diffusionless transformation initiated by cooling at the required rate from 
single α phase field [4-6]. Progress of massive transformation depends on many factors, but primarily upon 
the chemical composition of the alloy and on the cooling rate [4, 5]. Huang et al. show that massive 
transformation is also very sensitive to the oxygen content, the higher content of which prevents the massive 
transformation to the γm phase [7]. The aim of this article is to characterize the possibilities of microstructure 
refinement by massive transformation in four different alloys, prepared by two different processes. Other goals 
consisted in assessment of the impact of alloying elements on the course of massive transformation, and in 
determination of the effect of refining on compression mechanical properties.  

2.  EXPERIMENT 

Two alloys with a nominal composition Ti-47Al-8Nb and Ti-47Al-8Nb-0.3Y (at.%) were prepared in the plasma 
furnace with a horizontal water-cooled copper mold. Pieces of pure elements (99.9 %) and master alloy Nb-
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60Al (at.%) were used as a charge, the preparation of which and properties presented in another article [8]. 
Melting was conducted with crystallizer feed rate of 2 cm/min, in a flowing Ar atmosphere and the maximum 
current density of 700 A. The products were oval cross-section ingots weighing 600 g. Two another γ-TiAl-
based alloys with nominal composition Ti-47Al-8Ta and Ti-47Al-8Ta-0.3Y (at.%) were prepared by induction 
melting in graphite crucible and centrifugal casting into graphite mould. The conditions and materials used 
during the melting were presented in the article [9]. Samples with the length of 50 mm, which were 
subsequently used for mechanical tests and for heat treatment for the purpose of massive transformation, 
were prepared by EDM cut-outs taken from the central parts of all ingots. 

The samples were analyzed using optical microscopy (OM) and electron scanning microscopy in the mode of 
back-scattered electrons (BSE). Chemical composition was determined by energy dispersive analysis (EDS) 
on both ends of the samples taken by spark erosion machining. The program analySIS auto using images 
obtained by optical microscopy was used for determination of contents of individual phases and grain size. 
Oxygen and carbon contents were determined by thermo-evolution method on instruments ELTRA ONH-2000 
and ELTRA CS-2000. Table 1  presents a list of all the samples that were subjected to heat treatment in order 
to achieve convoluted microstructure, including the chemical composition determined by EDS and detected 
oxygen and carbon contents in the samples before the heat treatment.  

Table 1  Chemical composition of alloys before the heat treatment 

Sample 
Chemical composition (at.%) Oxygen content 

(wt.ppm) 
Carbon content 

(wt.ppm) Ti Nb Ta Al Y 

8Nb-plasma 44.83 7.37 - 47.80 - 351 ± 69 89 ± 09 

8Nb-Y-plasma 44.25 8.15 - 47.45 0.25 586 ± 42 92 ± 13 

8Ta-Scast 42.06 - 8.28 49.66 - 334 ± 50 463 ± 37 

8Ta-Y-Scast 43.40 - 8.59 47.59 0.41 460 ± 82 1023 ± 42 

The conditions of the two-step heat treatment consist of solution annealing in a muffle furnace in air, with 
quenching in oil or with cooling by fan, followed by annealing in the sintering furnace XERION XVAC in Ar (5N) 
atmosphere at lower temperatures, are presented in Table 2 .  

Table 2  Overview of thermal processing and measurement results of oxygen content 

Sample Solution annealing Cooling Ageing Oxygen content 
(wt. ppm) 

8Nb-plasma 1370 °C / 10 min. Oil 1280 °C / 2 h / FC 621 ± 24 

8Nb-Y-plasma 1370 °C / 10 min. Oil 1280 °C / 2 h / FC 628 ± 13 

8Ta-Scast 1360 °C / 10 min. Air  1260 °C / 30 min / FC 447 ± 23 

8Ta-Y-Scast 1360 °C / 10 min. Air  1260 °C / 30 min / FC 541 ± 36 

This table presents also the detected oxygen contents after heat treatment. The samples with dimensions 4 x 
4 x 8 mm were used for mechanical compression tests at ambient temperature. The tests were conducted on 
the universal testing equipment Walter Bai TMS LFV 100 kN at room temperature with the initial crosspiece 
velocity of 0.2 mm/min. The resulting values of mechanical properties were taken from the diagrams showing 
the relationship between strain and stress. The amount of deformation was determined by the ratio between 
the change of the length of the sample during the compression test and its initial length. Proof stress Rp0.2 was 
determined from the diagrams with use of a line parallel to the linear part of the diagram at the distance, which 
corresponds to plastic deformation of 0.2 %. Tensile strength Rm was determined as the highest value of the 
normal stress, the excess of which caused a failure of material cohesion. Plastic deformation to ultimate 
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strength (εRm) was determined as the difference between the value of deformation from the point of diversion 
of the curve of dependence of deformation on stress from the linear shape and the value of deformation after 
reaching the ultimate strength Rm. 

3.  RESULTS AND DISCUSSION 

3.1.  Microstructure of alloys in as-cast state 

Typical microstructure of the prepared alloys, which is typically formed by coarse grains (up to 500 µm), 

consisting of alternating lamellas of the phases α2 and γ, is documented in Fig. 1 . 

More detailed view of lamellar grains is shown in Figs. 2  
to 4. In these figures it can also be seen that both Ta and 
Nb alloyed alloys, in addition to already mentioned 
lamellar areas, contain also minor proportion of β phase 
and interdendritic γ-phase. Yttrium alloyed alloys contain 
moreover yttrium-rich phases. It was established by 
detailed observation of the microstructure that the 
yttrium-rich phases appear in the alloy in two different 
forms. The first one showed larger size (up to 30 µm) 
and it was identified by EDS analysis of chemical 
composition analysis as YAl2, since the ratio between Y 
and Al is approximately 1:2, and the determined content 
of other elements was possibly caused by environmental 
influences. The second phase showed smaller size, 
usually ellipsoidal shape and it contained significant 
content of oxygen. On the basis of the ratio of individual elements it was identified as Y2O3. Presence of these 

yttrium-rich phases in yttrium alloyed γ−TiAl alloys has also been described in publications [10, 11]. Chemical 
composition of individual structural areas, including the standard deviations of measurements, is given in 
Tables 3  and 4. 

Table 3  Chemical composition of individual phases in samples 8Nb-plasma and 8Nb-Y-plasma (at.%) 

area Ti Nb Al Y O 

β 47.29 ± 2.23 10.91 ± 1.26 41.80 ± 1.83 - - 

α2 + γ 43.15 ± 0.43 8.57 ± 0.73 48.28 ± 0.53 - - 

γ 42.27 ± 2.59 6.26 ± 1.31 51.48 ± 3.64 - - 

YAl2 17.89 ± 7.47 1.45 ± 1.45 57.94 ± 2.44 22.71 ± 6.56 - 

Y2O3 3.28 ± 3.41 - 5.07 ± 4.60 36.78 ± 4.33 54.87 ± 3.97 

Table 4  Chemical composition of individual phases in samples 8Ta-Scast and 8Ta-Y-Scast (at.%) 

area  Ti Ta Al Y O 

β 42.6 ± 0.6 14.6 ± 0.9 42.8 ± 0.38 - - 

α2+γ 42.8 ± 1.4 9.2 ± 0.2 48.0 ± 1.3 - - 

γ 40.7 ± 2.6 2.8 ± 0.9 56.5 ± 3.5 - - 

YAl2 20.5 ± 4.6 1.1 ± 1.1 58.5 ± 2.8 19.9 ± 6.5 - 

Y2O3 15.5 ± 2.5 1.0 ± 1.0 22.1 ± 3.6 21.3 ± 2.8 40.1 ± 3.4 

 

Fig. 1  Microstructure of 8Nb-plasma alloy (OM) 

500 µm 
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Fig.  2 BSE image of the 8Nb - 
plasma sample 

Fig.  3 BSE image of the 8Ta-Y - 
Scast sample 

Fig.  4  BSE image  of 8Nb-Y - 
plasma sample 

3.2.  Microstructure of alloys after heat treatment   

Micrographs of the microstructure of samples after annealing are shown in Figs. 5  and 6. As it can be seen in 

these photos, the microstructure contained comparatively high share of fine γm grains (70-80% in the alloys 
alloyed with Nb and 50-70 % in alloys alloyed with Ta), the size of which usually did not exceed 50 μm. These 

fine grains were formed from the α phase by massive transformation to the γm phase performed by rapid 

cooling from the temperature characteristic for α area of the Ti-Al binary diagram. With the exception of the γm 

phase, all the samples contained, however, also a minor share (20-30 %) of coarse lamellar grains (L), which 
usually did not reach a size larger than 100 μm. This means that the massive transformation under the given 

conditions did not run completely and grains with lamellar structure were formed from non transformed α 
regions. The alloyed alloys then contained, apart from the aforementioned phase, also relatively high share of 
non transformed inter-dendritic γ phase (15-30 %). Annealing also caused dissolution of the complete β phase, 
which was confirmed by observation by electron microscopy. 

  

Fig. 5  Microstructure of the 8Nb-plasma sample 
after the dissolving annealing (OM) 

Fig. 6  Microstructure of the 8Ta-Scast sample after 
the dissolving annealing (OM) 

Figs. 7  and 8 show typical microstructure of the samples after subsequent annealing which is carried for the 
purpose of achieving the convoluted microstructure. As it can be seen in these figures, the above mentioned 
heat treatment had a very significant effect on the microstructure. The microstructure after annealing of the 

samples consists of grains of much smaller size than in the as cast state, formed mainly by the massive γm 

phase, in which precipitation of lamellas of the α2 phase took place during subsequent annealing.  

50 µm 50 µm 100 µm 

500 µm 500 µm 
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Fig. 7  Microstructure of the 8Nb-Y-
plasma sample after the ageing 

Fig. 8  Microstructure of the 8Ta-Scast 
sample after the ageing 

The results of EDS analyses of chemical composition of the phases of both samples are presented in Table 5 . 
The alloys alloyed with yttrium contain moreover yttrium-rich phases YAl2 and Y2O3. Almost no differences 
were observed in distribution, size and chemical composition of the yttrium-rich phases in comparison with the 
samples before heat treatment. The average grain size in all the samples in the as-cast state and after heat 
treatments, determined by linear method, is presented in Table 6 . The alloy alloyed with yttrium thus exhibits 
in both cases slightly smaller average grain size, however, the detected difference is not too distinct. 

Table 5  Results of EDS analysis of the phase composition in samples after heat treatment (at.%)      

8Nb-plasma Ti Nb Al 

α2 47.87 ± 0.14 8.16 ± 0.09 43.97 ± 0.22 

γ 41.31 ± 0.29 7.02 ± 0.33 51.67 ± 0.10 

8Nb-Y-plasma Ti Nb Al 

α2 48.59 ± 0.44 9.03 ± 0.94 42.38 ± 1.14 

γ 41.30 ± 0.37 7.71 ± 0.39 50.99 ± 0.48 

8Ta-Scast Ti Ta Al 

α2 45.00 ± 0.32 10.42 ± 0.21 44.58 ± 0.35 

γ 42.51 ± 0.04 8.78 ± 0.44 48.71 ± 0.44 

interdendritic γ 42.79 ± 0.50 5.31 ± 0.66 51.9 ± 0.21 

8Ta-Y-Scast Ti Ta Al 

α2 46.07 ± 1.28 9.58 ± 0.65 44.35 ± 0.76 

γ 42.66 ± 0.10 7.72 ± 0.31 49.62 ± 0.32 

interdendritic γ 43.03 ± 0.18 5.24 ± 0.30 51.73 ± 4.24 

Table 6  Mean grain size of the samples in the as-cast state and after heat treatment 

Sample Grain size (µm) 

  As-cast state After HT 

8Nb-plasma 339.66 ± 100.66 68.56 ± 22.61 

8Nb-Y-plasma 330.91 ± 131.11 51.47 ± 24.54 

8Ta-Scast 230.47 ± 61.01   36.83 ± 15.86 

8Ta-Y-Scast 203.03 ± 33.75 35.31 ± 7.36 

50 µm 20 µm 
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3.3. Mechanical properties in compression at room t emperature  

The average values of proof stress, yield strength, tensile strength and plastic deformation determined during 
compression tests of heat-treated samples are presented in Table 7 . As it can be seen from this comparison, 
the heat treatment had a very significant effect on mechanical properties in compression. It is evident already 
at the first glance that the heat treated samples exhibited much more distinct yield stress, much higher values 
of deformation and also higher strength. Average values of proof stress in all alloys after heat treatment was 
reduced at room temperature, namely from 750 MPa for the alloy 8NB-plasma to 464 MPa, and from 1023 
MPa for the alloy 8NB-Y-plasma to 549 MPa. 

Table 7  Comparison of mean values of mechanical properties of the as-cast and heat-treated alloys in  
               compression at the room temperature 

As-cast state After HT 

Sample Rp0.2 (MPa) Rm (MPa) εRm (%) Sample 
Rp0.2 

(MPa) 
Rm (MPa) εRm (%) 

8Nb-plasma 750 1369 10.46 8Nb-plasma 464 1925 29.83 

8Nb-Y-plasma 1023 1592 9.1 8Nb-Y-plasma 549 1835 24.87 

8Ta-Scast 795 1537 15.13 8Ta-Scast 463 1744 30.21 

8Ta-Y-Scast 922 1791 17.3 8Ta-Y-Scast 505 1564 21.22 

Similar results were achieved also in alloys alloyed with Ta, which showed a decrease of the average yield 
strength from 795 MPa to 463 MPa for the sample 8Ta-Scast, and from 922 MPa to 505 MPa for the sample 
8Ta-Y-Scast. Significant changes, however, occurred mainly in the values of plastic deformation to Rm. For 
example in case of the alloy 8 Nb the average value εRm after heat treatment was 29.83%, which is much 
higher than 10.46 % (the value obtained for the same alloy in the as-cast state). Other heat-treated alloy also 
exhibited similar increase in plastic strain. A significant increase in comparison to the as-cast state was 
observed also for the ultimate strength values, namely from 1369 MPa to 1925 MPa for the alloy 8NB-plasma, 
and from 1592 MPa to 1835 MPa for the alloy 8NB-Y. However, in the alloys alloyed with Ta the ultimate 
strength increased only in the sample-8TA-Scast, namely from 1537 MPa to 1744 MPa, while for the alloy-Y-
8TA-Scast, the ultimate strength decreased from 1791 MPa in the as cast state to 1564 MPa in the state after 
heat treatment. 

4.  CONCLUSIONS 

It was found that solution annealing for a period 10 minutes and followed by cooling in oil for Nb-alloyed alloys 
and by subsequent cooling by fan caused in Ta-alloyed alloys formation of massive γm phase. In addition to 
massive γm phase all the samples contained also a smaller share of non transformed coarse lamellar grains, 
and Ta-alloyed alloys contained moreover non-transformed inter-dendritic γ phase. No significant changes 
associated with the addition of 0.3 at.% Y and with different contents of oxygen in the course of massive 
transformation. Next annealing of the samples resulted in formation of convoluted microstructure by 
precipitation of lamellar phase α2. The value of plastic deformation to Rm in all the samples did not fell below 
20 % after heat treatment, which indicates lower brittleness and higher toughness of these materials. Results 
of mechanical testing in compression thus confirmed the suitability of grain refinement by massive 
transformation in these alloys, although massive transformation did not run completely in the whole volume of 
the samples. 
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FRACTAL INTERPRETATION OF ULTRASONIC CRYSTALLIZATIO N OF SOLUTIONS 
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Abstract 

Experiments were performed on the crystallization of a CuSO4 solution upon the action of the temperature 
gradient with the forming of mono crystals three wedges crystal system (prisms). We found that the fractal 
dimension of crystals equals 2.45, which is consistent with the literature data. Crystal growth is represented 

as the -rd translation of each side of the crystal lattice with its own speed and with relation to the formation 

of similar structures - fractals. A mathematical model of ultrasonic crystallization of a CuSO4 solution was 
proposed. The model is based on the combined use of differential transport equations of momentum, mass, 
energy and sound waves and a method of similarity and dimensional analysis. The calculated formulas for the 
concentration of - Ccr, the equivalent diameter of the formed crystals - dcr and the intensity of internal energy 
source - Φ* ,associated with the interaction of crystals with the hydro mechanical, heat and sound fields were 
obtained. Fractal interpretation of ultrasonic crystallization of the CuSO4 solution was made. It was found that 
on the growth of crystal size - dcr directly affects translation - N, i.e., an increase in the number of sets of 
crystals of infinitely small size ε, corresponds to the size of the crystal lattice. In turn translation of crystals 
depends on the geometry of the crystallizer and the physical parameters of external force fields, acting on the 
CuSO4 solution. A connection of results of the mathematical modeling with the results of fractal analysis of the 
ultrasonic crystallization of solutions was established.  

Keywords: Ultrasonic crystallization of solutions, physical and mathematical simulation, fractal interpretation 

1. INTRODUCTION 

This paper is a continuation of research problems of ultrasonic crystallization of solutions that were discussed 
in [1, 2]. In these papers is proposed the ultrasonic crystallizer of the CuSO4 solution, based on the creation of 
the crystallization front with a gradient of temperature and the exposure of ultrasonic waves using 
magnetostrictive transducers (Fig. 1).  

It is noted that in the super cooled or saturated solution a new phase is nucleated: crystallization centers 
(nuclei) are formed, which are converted into crystals and grow, as a rule, with changing the form, content of 
impurities and defects. The number of nucleation depends on the cooling rate of the solution: the higher the 
cooling rate, the more crystal nuclei are formed in the solution while the size of the newly formed crystals will 
be smaller. The intensity of the nucleation is studied on the basis of the molecular-kinetic theory and is 
described in general terms in [3]. In recent work on modeling [4] crystallization centers are seen as clusters - 
conglomerates of molecules. Crystal growth does not occur gradually as a result of deposits on the faces of 
individual molecules, but rather abruptly, due to the accession of the individual blocks of approximately (10-9  
÷ 10-5) m. This causes a change of crystallographic axes in the individual micro blocks on a few minutes and 
even degrees of arc. Polyhedral crystals, which are irregularly shaped crystals (called crystallites), are formed 
with rounded crystals-granules (grains) and crystals branching structure (dendrites). The crystallization 
process of solutions is modeled as a diffusion of accidentally stray particles to the surface of the clusters and 
this process generates the fractal structures. In this case the clusters are regarded as fractals, that is the 
complete set of particles (molecules) and these clusters have the property of similarity (any part of a fractal is 
similar to the whole set).The three-dimensional diffusion is concluded to have the fractal dimension, that is 

equal to D ≈ 2.5. In this case the fractal dimension D is defined by formula [5]:  

N
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D = lg(N)/lg(ε-1), where N - is an increase in the number of sets of objects of infinitely small linear size ε, similar 
to the nuclei. All objects that have fractional fractal dimension are called fractals.  

Examination of the formation of crystalline fractal structures under the influence of various external force fields 
has been the subject of a number of recent studies [6-11].  

 Crystallizers with the ultrasonic exposure on the substance are used for producing homogeneous crystalline 
products [12]. The use of ultrasound as a means of exposure on the solution is due to the phenomenon of 
cavitation, i.e. the formation of bubbles in the liquid under the influence of sound waves. Hydraulic shocks 
caused by bursting of bubbles are successfully applied to dispersing many substances, particularly true during 
crystallization [1, 2]. Typical areas of ultrasound application are intensification of hydro mechanical and heat-
mass transfer processes in an ultrasonic field, e.g. by emulsification, dispersing, homogenization and 
crystallization of complex poly disperse systems (dispersions), which are accompanied by fluctuations of basic 
physical parameters. Therefore, the calculation of technological parameters of such processes must be based 
on a reasonable combination of physical and mathematical models.  

 

Fig. 1  Crystallizer body with support 2, elastic supports for the installation cover 3 and pipes 4 for inlet and 
outlet of cooling flow. 5 - outlet valve, 6 - installation cover with hydraulic lift 7, crystallization panels 8 with 

cooling liquid flow, 9 - magnetostrictive transducers ( MST ) with ultrasonic waves concentrators. 10 - 
crystals, F - crystallization front. 

Research objectives: 

• Physical modeling of crystallization solutions under the influence of the temperature gradient at the 
crystallization example of CuSO4 solution formed in the separation of copper from tungsten in 
accordance with the following chemical reaction:  W + Cu + H2SO4 + H2O2 = CuSO4 + 2H2O + W.  

• Fractal interpretation of crystallization of CuSO4 solution under the influence of the temperature gradient. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1484 

• Development of a mathematical model of crystallization of solutions under the influence of various 
external force fields using differential transport equations of substances and the method of similarity and 
dimensional analysis.  

• Fractal interpretation of the results of a mathematical model: linking of equivalent (conditional) 
theoretical crystal sizes with their real geometrical shapes and sizes through the use of the theory of 
fractals.  

2. PHYSICAL MODELING OF THE CRYSTALLIZATION SOLUTIO N OF COOPER SULFATE CuSO 4 
UNDER THE INFLUENCE OF THE TEMPERATURE GRADIENT 

2.1. Experimental studies and results 

Experimental studies were carried out at "Metal-Tech Ltd.", a chemical plant (Israel). We used a crystallizer 
with a 1 m3 volume. The temperature of the solution of CuSO4 was 70 °C and the temperature of the cooling 

stream (water) was 20 °C (Fig. 1 ). The front of crystallization  has been created due to the temperature 
gradient between the cold inner surfaces of the crystallizer and the hot solution of CuSO4. The crystallization 
process lasted 8 hours. The result of experiments conducted inside the crystallizer was the formation of a 
druze of crystals - a group stuck together mono crystals, directed along the normal to the inner surface of the 
crystallizer (in the direction of the crystallization front). During splitting the druze is broken into many mono 
crystals triclinic systems (prisms) bright blue in color with sizes of R = (0.5 ÷ 3) cm in the cross section and (3 
÷ 10) cm in a length. 

2.2. Fractal interpretation of the crystallization solution of CuSO 4 

According to the literature [13], the density of the CuSO4 crystals and the sizes of the crystal lattice correspond 
to the following values:  
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In [14] the crystal lattice is considered as an elementary prism with angles α, β, γ  and sides a, b, c, which are 
called as translations. Crystal growth is represented as the N-rd translation of each side with its own speed, 
with the formation of similar structures - fractals. All crystals are objects that have fractal properties. It is noted 
that there are many fractal generators (programs) that are used to generate fractal images [15].  

If we identify the sizes ε of the seed crystals (nuclei) with the sizes r of the crystal lattice (ε ≈ r), the number of 

translations of seed crystals (crystals growth) and their fractal dimension D will be determined as follows:  

  ,                                                  (1) 

where Mcr, ρcr, mcn, ρcn are the mass and density of mono crystals and crystal nuclei respectively; (i = 1) 
corresponds to a minimum size R for mono crystals and to a maximum size ε for crystal nuclei, (i = 2) 
corresponds on the contrary: to a maximum size for R and to a minimum size for ε. Assuming that (ρcr = ρcn), 
then for the number of translations - N (growth in the number of sets of objects - crystals of infinitely small size 
ε) we obtain values: N1 = 1.02·1020, N2 = 4.73·1024, which corresponds to the fractal dimensions D1 = 2.23, D2 
= 2.675 and the average value D = 2.45. Thus, we can say that the fractal dimension of CuSO4 crystals equals 
D = 2.45, which is consistent with the conclusion made above that at the three-dimensional diffusion in 
solutions the fractal dimension is of the order of 2.5 [5]. Numerical analysis of the data showed that in the axial 
direction (b) (at the front of crystallization), the number of translations (growth of microcrystals) is approximately 
2000 times greater than in the axial direction of crystallization (a) and only 6 times greater as compared with 
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the direction of the axis (c). This means that under the influence of the temperature gradient in the absence of 
other external force fields increases in crystallization (growth of crystals) occurs mainly in the direction normal 
to the inner surface of the crystallizer. The effect of additional external force fields will lead to a change in 
shape and properties of the produced crystals.  

3. ULTRASONIC CRYSTALLIZATION OF CuSO 4 SOLUTION: MATHEMATICAL SIMULATION   

In [1, 2] is proposed to work on the hot solution of CuSO4 with the ultrasonic waves that are generated by 
means of magnetostrictive transducers (MST) (Fig. 1 ). Recommended the following technological 
characteristics of MST: power of concentrators of ultrasonic waves - (0.3 ÷ 2) kW, oscillation frequency of the 
ultrasonic waves - (16 ÷ 30) kHz and intensity of sound waves - (0.1 ÷ 10)·10-4 W·m-2. Calculation of the most 
important parameters of the process of crystallization solution CuSO4 in this crystallizer is made using a 
combination of differential equations for momentum, mass, energy, sound waves and a method of similarity 
and dimensional analysis. Calculation formulas are obtained for the concentration Ccr, the equivalent diameter 
dcr of the resulting crystals of CuSO4 and the intensity of the source of internal specific energy Φ*, which 
depends on the interaction of the crystals with hydro-mechanical, thermal and acoustic fields: 

       (2) 

Here η1, η2, b1, b2, c1, c2, are the dimensionless coefficients of proportionality and constants which to be 
determined experimentally. As can be seen from the above formulas the value of the equivalent diameter dcr 
of the formed crystals of CuSO4 is directly proportional to the intensity of sound waves Is; it depends on the 
diffusion, thermal and hydro-mechanical criteria and on the geometrical simplexes involved in the calculations. 
If in the heat transfer equation (Equation Fourier Kirchhoff) [1] we add additional specific energy sources, which 
depend, for example, upon radiation, chemical reaction, electromagnetic fields, etc., then in to functional 
dependence for Φ* need to add additional criteria that contain appropriate physical parameters. 

3.1. Fractal interpretation of ultrasonic crystalli zation solution of CuSO 4 

Using the above formula (1) and the expression for dcr (2), gives the fractal relationship between the  diameter 
of formed crystals - dcr and the geometric parameters of the crystallizer and the physical parameters of external 
force fields acting on the solution of CuSO4: 

           (3)                                          

From (3) follows an analytical formula for the number of translations of produced crystals - N, i.e., an increase 
in the number of sets of infinitely small size ε crystals which form a real fractal shape of crystals: 
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4. CONCLUSION 

The experiments were performed on a crystallization solution of CuSO4, which was obtained by the separation 
of copper from tungsten. During crystallization under the influence of a temperature gradient a druze of crystals 
was formed. During splitting the druze was broken into many mono crystals triclinic systems (prisms) bright 
blue in color with sizes of R = (0.5 ÷ 3) cm in the cross section and (3 ÷ 10) cm in length.  

It was established that the fractal dimension of mono crystals of CuSO4 equals D = 2.45, which is consistent 
with the literature data. It was also shown, that with three-dimensional diffusion the fractal dimension of the 
resulting structures was of the order of 2.5.  Experimental values of the number of translations N - growth in 
the number of sets of objects crystals of infinitely small size , corresponding to the size of the crystal lattice 

(the nuclei) were N ≈ (1020 ÷ 1024). Crystal growth is represented as the N-rd translation of each side of the 
crystal lattice with its own speed, relative to the formation of similar structures - fractals. 

A mathematical model of ultrasonic crystallization of a CuSO4 solution was proposed. The model is based on 
the combined use of differential transport equations of momentum, mass, energy, sound waves and a method 
of similarity and dimensional analysis. Calculated formulas for the concentration Ccr with an equivalent 
diameter of the formed crystals dcr and intensity of internal energy source Φ* associated with the interaction of 
crystals with the hydro mechanical, heat and sound fields were obtained. As can be seen from the above 
formulas (2) the value of the equivalent diameter dcr of the formed crystals of CuSO4 is directly proportional to 
the intensity of sound waves Is and depends on the diffusion, thermal and hydro-mechanical criteria and the 
geometrical simplexes involved in the calculations. 

The fractal interpretation of ultrasonic crystallization of a CuSO4 solution was made. It was found that the 
growth of crystal size - dcr directly affects translation N that is an increase in the number of sets of crystals of 
infinitely small size ε, corresponding to the size of the crystal lattice (the size of the crystal nuclei). In turn 
translation of crystals N depends on the geometry of the crystallizer and the physical parameters of external 
force fields, acting on the solution of CuSO4 (formulas 3, 4). Thus, a connection of results of mathematical 
modeling with the results of fractal analysis of ultrasonic crystallization of solutions was established.  

There currently remains without a final solution a number of problems, including: problem intensification of 
ultrasonic fields, using MST; further experimental studies and calculation of hydro-mechanical - V, p, ν, heat-

mass transfer - Ccn, Ccr, α, β, at, λ, Dcr, ρ, ρcr, ρcn, ultrasonic - ps, Is, U parameters to determine the unknown 
coefficients in the above equations and for the implementation of the process of ultrasonic crystallization of 
solutions. 

ACKNOWLEDGEMENTS 

The authors are grateful to Mr. B.M. Tarakanov, Chi ef Scientist Enterprise “Metal-Tech Ltd” (Israel) 
for his help in carrying out experimental studies. 

DESIGNATIONS 

at is thermal diffusivity, (m2·s-1); Ccr is a concentration of the formed crystals, (kg·m-3); Ccn is a concentration of 
the formed crystal nuclei, (kg·m-3); Dcr is the effective diffusivity of crystals, (m2·s-1); Da is crystallizer diameter, 
(m); dcr is the equivalent diameter of the formed crystals, (m); Ha is the height of crystallizer, (m);  Is  is the 
intensity of the sound wave, (W·m-2); n is an amount of crystals of the diameter dcr in the crystallizer volume; 
p is the pressure into liquid, (N·m-2); ps is the pressure of sound wave, (N·m-2); U is the speed of sound, (m·s-

1); V is the speed of liquid flow, (m·s-1).  

Greek symbols : α is the coefficient of heat transfer from the wall into the liquid or in the opposite direction, 

(W·m-2·K-1); β is the mass transfer coefficient, which characterizes the rate of mass transfer from the liquid to 

ε
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the boundary of the crystals, (m·s-1); λ is thermal conductivity of the fluid, (W·m-1·K-1); ν is kinematic viscosity, 
(m2·s-1); ρ is liquid density, (kg·m-3); ρcr is the density of crystals, (kg·m-3); ρcn is crystal nuclei density, (kg·m-

3); Φ* is the intensity of the specific energy source associated with the forces of the fluid friction and impact on 
the crystals of thermal and sound fields, (N·m) (m-3· s-1).  

Criteria:  - diffusion and temperature Prandtl number  

 - diffusion and temperature Nusselt number;  - Euler number. 
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Abstract   

Iron aluminides are perspective structural materials for high temperature use. Addition of Zr into Fe3Al matrix 
leads to formation of strengthening intermetallic phases, which affect their high-temperature behaviour. The 
present work focuses on the behavior at high temperature, especially on the mechanical strength and 
coefficient of thermal expansion with respect to the alloy structure. Transition temperatures are not affected by 
Zr-addition in comparison to binary alloy. 

Keywords: Intermetallics, iron aluminides, structure, coefficient of thermal expansion, yield stress 

1. INTRODUCTION 

1.1. Iron aluminides 

Iron aluminides are perspective as structural materials for high temperature use because they exhibit some 
beneficial properties. Together with low price and easy availability of raw materials are especially favourable 
stiffness-to-weight ratio and excellent oxidation resistance. However, these intermetallic materials suffer from 
their low to medium temperature brittleness and insufficient high temperature strength [1-3]. One of the 
possible ways to increase the high temperature mechanical properties is addition of the ternary element into 
binary Fe-Al alloy [4, 5]. Mechanical strengthening can occur in four basic ways: 

• By the solid solution hardening 

• Precipitation of coherent ternary phase 

• Precipitation of incoherent particles 

• By the stabilization of ordered structure to higher temperatures 

An equilibrium binary Fe-Al diagram is showed in Fig. 1 .  

1.2. Fe-Al-Zr alloys 

It has been shown that addition of already small amount of zirconium into Fe3Al or Fe-Al based alloy leads to 
formation of hard and thermally stable phases [6-8]. Two equilibrium ternary phases were described - λ1 Laves 
phase with hexagonal lattice (Fe,Al)2Zr and τ1 phase (Fe,Al)12Zr (see ternary Fe-Al-Zr diagram in Fig. 2 ) [9]. 
High temperature mechanical tests shown that presence of both, λ1 and τ1 phase, can effectively increase the 
high temperature strength at temperatures around 700 °C [7,8,10,11]. Therefore, through the suitable choice 
of the composition can be achieved the structure consisting of a ductile Fe-Al phase and Laves- or τ1-phase. 
These intermetallic phases can significantly affect the high temperature mechanical properties due to their 
hardness and thermal stability. 

1.3. Coefficient of thermal expansion  

Not only the high temperature strength but also coefficient of thermal expansion (CTE) is key parameter for 
designers and engineers. It is necessary to be reckoned with a change of dimensions caused due to the 
thermal expansion in application of these materials at high temperatures for which they are intended. Current 
research deals with the structure, mechanical properties, oxidation and corrosion behaviour, however in the 
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literature there are only few mentions about the coefficient of thermal expansion of iron aluminides. The CTE 
depends on the temperature and on the structure. The measurement of CTE gives us information not only 
about change of the dimensions, but also about structural and phase transformations and helps us to 
understand better the behaviour of alloys at high temperatures. 

 

 

Fig. 1  Fe-Al binary diagram [3] Fig. 2  Fe-rich part of isothermal section of Fe-Al-
Zr diagram at 1000 °C [9]. 

2. EXPERIMENTAL METHODS 

2.1. Sample preparation 

The investigated alloys were melted in vacuum and casted. The alloys nominal composition was Fe-25Al-2Zr 
and Fe-30Al-2Zr (at.%). Concentrations of impurities coming from raw materials were lower than 0.1 at.% Cr; 
0.01 at.% B; 0.1 at.% Mn; 0.06 at.% C. Samples for metallographic structure description were electrochemically 
polished using LectroPol-5 (Struers) with A2 electrolyte. The dimensions of samples used for high temperature 
compression test were 6 x 6 x 10 mm. For the samples preparation was used EDM. The prismatic samples 
with dimensions of 7 x 7 x 15 mm were cut from bulk by the use of precision saw for the CTE measurement. 
The surface of samples for compression test and CTE measurement was carefully polished using sandpaper 
grit #1200. 

2.2. Structure 

Structure was observed using a field emission scanning electron microscope Zeiss Ultra Plus equipped with 
EDS detector Oxford X-Max for local chemical microanalysis and EBSD detector Oxford NordlysNano for 
determination of phase crystal structure. The structure was examined in the initial (as cast) state and after CTE 
thermal cycle. 

2.3. High temperature mechanical properties 

High temperature mechanical properties were assessed using compression test. Deformations were carried 
out by digitally controlled testing machine (INSTRON 1186) at temperatures of 600, 700, 800 and 880 °C. 
Compression tests were performed with a strain rate of 1.5·10-4 s-1, the temperature was kept with the accuracy 
of 3 °C.  

2.4. Coefficient of thermal expansion 

Thermal expansion was measured using a horizontal dilatometer. During the measurement the samples were 
placed into a holder of dilatometer and the whole system was inserted in the furnace. The heating rate was 
4 °C/min. CTEs were calculated according to equation: 
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where αT = coefficient of thermal expansion; lT = length of the sample at given temperature; l0 = length of the 
sample at laboratory temperature (20 °C), T = applied temperature; T0 = laboratory temperature. CTE curves 
were recorded in the temperature range from 400 to 1200 °C. 

3. RESULTS 

3.1. Structure 

The initial (as cast) structures are shown in Figs. 3  and 4. The matrix of both alloys is Fe3Al with a fine lamellar 
eutectic composed of Fe3Al + λ1 Laves phase. The structures after thermal cycle are in Figs. 5  and 6. A 
coagulation of Laves phase (Fig. 5) was observed after the dilatation cycle in the case of Fe-25Al-2Zr. In Fig. 6  
there is a structure of Fe-30Al-2Zr. In addition to the coarsening a partial phase transformation of Laves phase 
to τ1 phase occurred (τ1 appears as light grey areas). 

  

Fig.  5 The structure of Fe-25Al-2Zr after dilatation 
cycle. Coarse λ1 particles in Fe3Al matrix are visible 

Fig.  6 The structure of Fe-30Al-2Zr sample after 
dilatation cycle. A part of λ1 phase transformed to τ1, 

the rest of Laves phase coarsened 

  

Fig. 3  The microstructure of Fe-25Al-2Zr alloy in the 
initial state (as cast). The structure is composed of a 
dark Fe3Al matrix and a lamellar eutectic Fe3Al + λ1 

Fig. 4  The structure of Fe-30Al-2Zr sample in as 
cast state is the same as Fe-25Al-2Zr 
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3.2. Mechanical properties 

The graph in Fig. 7  shows the dependence of Rp0.2 yield stress on the temperature. A positive effect of  
a higher Al concentration is visible. The values of yield stress steeply and nonlinearly decrease with increasing 
temperature.   

3.3. CTE 

The dependence of coefficient of thermal expansion on the temperature is in Fig. 8 . Both curves show two 

changes in their slope. The first part corresponds to D03. Phase transformation D03→B2 took place around 
560 °C. The B2 structure is stable up to 780 °C for Fe25Al2Zr alloy; in the case of the Fe30Al2Zr alloy, it 
remains stable up to a temperature of 1000 °C where B2 transforms to disordered αFe lattice.  

 
Fig.  7 Dependence of yield stress on temperature 

 
Fig.  8 Calculated CTE curves. The steepest increase corresponds to D03 lattice, middle part is B2 and 

decrease of CTE with growing temperature was observed for disordered αFe lattice 
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4. DISCUSSION AND CONCLUSIONS 

In the initial state (as cast) the structure of both alloys was composed of a Fe3Al matrix with a lamellar eutectic 
λ1 + Fe3Al (Figs. 3-4 ). The lamellar eutectic coarsened during the CTE temperature cycle (Fig. 5 ) and in the 
case of alloy Fe30Al2Zr the Laves phase undergone a partial transformation to the τ1 phase (Fig. 6 ) according 
to ternary Fe-Al-Zr diagram (Fig. 2 ) [9]. 

Due to very limited solubility of Zr in Fe-Al matrix (< 0.1 %) nearly all Zr formed hard intermetallic phases and 
thus does not affect matrix phase transition temperatures significantly. Therefore, the measured phase 
transformations temperatures correspond to the values that can be deducted from the binary Fe-Al diagram 
(Fig. 1 ) [3]. Increase in Al-content stabilizes the B2 lattice to higher temperature what is beneficial for a high 
temperature mechanical strength (Fig. 7 ). The steepest increase in CTE with temperature was observed in 
D03 lattice.  Slower increase of CTE values shows B2 lattice. A decrease of CTE with temperature was 
observed for disordered A2 lattice corresponding to αFe. It is worth to notice that with respect to the high 
temperature strength, this type of alloys is usable up to ≈ 800 °C. From the obtained CTE data (Fig. 8 ) it seems 
that CTE grows with Al concentration. The temperatures of the matrix phase transitions are not affected by Zr 
addition. However, it should be taken into account that during the applied CTE thermal cycle occurs a wide 
range of interactions (phase transformation, Laves phase coarsening, surface oxidation…) that’s why further 
studies are necessary to properly understand the CTE.  
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Abstract   

The aim of this work was to investigate and compare microstructure changes in squeeze cast heat treated Mg-
2Y-1Nd-1Zn (WEZ211) and Mg-3Y-2Nd-1Zn-1.5Mn (WEZM3211) alloys. The WEZM3211 alloy was 
isochronally heat treated in 30 °C/30 min steps from room temperature up to 510 °C, the WEZ211 alloy was 
first isochronally heat treated in steps of 20 °C/20 min up to 440 °C, quenched and isochronally heat treated 
again. Phase transformations were investigated by several methods: electrical resistivity was measured after 
each heating step; transmission electron microscopy was performed in selected states; differential scanning 
calorimetry was realized in the temperature range 20 - 510 °C. Electrical resistivity curve of the WEZM3211 
alloy exhibits a slight decrease around annealing temperature 150 °C and the main drop in the temperature 
range 240 - 330 °C. This drop can be ascribed mainly to two precipitation processes - formation of thin basal 
plates of γ´´ phase and subsequently prismatic plates of equilibrium β phase. After annealing at higher 
temperatures oval particles containing Mn, Y were observed. Electrical resistivity of the WEZ211 alloy shows 
two decreases connected with formation and development of thin basal plates of γ´phase and ordered γ phase 
of 14H type. 

Keywords: Mg-Y-Nd-Mn-Zn alloys, phase transformations, microstructure, electrical resistivity  

1. INTRODUCTION 

Mg alloys with a small addition of rare earth elements (RE) are still in focus of research interests due to specific 
properties (e. g. [1, 2])  that enable use these alloys not only in traditional fields such as in transport industry 
but these alloys seem to be promising materials for use in medicine as bearing biodegradable implants. 
Magnesium itself exhibit very low corrosion resistance, especially in electrolytic, aqueous environments such 
as in human body. Because of this fact suitable addition in Mg is required to improve corrosion resistance and 
thus prevent implant to lose mechanical integrity too soon [3]. It is known that appropriate amount of RE 
including yttrium and scandium contributes to significant improvement of corrosion resistance [4]. The main 
effect of Zn addition in Mg-RE alloys is a significant decrease of stacking fault energy and precipitation of 
planar phases parallel to (0001)α-Mg plane connected with this effect [1]. Mg-Y based alloys with low Zn addition 
often exhibit ordered structures either in as cast states or after heat treatment. The 18R and 14H long period 
ordered structures (LPSO) were observed Mg-Y-Zn [5], Mg-Gd   (-Y)-Zn [6, 7], Mg-Dy-Zn, Mg-Ho-Zn and Mg-
Er-Zn alloys [8]. Zinc has antiseptic effect in human body and up to ~ 6 wt.% is suggested as a suitable addition 
to Mg alloys designed for biodegradable implants [9]. Easily absorption in vivo was proven for Mg with ~ 1 
wt.% Zn and ~ 1 wt.% Mn [10].  

This work is focused on investigation of Mg-2Y-1Nd-1Zn (in wt.%, further WEZ211) and Mg-3Y-2Nd-1Zn-
1.5Mn (in wt.%, further WEZM3211) alloys and their microstructure development during isochronal annealing. 

2. EXPERIMENTAL PROCEDURE 

Two alloys were squeeze cast under a protective gas atmosphere of Ar + 1% SF6. The isochronal annealing 
response of relative electrical resistivity changes in as cast WEZ211 alloy, resp. as cast WEZM3211 alloy was 
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determined in the range 20 °C - 440 °C [11], resp. 20 °C - 510 °C [12]. Isochronal annealing was carried out 
in steps of 20 °C/20 min in the WEZ211 and 30 °C/30 min in the WEZM3211 alloy followed by quenching. This 
treatment was performed in a stirred oil bath up to 240 °C and the specimen was quenched into liquid nitrogen 
after each annealing step. Specimens wrapped in a steel foil were heat treated in a furnace at higher 
temperatures and each heating was followed by water quenching. The H-shaped specimens machined to 
dimensions of cca 1x8x70 mm3 were used for resistivity measurements at 77 K after each heating step. 

Relative electrical resistivity changes ∆ρ/ρ0 were obtained within an accuracy of 10-4. Electrical resistivity was 
measured by means of the dc four-point method with a dummy specimen in series. The influence of parasitic 
thermo-electromotive force was suppressed by current reversal. The WEZ211 alloy was annealed and 
electrical resistivity was measured repeatedly the same way after the first treatment. The microstructure 
investigation was realized using transmission electron microscopy (TEM) and electron diffraction (ED) in JEOL 
JEM 2000FX electron microscope. An analysis of phases precipitated out was also supported by energy 
dispersive X-ray microanalysis (EDS) by BRUKER microanalyzer. Calorimetrical measurements were 
performed in the NETZSCH DSC 200 F3 Maia calorimeter at constant heating rates of 1 to 20 K/min under a 
flowing N2 gas atmosphere.  

3. RESULTS AND DISCUSSION  

3.1.  Microstructure of initial states 

The major phase in as cast WEZ211 and WEZM3211 alloys is the α-Mg matrix. Grain boundaries in both alloys 
are decorated by grain boundary eutectic (GBE) or by particles of the GBE constituent phase which has fcc 
structure isomorphic with that of primary Mg3Nd phase (Fig. 1 ). Particles and structural units of LPSO 14 H 
phase are noticeable near GBE in WEZM3211 alloy.  Grain interior structure exhibits relatively dense planar 
features with attributes of stacking faults (SF) in both alloys (Fig. 2 ). Fig. 3  shows microstructure of the 
WEZ211 alloy after the first isochronal annealing up to 440 °C and quenching - initial state of the presented 
study.  

Long and short ribbons of planar features showing SFs image attributes are visible together with dense 
dislocation distribution. Short ribbons in WEZ211 alloy can represent intrinsic stacking faults similar to those 
observed in Mg-8Y-2Zn solution treated alloy [1, 13]. Long ribbons in both alloys are most probably structural 

 

Fig. 1  Grain boundary eutectic 
and particles of 14H LPSO 

(marked with arrows) phase in as 
cast WEZM3211 alloy 

Fig. 2  Planar features parallel to 
α-Mg basal plain in as cast 

WEZM3211 alloy 

Fig. 3  Microstructure of WEZ211 
alloy after preliminary isochronal 

annealing up to 440 °C 
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units of long period ordered structure (LPSO) 14H also observed in solution treated Mg-8Y-2Zn alloy [13] and 
developing in Mg-6Gd-1Zn alloy during isothermal ageing at 250 °C [1, 6].       

3.2.  Development during isochronal annealing 

Electrical resistivity of the WEZ211 alloy during repeated isochronal annealing from room temperature up to 
440 °C decreases up to annealing temperature 180 °C, this decrease is followed by a slight increase up to 280 
°C and subsequent second decrease up to annealing temperature 340 °C where the resistivity minimum is 
reached. Resistivity increases on annealing at higher temperatures and the final value at annealing 
temperature 440 °C is about 5 % above the initial state. This increase is slowed down between temperatures 
340 °C and 380 °C (Fig. 4 ).  

TEM revealed a changed character of planar features after annealing up to 180 °C - tangled narrow ribbons 
can be stacking faults bounded by partial Shockley dislocation; long and short ribbons bounded also by 
dislocations are most probably plates of γ´ phase (hcp, a = 0.32 nm, c = 0.78 nm, (0001)α plate) with 
composition Mg(Y, Nd)Zn (Fig. 6 ) [1, 13]. As the majority of alloying elements is in the GBE and grain boundary 
phases the volume fraction increase of γ´ phase would not be high but sufficient to the resistivity decrease 
observed. 

A slight increase of resistivity between annealing temperatures 180 °C and 260 °C which is caused by increase 
of solute atoms content in the α-Mg matrix can be ascribed to a partial dissolution of γ´ plates. 

Decrease of the solute atoms content in the matrix due to precipitation of another secondary phase is the 
cause of resistivity decrease with minimum after annealing at 340 °C. Fig. 7  shows increased density of planar 
basal features which is confirmed by stronger intensity streaks observed in SAED. [41-50]α-Mg zone SAED 
(Fig. 8 ) exhibits extra reflection spots in position 1/7 (0002) α-Mg spot which corresponds to the position of 
(0002) reflection of 14H hexagonal LPSO phase [1, 13, 14]. Thus this resistivity decrease is probably response 
to the formation of γ phase (ordered hcp, 14H, a = 1.11 nm, c = 3.65 nm, (0001)α plate) reported in Mg-Gd-Zn 
and Mg-Y-Zn alloys [1, 6].  

Microstructure of WEZ211 alloy annealed up to 380 °C exhibits a little lower density of planar features than 
that after annealing up to 340 °C but probably the majority of features are basal plates of 14H γ phase.  

  

Fig. 4  Electrical resistivity development of WEZ211 
and WEZM3211 during isochronal annealing 

Fig. 5  Kissinger plot for the WEZ211 and 
WEZM3211 alloy 
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Resistivity increase shows dissolution of planar defects at higher temperatures up to 440 °C. Microstructure is 
characterized by long planar features which are most probably plates of γ phase 14H similarly to the 
microstructure of the initial state.          

Electrical resistivity development of the WEZM3211 alloy (Fig. 4 ) exhibits insignificant decrease from 90 °C 
up to 150 °C and subsequent increase up to 240 °C which is followed by resistivity drop up to 330 °C. Resistivity 
increase from this minimum is slowed down near 390 °C by precipitation of another phase. Resistivity value 
exceeds the initial value about 15 % after annealing at 510 °C. 

Microstructure development of the WEZM3211 alloy during isochronal annealing is completely different than 
in the WEZ211. Considerable resistivity decrease to its minimum value reached by annealing up to 330 ºC 
was caused by precipitation of dense distribution of thin basal plates of γ´´ phase or ordered GP zones. Besides 
of these thin hexagonal basal plates also prismatic plates of equilibrium β phase of the Mg-Y-Nd alloys 

Fig. 6  Planar features and short 
ribbons of stacking faults in 

WEZ211 alloy annealed up to 
180 °C 

Fig. 7  Planar features in WEZ211 
alloy annealed up to 340 °C 

imaged along [10-10]α-Mg direction 

Fig. 8  [41-50]α-Mg zone ED 
patterns of WEZ211 alloy 

annealed up to 340 °C - extra 
spots near to primary and strong 

matrix spot 

 

Fig. 9  Thin hexagonal basal plates 
and prismatic plates of stable β 

phase in WEZM3211 alloy 
isochronally annealed up to 330 °C 

Fig. 10  Overlapping of [1-100]α-

Mg and [1-100]β zones in ED od 
of the WEZM3211 alloy 
annealed up to 330 °C 

Fig. 11  Planar features and oval 
particles containing RE and Mn in 
the WEZM3211 alloy annealed up 

to 420 °C 
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decomposition sequence, namely Mg14Nd2Y phase (fcc structure a = 2.20 nm, {10-10}α plate) isomorphous 
with Mg5Gd phase, started to precipitate during annealing up to 330 °C (Figs. 9, 10 ). During further isochronal 
annealing up to 420 °C the oval particles containing RE and Mn precipitated simultaneously with coarsening 
of prismatic plates of the equilibrium β phase (Fig. 11 ). These two precipitation processes slowed down the 
resistivity increase near annealing temperature 390 ºC (Fig. 4 ). 

The dissolution of thin hexagonal basal plates and their partial transformation to another type of planar defects 
(γ´ or γ phase) is responsible for the pronounced resistivity increase during annealing at higher temperatures. 
After annealing up to 480 °C relatively low density of planar features is situated in grain interiors while an 
extremely high planar features density was observed in the vicinity of the grain boundary phase particles. Both 
planar features are most probably structural units of the stable LPSO 14H γ phase known from Mg-Gd-Zn and 
Mg-Y-Zn alloys [1, 6, 13]. Prismatic plates of the stable β phase also dissolved.       

Two exothermic heat effects in both WEZ211 and WEZM3211 alloys can be identified in DSC curves at heating 

rates 1 K/min - 20 K/min. The temperature position of these effects shifts to higher temperatures with increasing 

heating rate. Comparing DSC peaks and resistivity decreases it is supposed that the first process in the 
WEZ211 alloy represents precipitations of γ´ basal plates phase and the second process precipitation of 14H 
γ phase plates. Development of γ´´ basal plates in the WEZM3211 alloy annealed up to 330 °C is responsible 
for the first process observed in DSC. Heat response to β prismatic plates development is very poor and the 
second peak in DSC curves can be ascribed to precipitation of oval Mn, Y containing particles.       

The Kissinger method with the assumption that the peak temperature Tf in DSC curves for individual 
precipitation processes can be expressed as  

C
RT

E

T ff

+−=2ln
β

,            (1) 

where C is a constant, E the activation energy of the precipitation process, R the gas constant, β a heating 
rate and Tf  is the peak temperature of the DSC signal, is plotted in Fig. 5 .  

The values of the activation energy were determined as (104 ± 16) kJ/mol for precipitation of γ´ basal plates, 
(144 ± 27) kJ/mol for formation of 14H LPSO γ phase plates in the WEZ211 alloy, (102 ± 12) kJ/mol for 
precipitation of γ´´ phase and (149 ± 24) kJ/mol for rich Mn, Y oval particles development in the WEZM3211 
alloy. The activation energies of the γ´ and γ´´ basal plates development are somewhat lower than bulk 
diffusion energy of Zn in Mg (120 kJ/mol [15]) or Y in Mg (170 kJ/mol - diffusion energy of Y in Mg-Nd-Ag alloy 
[16]), what is often observed in formation of planar objects. The energy increases if the planar character is lost 
in formation of the 14H LPSO. The activation energy of precipitation of oval particles in the WEZM3211 
corresponds to diffusion energy of Mn [17] (154 kJ/mol) and to that of Y in Mg.  

4. CONCLUSIONS 

The main characteristics of microstructure of both alloys in as prepared state are relatively dense planar 
features parallel to the basal α-Mg plane. Microstructure development of as cast WEZM3211 and WEZ211 
formerly subjected to isochronal annealing up 440 °C is different. The precipitation observed in the WEZ211 
is gradually γ´ and γ phase development in the form of planar defects and structural units of 14H LPSO phase, 
resp. Precipitation, mutual transformation and dissolution of planar features, namely structural units of 14H 
LPSO γ phase and/or γ´, intrinsic stacking faults and thin hexagonal basal plates of γ´´ phase play a substantial 
role in the microstructure development of the WEZM3211 alloy. Formation of prismatic plates of the stable β 
phase (fcc Mg14Nd2Y) and precipitation of oval particles containing RE and Mn also contributes to phase 
transformations in the process of isochronal annealing performed. Activation energies were determined as 
(104 ± 16) kJ/mol for precipitation of γ´ basal plates, (144 ± 27) kJ/mol for formation of 14H LPSO γ phase 
plates in the WEZ211 alloy, (102 ± 12) kJ/mol for precipitation of γ´´ phase and (149 ± 24) kJ/mol for rich Mn, 
Y oval particles development in the WEZM3211 alloy. 
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Abstract 

Characteristic of standard sacrificial alloys on the base of aluminum is extremely low content of the cathode 
impurity elements. Due to this requirement, the stable electrochemical parameters and high efficiency of 
aluminum anodes is not always achieved.  

Falling characteristics of tread material can be attributed to their passivation - reduction of oxidation of the 
material of the tread due to the formation of a thick oxide layer on the surface of аnodic protector. 

This paper presents data as to how to stabilize the electrochemical properties of sacrificial zinc anodic 
materials that contain aluminum, zinc. Are discussed the principles of alloying that help to reduce passivation 
of the tread material. 

Keywords: Sacrificial aluminum alloys, alloying of calcium, electrochemical characteristics. 

1. INTRODUCTION 

Sacrificial protection is one of the widely used, reliable, affordable and effective means of combating the 
electrochemical corrosion of metal structures and constructions in sea water. Electrochemical protection of 
metals from corrosion is based on the fact that corrosion of metals is terminated under the influence of a 
constant electric current. The surface of any metal, electrically non-uniform is the major cause of corrosion in 
water. Thus only broken portions of the metal surface with the most negative potential (anode), with which the 
current flows into the external medium and the areas of metals with a positive potential (cathode), in which 
current flows from the external environment, not destroyed [1, 2]. 

With the use of protectors protect metal hulls and submarines, offshore platforms, pipelines, reservoirs and 
tanks, structures port area, the metallic elements of underground structures, etc. 

As sacrificial materials are used alloys based on magnesium, aluminum and zinc [3]. The most widely used in 
galvanic protection systems obtained aluminum alloys (Table 1 ). 

Table 1 Chemical composition of the aluminum alloy tread AP1 * (GOST 26251-84) 

Alloy grade 
Mass fraction of main components, % 

Aluminum  Magnesium Zinc 

AP1 rest - 4.0-6.0 

Note: * The maximum allowable content of impurities in alloys: Fe ≤ 0.10%, Cu ≤ 0.01%, Si ≤ 0.10%. 

However, under operating conditions of cast protectors of different types of aluminum alloys decrease basic 
electrochemical properties sacrificial material [2]. One of the causes of reduction of electrochemical 
characteristics is the uncontrolled content of harmful impurities and passivation of sacrificial material [2, 3]. 
Passivation of the tread material - this is a sharp decline in the rate of dissolution (and corrosion protection), 
because of the strong oxidation of the surface of the tread. 
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2. EXPERIMENTAL STUDIES 

Below are the results of experimental studies on the effect of calcium supplementation on the main 
electrochemical characteristics of the tread alloy AP1. For this study were selected the calcium concentrations 
in the alloy AP1: 0.01 %, 0.05 %, 0.1 %, 0.5 %, 1.0 % by weight. 

Samples for electrochemical testing were obtained by casting in metal molds at a casting temperature of 
740 °C. Calcium was introduced in granular form with metallized aluminum coating. The calcium content in 
such a ligature was 99 wt.%. The chemical composition of the samples was tested by using of the X-ray 
fluorescence spectrometer ARLADVANT'X (Thermo) in a laboratory VlSU. 

 

Fig. 1  Change stationary potentials AP1 alloy samples (with a change in the Ca content of 0 to 1.0 wt.%) 

Electrochemical testing of samples was carried out using galvanostatic mode at a 3 % solution of NaCl in 
water, using chlorine in silver reference electrode (Ag / AgCl) for 15 days at anodic polarization current of 3 mA 
at a standard procedure in a special unit. Analysis was performed on three parallels. 
To evaluate the corrosion rate of the samples was used the gravimetric method. The samples were weighed 
using an electronic scale before and after the test, and then weight loss was calculated (Δm) and the corrosion 
rate (Km) from formula: 

Km = Δm / (S τ); (g / m2 · day),          (1) 

where Δm - mass change of the sample as a result of testing (g); S - area of the sample surface, (m²), τ - time 
(day). 

Research has shown that in samples with a high content of calcium (0.5, 1.0 %) modulus of the negative 
stationary potential significantly less decreased during the test than the standard tread alloy AP1, and 
therefore, these alloys are less susceptible to passivation (Fig. 1 ). This can be explained by the fact that the 
calcium aluminum oxide film makes a loose, easily separated from the body protector. 

Doping with calcium of from 0.1 to 1.0 wt.% of the tread AP1 alloy slightly increases corrosion rate (more than 
0.01 % Ca) (Fig. 2 ), and decreases the coefficient of the useful use (CUU) (Fig. 3 ), i.e. somewhat reduces the 
basic properties, but in the indicated amounts calcium neutralizes the harmful effects of iron, has a modifying 
effect upon crystallization on the grain structure. 

0.01 0.1 0.5 1.0 Content of Ca (wt.%) 
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Fig. 2  The dependence of the corrosion rate of aluminum alloy tread AP1 of Ca content 

  
Fig. 3  Dependence CUU tread aluminum alloy AP1 of Ca content 

CONCLUSION 

Supplements of calcium from 0.1 to 1.0 wt.% of the tread aluminum alloy AP1 significantly increase the rate of 
corrosion, reduce the efficiency of use, as well as bias potential of the alloy in the negative region, to prevent 
passivation of the surface of the tread aluminum alloy during operation of the tread. 
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Abstract  

The connection between metal and ceramic occurs by physical, chemical and in small extent by mechanical 
forces, special attention is applied to the every stage of metal surface preparation before ceramics application. 
The paper presents the results of microscopic cross-sections observation of Ni-Cr-Mo coated with opaquer 
and dental ceramics layers. On the basis of variables sandblasting parameters found that this treatment tends 
to increase the diversity of the surface. Short term (because a 15-second) sandblasting makes the metal 
surface irregular, and the presence of hollows and hills on the surface contribute to increased adhesion 
between layers of opaquer and ceramic. The usage of longer sandblasting time makes that the irregularities 
are rather rifts and burrs. In addition, the dimensions of the resulting irregularities restrains the correct and 
accurate surface oxidation of the alloy, but also restrains the correct  and even surface coverage within opaque 
Highly diverse of the alloy surface contributes to the numerous gaps, cavities and voids on the border of the 
metal - ceramic connection. 

Keywords: Ni-Cr-Mo alloy, dental alloy, metal-ceramic system  

1. INTRODUCTION  

In dental technology the sandblasting technique is designed to clean the surface of the cast, to remove 
impurities and a byproduct after mechanical machining and heat treatment. Abrasive wear of the alloy surface 
caused by corundum particles striking help to roughness increase and development of the surface. Typically, 
combinations of metal with other materials have adhesive character, therefore, strongly developed and 
roughened surface enhances the strength of the connection [1-3]. Due to the fact that sandblasting has a 
significant impact on the quality of the metal-ceramic connection it seems to be interesting to verify how the 
time of sandblasting of the metal surface effect on the structure of such a connection. 

Application of metals and their alloys used in dental technology is very common. Among the metallic materials 
used in dental technology can be mentioned: nickel, cobalt, chrome, gold, titanium and their alloys [1-3]. 
Metallic materials used in prosthetics are prepared by various methods include isostatic casting, using 
centrifugal force or the use of plastic forming techniques (squeezing and rolling), which entails many risks. The 
material in processes may be damaged, on the surface may appear casting cavity, cracks and impurities 
resulting from the chemical composition and other plasticity parameters [4-9]. This kind of defects may cause 
a rupture during plastic deformation, and the exploitation [10]. Therefore, so important is to plan appropriate 
surface treatments. In surface engineering on dental materials strengthening commonly used are surface 
machining, thermal treatment [11-13] as well as chemical and thermo-chemical treatments [14,15] Metal 
surfaces to ensure an appropriate level of aesthetics are faced and covered with ceramic and composite 
materials. One of the most frequently performed services in dental technology, where it meets the phenomenon 
of combination of metal with ceramics is to produce veneers, on a metallic base. The combination of metal 
with a ceramic occurs by physical, chemical, and low mechanical forces (on a metal surface is formed 
mechanical retention). The mechanical or adhesive connection is realized by the retention pearls or by the 
effect of metal surface sandblasting [16-18]. The metal selection should be guided by its chemical and physical 
properties. Metal to veneering with ceramic has to contain alloying elements which give the possibility to form 
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an oxide layer which assist to produce chemical bond in conjunction with ceramic material. Preparation of the 
corresponding oxide layer is very important, therefore, a surfaces casts should be sandblasted to be cleaned 
from spontaneously arising oxides and other impurities. The surface cleaning ensures that during oxidation, a 
controlled amount of oxides created (recommended by the manufacturer). It can be argued that the ceramic 
particles of opaquer with metal oxides diffuse between them to create a combination and stable connection. 
Another important factor that affects on the metal - ceramic connection is suitable selection of thermal 
expansion coefficients between the metal and ceramic (coefficient of thermal expansion WAK and the linear 
coefficient of thermal expansion TEC). The range between the coefficients should be (0.5 - 1.5)10-6 K-1 at a 
temperature range of 25 - 500 °C [19]. The main objective of the work are the observations of metal-ceramics 
cross-sections micro-images. The samples were prepared from dental Remanium CSe alloy veneered with 
ceramics PS d. SIGN Ivoclar. 2.1. and the only variable was the time of metal surface sandblasting. 

2. EXPERIMENTAL 

2.1. Material characteristic 

In the research the dental alloy Remanium CSe and ceramic IPS d. SIGN Ivoclar have been used. This Ni-Cr-
Mo alloy is special material adapted to working with ceramics, characterized by very good ceramics adhesion, 
even after firing several times. It is biocompatible and does not contain harmful to the health of beryllium and 
has a high rate of corrosion resistance in body fluids [8, 20]. Table 1  shows the chemical composition of the 
alloy and its basic characteristics. 

Table 1  Chemical composition and some of the properties of Ni-Cr-Mo commercial alloy (based on  
   manufacturer information) 

Remanium 
CSe 

Chemical composition 

Ni (wt.%) Cr (wt.%) Mo (wt.%) Si (wt.%) 
(Co, Fe, Al, Ce) 

(wt.%) 

rest 26 11 1.5 < 1 

Properties 

Rp0.2 (MPa) Am (%) Rm (MPa) Young Modulus 
(MPa) Density (g·cm-3) 

340 15 550 170 8.2  

The ceramic set used in the work belongs to the group of the glass-ceramic materials, adapted to perform 
veneers based on metallic. Table 2  shows the composition of ceramic and its basic characteristics. 

Table 2  Chemical composition and some of the properties of IPS d. SIGN (based on manufacturer  
   information)  

IPS d. 
SIGN 

Chemical composition (wt.%) 
SiO2 Al2O3 K2O Na2O CaO P2O5 F Others 

50 - 65 8 - 20 7 - 13 4 - 12 0.1 - 6 0.0 - 5 0.1 - 3.0 0 - 3 

Properties 

Solubility 
(μg·cm-2) 

WAK (25 - 510 °C), 
10-6 K-1 

Rg (MPa) HV 
Opaquer 

adhesive force 
(MPa) 

Softening point 
temperature 

(°C) 

3.8 - 8.9 12.0 ± 0.5  80 ±  25 520 - 599 45.5 - 60.6 510 ± 10  

2.2. Sample preparation 

Metallic samples base with 100 x 10 x 5 mm dimensions had been casted by centrifugal force using the 
induction furnace, then four of them have been subjected to a process of sandblasting with corundum sand 
(grain size150 µm). The time of the sandblasting process time for each sample was different, the shortest time 
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is 15 seconds and followed by 1, 5, 10 minutes. For all samples after appropriate treatment has been applied 
ceramics IPS d. SIGN Ivoclar, according to the procedure, which is recommended by the manufacturer, i.e. 
after sandblasting, each sample was treated with a hot stream in order to clean metal surfaces from any dust 
and fine metal chips, and then inserted into a furnace to initiate the process of controlled and uniform surface 
oxidation. The maximum oxidation temperature was 950 °C. After the oxidation the samples surface has been 
purified again with a hot steam to remove possibly formed grease, then layer of opaque IPS d.SIGN A4 has 
been applied, after which it was possible to dentin and ceramic impose. Samples prepared in accordance with 
the manufacturer's instructions were fired in a temperatures exceeding 900 °C. 

To properly analyze the state of metal-ceramic connection, the cross-sectional images of samples by optical 
microscopy have been taken. As a reference sample, a metallic sample with polished with abrasive paper grit 
800 surface was used (Fig. 1 ). 

a)         b)  
Fig. 1 The cross-section images of Ni-Cr-Mo commercial alloy coated with ceramic material - metallic sample 

with polished surface  

3. RESULTS 

Preparation of the sample surface is the most important function gives the possibility to achieve optimum 
mechanical properties and ensure a sufficiently strong connection on the border of two different materials. 
Every little mistake in the preparation of the surface affects on the connection adhesive forces. Inaccurate 
preparation of the surface can cause disturbances in the stability of the dental construction. In Fig. 1  the cross-
section of Remanium Cse (after sandblasting with various time) sample with ceramic coating are presented. 
The connection line is almost straight and small variations are probably fine metal powders that are left on the 
metal surface after grinding process. This type of connection probably will not show the mechanical nature of 
the combining forces.  

The short time of sandblasting (15 s) increase diversification of metal surface The numerous inequalities have 
a depth and width about 20 - 30 μm. The recesses are wide hollows and hills, which in turn is conducive to 
good surface coverage with the opaquer (Fig. 2 a, b ). During microscopic observation has been reported 
presence of the visible discontinuities of connection. Which indicates that the time of sandblasting respectively 
affect on the surface development, and the access of oxidizing atmosphere to the total actual surface metal is 
facilitated. 

The use of longer sandblasting times (1, 5 and 10 minutes - Fig. 2 c-h ), even more diversified alloy surface, 
but with so long time of blasting process, metal surface is more rugged and jagged (recesses have rather 
nature of the uneven rifts and burrs). In the other hand, the long-term corundum particles striking on the metal 
surface caused that a few of metal burrs were and closing creating voids and cavities. It is particularly 
dangerous and detrimental to the strength properties of the connection. In this case there is a possibility of 
non-uniform oxidation of the alloy surface, which may lead to scaling and spalling of oxides on the border of 
the connection and weakening functional properties of the whole system. Moreover, for a sample after 10 
minutes (and longer) blasting are observed a significant amount of discontinuity and void which. Distribution 

Ceramic 

Opaquer 

Ni-Cr-Mo 
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area of such discontinuity is particularly vulnerable to damage caused by mechanical forces. Additionally 
important is the fact that the thickness of the opaquer on the entire ceramic surface is not with similar 
dimensions, which could have an impact on the final dimensions of the prosthetic works. 

a)        b)  

c)       d)  

e)         f)  

g)       h)  

Fig. 2 The cross-section images of Ni-Cr-Mo commercial alloy coated with ceramic material. Metallic sample 
with sandblasted surface: a, b) 15 s; c, d) 1 min; e, f) 5 min; g, h) 10 min (a cross-section, not etched) 

4. CONCLUSION 

• The process of sandblasting of the alloy surface before applying a layer of dental ceramics promotes 
increasing the diversification the surface. Short-term, because only 15-second sandblasting makes that 
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inequalities on the metal surface are uniform recesses and are conducive to increased adhesion forces 
of ceramics layers to the ground. 

• The use of longer times (1, 5 and 10 min) of sandblasting process makes the created inequalities are 
more in the nature of rifts and burrs. Furthermore, the dimensions of the resulting inequalities prevent 
the proper and accurate of the alloy surface oxidation, but also prevent to evenly cover of the surface 
with ceramic. 

• The highly diverse of surface contributes to the formation of numerous gaps, voids and discontinuities 
on the border of metal - ceramics connections.  
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Abstract 

The Mg-11.5wt.%Zn-3.0wt.%Al and Mg-5.1wt.%Zn-3.3wt.%Al-0.1wt.%Ca alloys were squeeze cast under a 
protective gas atmosphere (Ar + 1% SF6). Precipitation reactions were studied by differential scanning 
calorimetry at heating rates of 0.5 - 30 K/min. Electrical resistometry at 78 K and microhardness (HV0.5) at 
room temperature were performed additionally. The specimens were subjected to isochronal annealing with 
steps of 20 K/20 min up to 300 °C. The thermal measurements revealed two exothermic effects during linear 
heat treatment in the temperature range of 100 - 250 °C at heating rates of 2 - 30 K/min. In agreement to the 
thermal response, two stages of electrical resistivity decrease were observed in the same temperature range. 
The lower thermal and absolute resistivity changes were observed in the alloy with Ca-addition. Activation 
energies obtained from the thermal measurements using the Kissinger method for the two mentioned 
processes were calculated as Q1 = (124 ± 17) kJ · mol-1 and Q2 = (133 ± 4) kJ · mol-1 in both alloys. 

Keywords: Differential scanning calorimetry, electrical resistometry, activation energy, icosahedral phase 

1. INTRODUCTION 

Magnesium alloys exhibit low density, high specific strength and they are being increasingly applied in aircraft, 
electronic industries and in automotive industry in order to save mass thereby reducing fuel consumption and 
pollution [1-3]. The addition of zinc to magnesium can lower the corrosion rates of the alloys and improve 
mechanical properties [2]. Commonly used magnesium alloys on Mg-Al based system have excellent 
castability, low cost and good mechanical properties. However there is a limitation to temperature below 120 
°C because of poor heat resistance [1]. Magnesium alloys show attractive properties for biomaterial 
applications, too. Studies on Mg-Zn-Ca have shown that this alloy has a very good biocompatibility [4, 5]. 

Icosahedral phase in Mg alloys exhibits very good strengthening properties [6-9]. The formation of icosahedral 
phase has been considered as one of the most effective methods for expansion of high strength lightweight 
Mg alloys to aerospace and automotive industry [9, 10]. This phase was found in Mg-Zn-Al, Mg-Cu-Al or in 
Mg-Zn-Y alloys [6-8]. Quasicrystals have many interesting properties such as very high hardness, thermal 
stability and low electrical conductivity at room temperature or high corrosion resistance [6-9]. The icosahedral 
phase particles also pin grain boundaries and retard grain growth. Icosahedral phase is metastable and 
transforms to the equilibrium τ phase in the as-cast Mg alloys annealed at 170 - 220 °C [10]. 

2. EXPERIMENTAL DETAILS 

The Mg-11.5 wt.% Zn-3.0 wt.% Al and Mg-5.1 wt.% Zn-3.3 wt.% Al-0.1 wt.% Ca alloys were squeeze cast 
under a protective gas atmosphere (Ar + 1% SF6). The alloys were pressed in two steps with maximal pressure 
50 MPa and 150 MPa. The temperature of liquid was 750 - 850 °C. 

The temperature ranges of phase transformations in the alloys were determined by electrical resistivity 
measurements at 78 K and by microhardness (HV0.5) measurements at room temperature after annealing in 
isochronal steps of 20 K/20 min. The heat treatment was undertaken in a stirred oil bath up to 240 °C and in a 
furnace with Ar-protective atmosphere up to 300 °C. Each step was followed by quenching. Relative electrical 

resistivity changes ∆ρ/ρ0 were obtained with an accuracy of 10-4 (ρ0 is the value of resistivity in the initial state). 
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The H-shaped specimens were used for resistivity measurements. Resistivity was measured by the DC four-
point method with a dummy specimen in series. The influence of parasitic thermo-electromotive force was 
suppressed by current reversal. 

The influence of isochronal annealing on mechanical properties was studied using Vickers microhardness 
measurements following the same procedure as in resistivity measurements. The measurement started no 
longer than 5 minutes after the heat treatment step to minimise eventual natural ageing [11]. 

The thermal analyses of the Mg-Zn-Al-(Ca) alloys were studied using differential scanning calorimetry (DSC)  
performed at heating rates of 0.5, 1, 2, 5, 10, 20 and 30 K·min-1 in the Netzsch DSC 200 F3 apparatus. The 
temperature range of the measurements was from room temperature to 300 °C. A specimen of mass between 
10-20 mg was placed in Al2O3 crucibles. Measurements were performed without a reference specimen. 
Nitrogen flowed at the rate of 40 ml/min as a protective atmosphere.  

Transmission electron microscopy (TEM) and electron diffraction (ED) were carried out in JOEL JEM 2000FX 
electron microscope to determine the microstructure of the squeeze cast alloys. 

3. RESULTS AND DISCUSSION 

Relative resistivity changes caused by step-by-step isochronal annealing up to 300 °C in the Mg-Zn-Al and 

Mg-Zn-Al-Ca alloys are shown in Fig. 1 . The resistivity annealing curves show gradual decrease of Δρ/ρ0 up 

to ∼ 220 °C followed by resistivity decrease to the minimum at ~ 280 °C in both alloys. Thereafter resistivity 

increases in both alloys. The initial values of electrical resistivity were measured as ∼ 58 nΩ·m for the Mg-Zn-

Al alloy and ∼ 47 nΩ·m for the Mg-Zn-Al-Ca alloy. The difference of electrical resistivity Δρ between the initial 
state and after annealing up to 280 °C was determined as 6 nΩ·m and 3 nΩ·m for the Mg-Zn-Al and the Mg-
Zn-Al-Ca alloy, respectively. Higher initial value of electrical resistivity as well as larger resistivity changes after 
isochronal annealing for the Mg-Zn-Al are probably caused by higher content of additives (especially zinc) in 
the alloy. 

Fig. 2  shows the response of microhardness HV0.5 to step-by-step isochronal annealing. The initial values of 
microhardness were measured as (87 ± 2) for the Mg-Zn-Al and (59 ± 2) for the Mg-Zn-Al-Ca alloy, 

respectively. The grain size was observed as ~ 40  µm in both alloys. Thus the difference of the initial 
microhardness values in the alloy without Ca-addition is probably caused by higher concentration of additives, 
again. One can see that the isochronal annealing has a negligible effect on hardening in both alloys. At 
temperatures above ~ 240 °C microhardness of the alloys slowly decreases. The value of microhardness of 
the Mg-Zn-Al alloy at the end of annealing is below the initial value. 

 

 

 
Fig.  1 Isochronal resistivity annealing curves 

(20 K/20 min) 

Fig.  2 Isochronal microhardness (HV0.5) 
annealing curves (20 K/20 min) 
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Fig. 4 TEM bright field image of the Mg-Zn-Al-Ca squeeze cast alloy 

The microstructures in the initial state are shown in Figs. 3  and 4. TEM proved an existence of grain boundary 
phases in both alloys. This phase was identified using ED as icosahedral phase in the Mg-Al-Zn alloy (see 
Fig. 3b ). The phase contains Mg, Zn and Al and the concentration is enclosed to the composition of the 
icosahedral phase described in [12]. Grain boundary regions were less occupied by icosahedral phase in the 
alloy with Ca-addition. It is probably caused by lower concentration of zinc. The volume fraction of the grain 
boundary phase is also lower in the Mg-Zn-Al-Ca alloy. 

A high density of rods (size of 140 - 550 nm) perpendicular to basal plane and fine coherent oval particles (size 
of 20 - 55 nm) were observed inside α-Mg phase grains in both alloys. The morphology of these phases is 
closed to the phases observed in binary Mg-Zn alloys [13, 14]. A higher density of fine oval particles was 
observed in the Mg-Zn-Al than in the Mg-Zn-Al-Ca alloy. Coarse block particles (size of 50 -120 nm) were 
detected only in the Mg-Zn-Al-Ca alloy. Unfortunately we have no clear information about structure of these 
phases. 

Fig.  3a TEM bright field image of the Mg-
Zn-Al squeeze cast alloy. See grain 

boundary phase, rods and oval particles 

Fig.  3b ED of the grain boundary phase in the 
Mg-Zn-Al squeeze cast alloy identified as 3-

fold symmetry zone of icosahedral phase 
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Negative numerical derivatives of the measured resistivity annealing curves from Fig. 1  are plotted in Figs. 5a  
and 5b  for a better recognition. The obtained spectrum can be fitted by Gaussian curves using the method of 
least squares [15]. The first positive stage in both alloys is composed of three sub-stages with maxima at ~120 
°C, ~160 °C and ~200 °C. The second positive stage (Fig. 5 ) in both studied alloys has maximum at ~250 °C. 

 

Fig. 5 Spectra derived as negative derivative of the isochronal resistivity-annealing curves fitted by Gaussian 

curves. The initial value of electrical resistivity is ρ0. a) Mg-Zn-Al alloy, b) Mg-Zn-Al-Ca alloy 

Differential scanning calorimetry of both alloys revealed three exothermic effects (labelled as effect 1, 2 and 
3) at heating rate of 1 K/min. However, DSC measurements revealed only two exothermic effects (effect 1, 
effect 2) at higher heating rates (2 - 30 K/min) in both alloys. No thermal changes were detected in DSC curves 
at heating rate 0.5 K/min. For illustration, Fig. 6  shows DSC curve of Mg-Zn-Al at heating rate of 1 K/min. 
There are three exothermic stages fitted by Gaussian curves. It is seen that exothermic peaks (effect 1 and 2) 
correspond to the temperature position of the positive resistivity spectra sub-stages in Fig. 5a .  

 

No exothermic effect was detected after annealing up to ~ 140 °C for any heating rate. The third exothermic 
stage (effect 3) with maximum at ~ 235 °C in DSC curve in Fig. 6  corresponds to the resistivity spectra stage 
with maximum at ~ 250 °C. The temperature position of the heat flow peaks (effect 1 and 2) shifts to higher 
temperatures with increasing heating rates. The lower thermal changes were observed in the alloy with Ca-
addition, it agrees very well with the lower resistivity changes in the alloy with Ca-addition. 

Fig. 6  DSC trace (red line) at heating rate 1 K/min 
of the Mg-Zn-Al alloy fitted up to 250 °C by 

Gaussian curves (blue lines) 

Fig. 7 Kissinger plot of exothermic heat effects in the 
squeeze-cast Mg-Zn-Al-(Ca) alloys. ɸ is the linear 

heating rate; Tm is the peak temperature of DSC trace 

for particular exothermic heat effect 
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The Kissinger method [16] with the assumption that the peak temperature Tm in DSC curves for individual 
precipitation effects can be expressed as 

C
TR

Q

T mm

+−=






 Φ
2

ln  (1) 

where C is a constant, Q the process activation energy, R the gas constant, Φ the heating rate. 

Fig. 7  shows the Kissinger plot in the coordinate system of [ln(ɸ/Tm
2); 1/Tm] for the Mg-Zn-Al and Mg-Zn-Al-

Ca alloys together. The Kissinger plot shows that maxima of the two exothermic effects (effect 1 and 2) 
observed at DSC curves up to 250 °C were detected at the same temperatures in both alloys. The Ca-addition 
does not influence the exothermic processes in DSC measurements. Activation energies of the two processes 
were calculated by the Kissinger method as Q1 = (124 ± 17) kJ·mol-1 and Q2 = (133 ± 4) kJ·mol-1 in both alloys. 

Preliminary TEM and ED results proved neither changes of volume fraction nor composition of boundary 
phases after annealing up to 240 °C. Volume fraction of the fine coherent oval particles increases after 
annealing up to 240 °C in both alloys compared to the initial state. However, the thorough additional 
microstructure observation is needed. With respect to the thermal changes, electrical resistivity and 
microhardness changes up to ~ 250 °C we suppose that they are mainly caused by precipitation and/or 
coarsening of particles inherent to Mg-Zn system. 

4. CONCLUSIONS 

Microstructure observation proved existence of grain boundary phases in the squeeze cast Mg-Zn-Al-(Ca) 
alloys. This phase was identified by selective electron diffraction as an icosahedral phase. Three exothermic 
processes were observed by DSC measurements in the alloys. The third process was observed only at heating 
rate of 1 K/min. Thus the activation energies were calculated only for the two exothermic processes by the 
Kissinger method as Q1 = (124 ± 17) kJ·mol-1 and Q2 = (133 ± 4) kJ·mol-1 in both alloys. The processes are 
probably caused by precipitation and/or coarsening of particles of the Mg-Zn system. The results obtained by 
electrical resistometry correspond very well to DSC measurements. The lower thermal and resistivity changes 
were observed in the alloy with Ca-addition. No influence of Ca-addition on maxima of the exothermic 
processes up to 250 °C was observed in DSC measurements. The difference of initial microhardness values 
in both alloys is probably caused by different concentrations of additives, especially of zinc. 
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Abstract 

Titanium and AISI 304 stainless steel were joined using a 0.1 mm thick aluminum foil interlayer at temperatures 
of 550, 650 and 700 °C for 1 h under 2 MPa pressure in vacuum. The interface microstructures of the bonded 
samples were observed using the optical and scanning electron microscopes. The chemical analysis was 
performed with energy dispersion spectroscopy. The effect of bonding temperature on joints microstructure, 
composition and microhardness was investigated. FeAl3 and Fe2Al5 intermetallic layers were observed at the 
stainless steel/aluminum interfaces. At the aluminum/titanium interfaces TiAl, TiAl2 and TiAl3 intermetallic 
layers were identified. The width of intermetallic layers for both interfaces increased gradually with the increase 
in bonding temperature. The irregular shaped particles of Al7Cr were additionally observed in aluminum matrix 
for joints that were transient-liquid-phase bonded at 700 °C. Microhardness of joints achieved values from 220 
to 870 HV and was higher than that one for base metals. The microhardness values for analogous intermetallic 
layers increased with increasing temperature of bonding.       

Keywords:  Titanium, stainless steel, aluminum, diffusion bonding, TLP joining, microstructure  

1. INTRODUCTION 

Titanium is a metal with very high specific strength and good corrosion and erosion resistance. The three 
useful properties have led to a considerable interest in joining titanium and its alloys to stainless steel for many 
industrial applications [1-3]. Unfortunately, titanium and corrosion-resistant chromium-nickel stainless steels 
belong to structural materials which are quite difficult to join, which is mainly caused by the presence of stable 

TiO2 and FeO⋅Cr2O3 oxides on their surfaces [4]. Due to the low solubility of iron in alpha titanium at room 
temperature welding of titanium and stainless steel is very difficult. When the two materials are joined by 
conventional fusion [5] or friction welding [6] it results in formation of brittle and hard intermetallic phases near 
the interface. In order to braze titanium to stainless steel many different filler metals can be used including 
pure silver, silver base alloys, titanium base alloys and copper base alloys [7]. Regrettably, titanium, being a 
reactive metal, reacts easily with liquid filler materials and forms intermetallic phases. Usually they are located 
as continuous layers on braze boundaries [8]. Very practical method of joining different materials is diffusion 
bonding that produces solid-state coalescence through the application of pressure at a temperature below the 
melting point of the joined materials [9, 10]. Unfortunately, joints produced by direct diffusion bonding between 
titanium and stainless steel show the formation of brittle FeTi, Fe2Ti, Fe2Ti4O and Cr2Ti phases in the diffusion 
interface [3]. Hence, the only way to attain strong joints of titanium to stainless steel appears to be diffusion 
bonding with an appropriate filler metal. Copper, nickel, silver and their alloys were used previously as 
intermediate materials [11-14]. It is also possible and advantageous to use aluminum as a filler metal because 
it has a low price and its melting point is much lower with respect to other metals. As reported He et al. [15] 
titanium and stainless steel can be successfully diffusion bonded using an aluminum alloy interlayer in the 

temperature range from 350 to 600 °C. Transient liquid phase (TLP) bonding combines the merits of diffusion 
bonding and liquid phase joining processes and it is an attractive alternative for joining and repair of similar 
and dissimilar materials [16]. The TLP bonding involves sandwiching a filler metal between the substrate 
materials, and subjecting them to a high temperature. The temperature must be higher than the liquidus 
temperature of the filler and lower than the solidus temperatures of the bonded materials. At the bonding 
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temperature the interlayer metal melts and rapidly attains equilibrium with the solid materials through the 
process of melt-back dissolution of the substrates. As a consequence of interdiffusion of alloying elements 
between the base materials and the liquid, the melting point of the interlayer liquid at the liquid-solid interface 
increases resulting in isothermal solidification. If sufficient time for complete solidification is not allowed it can 
lead to formation of eutectic mixtures occurring along the joint centerline that may be hurtful for joint’s 
properties. This paper aims to study the influence of the diffusion bonding and TLP joining parameters on the 
microstructure and microhardness of titanium and stainless steel joints produced with the use of aluminum as 
an interlayer.   

2. EXPERIMENTAL PROCEDURE 

2.1.  Specimen preparation 

Cylindrical Grade 2 titanium and AISI 304 stainless steel rods both having 8 mm diameter were cut into  
10 mm long specimens. Chemical compositions and room-temperature mechanical properties of base 
materials are given in Table 1 . 

Table 1  Chemical compositions and mechanical properties of the base materials (accordingly to certificates)  

Materials Chemical elements (wt. %) 
Fe Ti C Cr Ni Mn Si O Mo N H P + S 

Titanium 0.171 bal. 0.024 - - - - 0.142 - 0.008 0.001 - 

AISI 304 bal. - 0.025 18.15 8.05 1.46 0.39 - 0.38 0.063 - 0.05 

 Yield strength (MPa) UTS (MPa) Elongation (%) 
Titanium 350 420 38 

AISI 304 480 945 26 

The joining surfaces of the specimens were ground using several stages up to 1200 grit. The 0.1 mm thick 
aluminum foil was used as an intermediate metal that after polishing was cut into circular profiles having 8 mm 
diameter. Since it was necessary to remove oxide layers, the titanium cylinders and aluminum foils were etched 
in an aqueous 2 % solution of hydrofluoric acid, while the stainless steel specimens in an aqueous 5% solution 
of nitric acid. All specimens were then cleaned in water and dried rapidly in air. A steel clamp was used to keep 
in contact the joined titanium and stainless steel cylinders with the inserted aluminum interlayer. The fixture 
was placed into a specially constructed vacuum furnace equipped with a piston that could move. Therefore it 
was possible to apply the compressive stress of 2 MPa along the longitudinal direction in order to obtain good 

initial contact between joined metals. The bonding was carried out at 550, 600, 650 and 700 °C for 1 h in 10-3 
Pa vacuum. After the joining operation samples were furnace-cooled. 

2.2.  Microstructural characterization and microhar dness measurements 

For characterization, the specimens were cut, mounted in a cold setting resin and mechanically prepared 

initially with successively finer silicon carbide papers up to 1200 grit and finally using 1 µm diamond suspension 
and Struers polishing machine. Microstructural observations were performed using a JEOL JMS-5400 
scanning electron microscope (SEM) and a Nikon ECLIPSE MA200 optical microscope. Before the samples 
were examined with the optical microscope they had been etched. The titanium side and the joint were etched 
in an aqueous 5% solution of hydrofluoric acid. The samples for SEM investigations were not etched. The 
chemical analysis was performed using an Oxford Instruments ISIS-300 energy dispersive X-ray spectrometer 
(EDS). Composition of the phases was determined by comparison of the results of the microprobe analysis 
with the data in the ternary Al-Fe-Ti phase diagram [17].The microhardness along the cross-section of the 
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diffusion bonded joints was performed by a Matsuzawa MMT microhardness tester under load of 0.981 N with 
a testing time of 15 s.  

3.  RESULTS AND DISCUSSION  

3.1.  Effect of bonding temperature on joint micros tructure and composition 

In order to study the effect of bonding temperature on joints microstructure, samples were bonded at 550, 600, 

650 and 700 °C for 1 h. Microstructural examinations showed that titanium and stainless steel were joined 
through the formation of interface layers between stainless steel/aluminum on one side and aluminum/titanium 
on the other side as a result of the diffusion of metallic elements. The structure of the joints differed significantly 
with increasing of the bonding temperature. The example cross-sections of the joints performed for all the 
temperatures are presented in Fig. 1 . To characterize the reaction areas of the joints, SEM study was also 
carried out on the reaction layers, as it is shown in Fig. 2 . Moreover, the composition of the chemical species 
was determined near steel/aluminum and aluminum/titanium interfaces for all obtained joints. At the stainless 
steel/aluminum interface the bright shaded layer neighboring to steel has been observed which has a 
composition of 72.91 at.% Al and 20.51 at.% Fe with small amounts of Cr (4.96 at.%) and Ni (0.98 at.%) 
(Fig. 3 ).  Under the first layer, second layer neighboring to aluminum has been identified. It has a composition 
of 74.86 at.% Al and 17.47 at.% Fe with small amounts of Cr and Ni. 

      

       

Fig. 1  Microstructure of the joints performed at 550 °C (a), 600 °C (b), 650 °C (c) and 700 °C (d) for 1 h 
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Fig. 2  SEM micrographs of the bonded joints processed at 650 °C (a) and 700 °C (b) 

      

Fig. 3  X-ray spectra for Fe2Al5 (a) and TiAl2 (b) intermetallic phases  

According to the chemical analyses and the Al-Fe-Ti ternary phase diagram, it can be assumed that the phases 
present in the form of layers at the stainless steel/aluminum interface are Fe2Al5 and FeAl3 with an amount of 
Cr and Ni admixtures. It is worth noting that the Fe2Al5 phase was formed mainly in the joints bonded at 

temperatures lower than 650 °C. The irregular shaped particles of FeAl3 and additionally Al7Cr containing 86.61 
at.% Al and 8.72 at.% Cr with amounts of Ti (1.69 at.%) and Fe (2.62 at.%) have been additionally observed 
in aluminum matrix for joints that were transient-liquid-phase bonded at 700 °C (Fig. 2b ). At the 
aluminum/titanium interface, the thin layer of TiAl2 containing 68.62 at.% Al and 31.38 at.% Ti have been 

observed especially when the joining temperature was lower than 650 °C. The layer of regular particles 
containing 74.83 at.% Al and 25.17 at.% Ti has been found at the aluminum/titanium interface when bonding 
temperature was 700 °C (Figs. 2b  and 4). The particles are the TiAl3 intermetallic phase. The region contains 
also small amount of TiAl.  

The width of intermetallic layers for stainless steel/aluminum and aluminum/titanium interfaces increases 
gradually with the increase in bonding temperature. Measurement shown that the total width of intermetallic 

layers formed at the stainless steel/aluminum interface at 700 °C is about 20 times larger than that one for 

samples processed at 550 °C and about 14 times larger than that one for samples bonded at 650 °C. 
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Fig. 4  SEM image of the aluminum/titanium interface for the joint processed at 700 °C 

3.2. Effect of bonding temperature on microhardness  of bonded joints  

The maximum microhardness values in the range from 506 to 870 HV were achieved at the stainless 
steel/aluminum interface due to the presence of the Fe2Al5 and FeAl3 intermetallic phases. Microhardness of 
joints at the aluminum/titanium interface achieved value of 220 HV. In the middle of the joints microhardness 
values ranged from 28 to 44 HV. An increase in the bonding temperature resulted in a considerably increasing 
microhardness of the joints due to the formation of hard Fe-Al, Al-Cr and Ti-Al based intermetallic phases. The 
microhardness values for analogous intermetallic layers also increased with increasing temperature of bonding 
because of diffusion of Fe, Cr and Ni to intermetallics.  

4.  CONCLUSIONS 

Bonding of titanium to AISI 304 stainless steel using aluminum foil as an interlayer can be properly 
accomplished in the temperature range from 550 to 700 °C resulting in joints with good quality. The 
microstructure of the joints and thickness of reaction products change significantly with increasing in the 
processing temperature. FeAl3 and Fe2Al5 intermetallic layers with an amount of Cr and Ni admixtures are 
formed at the stainless steel-aluminum interfaces. Nevertheless, only FeAl3 intermetallic phase can be 

observed at the stainless steel/aluminum interface when the bonding temperature is higher than 650 °C. The 
irregular shaped particles of Al7Cr are additionally formed in aluminum matrix for joints that are transient-liquid-

phase bonded at 700 °C. When the bonding temperature is lower than 650 °C, TiAl, TiAl2 and TiAl3 intermetallic 
layers occur at the aluminum/titanium interfaces. After transient-liquid-phase bonding at 700 °C only TiAl3 
occurs at the aluminum/titanium interface. Microhardness in the joints reaches higher value than for titanium 
and stainless steel. The values of microhardness for analogous intermetallic layers increase with the increase 
in bonding temperature due to diffusion of admixtures to intermetallic phases. 
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Abstract 

Optimization of conditions of heat treatment of Nd-Fe-B-based permanent magnets, prepared using the strip 
casting method, was carried out with the aim to enhance their coercivity HCJ and maximal energy product 
(BH)max, and to improve the shape of the demagnetization curve. The initial alloy with the chemical composition 
(for high-coercivity magnets) of Fe - 67.05; Nd - 19.50; B - 1; Dy - 6.00; Pr - 6.00; Cu - 0.15; Al - 0.30 (wt.%) 
in form of strips was submitted to hydrogen decrepitation and vibration milling. The obtained powder with the 

granulometry of 3-5 µm was mixed with 2.5 wt.% NdH2 in order to improve the liquid phase sintering process 
and to increase the coercivity as a result of formation of continuous grain boundary. Structural characteristics 
and phase composition were investigated using scanning electron microscopy equipped with EDX microprobe, 
light optical microscopy equipped with digital camera and XRPD. The microhardness of the principal 
Nd(R)2Fe14B phase was measured. Magnetic properties were evaluated using automatic hysteresisgraph and 

vibrating-sample magnetometer. The maximal values of the coercive force HCJ of 1470 kA⋅m-1 were achieved 
by the heat treatment at 500 °C. An increase of this temperature to 550 °C led to a sharp drop in magnetic 
properties and microhardness. The magneto-optical Kerr microscopy was used to visualize the magnetic 
domain patterns on the surface of magnetic materials. The observed star-like domain structure indicates a 
good magnetic texture for permanent magnets. These data are of great importance for choosing the optimum 
heat treatment of Nd-Fe-B-based magnets. 

Keywords: Nd-Fe-B permanent magnets, strip casting, magnetic domain structure, X-ray diffraction  
        analysis 

1. INTRODUCTION  

Sintered Nd-Fe-B magnets find wide applications in technology thanks to the high maximum energy product 
(BH)max, residual inductance (Br), and magnetization coercive force (HCJ). Nd-Fe-B permanent magnets are 
used in many fields of industry. One of the problems of use of permanent magnets based on the Nd2Fe14B 
compound is the preservation of high magnetic properties at high temperatures. Addition of heavy rare earths 
of Dy or Tb effectively enhances coercivity and consequent thermal stability of the Nd-Fe-B magnets, because 
Dy or Tb increases the magnetic anisotropy field of the Nd2Fe14B compound [1-2]. However, the search of the 
optimal composition for the magnetic properties and the preparation of technological process for manufacture 
of permanent magnets is difficult. Some of these problems can be solved using the technology of strip casting. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1520 

However, during the milling process a partial oxidation of the phase rich in rare earth metals can occur. This 
may lead to a deterioration of liquid phase sintering process due to the reduced amount of liquid phase. 
Formation of grain boundaries thus becomes difficult. This can lead to a decrease of the coercive force of 
permanent magnets, because a HCJ value largely depends on the state of the grain boundaries [3-5]. This 
problem can be partly solved by selecting the optimum heat treatment. However, this is not enough. For this 
reason, the authors of this article proposed to add a hydride rare earth metal at the milling step. In addition, 
the authors have determined the optimal heat treatment for the developed highly coercive magnet. 

2. EXPERIMENTAL 

The initial alloy with the chemical composition of Fe - 67.05; Nd - 19.50; B - 1; Dy - 6.00; Pr - 6.00; Cu - 0.15; 
Al - 0.30 (wt.%) was prepared by vacuum induction melting followed by the pouring of melt on water-cooled 

rotating copper wheel (v = 1.5-2 m⋅s-1). This “Strip Casting” method is used to prevent the formation of long 

dendrites of magnetically soft phase α-Fe, and to achieve more homogeneity and finer scale microstructures 
which require less rare-earth metals. The material obtained in the form of strips with thickness from 300 to 500 
µm was then subjected to hydrogen decrepitation for 1-2 h at a “dry” hydrogen pressure of 0.1 MPa; the 
subsequent cooling was realized at room temperature in a nitrogen atmosphere. The milling using a vibration 
mill was carried out in isopropyl alcohol. Neodymium hydride (2.5 wt.%) was added at the grinding stage in 
order to improve sintering of the liquid-phase. The mean powder particle size was 3-5 μm. The pressing force 
was 1.5-2 t/cm2 at a magnetic field of 2 T (pressing of parts in transverse field). The sintering was carried out 

at 1080 °C for 2 h (Sample N0). In search of the optimum conditions of heat-treatment, annealing was 

performed progressively at 500 °C (Sample N1), 530 °C (Sample N2), 550 °C (Sample N3) for 1 h each. After 
each stage, the gas (nitrogen, argon) quenching was carried out. Magnetic properties of the samples of 
permanent magnet were measured using a hysteresisgraph HG 200 and vibrating sample magnetometer, 
which was carried out in the International Laboratory of High Magnetic Fields and Low Temperatures in 
Wroclaw (Poland). The high-resolution field emission gun-scanning electron microscope QUANTA 450 FEG 
equipped with an EDX APOLLO X microprobe was applied for the investigation of microstructure and chemical 
composition of samples [6]. The XRPD patterns were recorded under CoKα irradiation (λ = 0.1789 nm) using 
the Bruker D8 Advance diffractometer (Bruker AXS) equipped with a fast position sensitive detector VÅNTEC 
1. Measurements were carried out in the reflection mode, powder samples were pressed in a rotational holder. 
The magneto-optical Kerr microscopy was used to visualize the magnetic domain patterns on the surface of 
magnetic materials.  

3. RESULTS AND DISCUSSION 

3.1. SEM/EDX analysis 

The stoichiometric composition of grains in all samples is close to that of the Nd2Fe14B phase (Phase 1 in 

Fig. 1 ). The ideal Fe/R ratio (R = Dy, Pr, Dy) should be ∼ 7. However, as is seen from the calculation of the 
Fe/R ratio in Table 1 , some differences take place. This is related to the existence of errors of determination 
of the phase composition, which are due to the closeness of characteristic X-ray spectra of some elements. In 
particular, the excitation potential for the Lα - series of Dy is 6.494 keV, whereas for Fe, the excitation potential 
for Fe Kα is 6.403 keV. Therefore, we must take spectra with the lower intensity; this can give error in 
determining the quantitative phase composition of material. In case of Dy, we used the Mα (1.293 keV) 
characteristic radiation. Another difficulty exists in determining the chemical composition for the area (since 
the electron beam diameter is ~ 2 μm). 

Based on the analysis of chemical composition, the presence of REM oxide phases in ternary junctions of 
samples is assumed (Phase 2 and 3 in Fig. 1 ). According to literature data [7-9], ternary junctions can contain 
different oxide phases. These are NdO (the oxygen content is 50 at.%), Nd2O3 (the oxygen content is 60 at.%) 
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[9-10], and NdO2 (the oxygen content is 67 at.%) [3]. 

The atomic percentage of elements in ternary junctions corresponds to phases with the stoichiometric 
compositions close to the Nd2O3 or NdO phases. The presence of these phases in the samples was also 
confirmed by the X-ray diffraction analysis data. 

Table 1  Average chemical composition of phases observed in samples N0-N3 (at.%) 

 

 

Fig. 1 SEM image of N0 (a), N1 (b), N2 (c) and N3 (d) samples with marking of analyzed phases 

3.2.  X-ray diffraction analysis 

Fig. 2  demonstrates the comparison of experimental X-ray diffraction pattern (colored lines) and pattern 
simulated for the Nd2Fe14B-type structure (space group P42/mnm) (black lines). It can be seen that main 

Sample Phase OK DyM AlK TiK PrL NdL FeK CoK CuK Fe/R ratio  

N0 

1 7.26 2.14 1.55 0.29 2.78 9.29 75.91 0.27 0.51 5.52 

2 45.68 3.04 0.59 0.31 7.14 19.89 23.09 0.11 0.17   

3 56.69 2.25 0.20 0.13 7.30 21.57 11.65 0.00 0.21   

N1 

1 8.12 2.12 1.32 0.27 2.17 9.55 75.41 0.52 0.51 5.64 

2 44.54 3.115 0.735 0.26 6.115 18.96 25.96 0 0.32   

3 48.04 2.69 0.98 0.25 6.13 18.81 22.72 0 0.38   

N2 

1 7.79 2.62 1.68 0.33 2.46 8.62 75.79 0.17 0.54 5.73 

2 48.86 2.69 0.07 0.23 7.18 21.00 19.52 0.00 0.45   

3 63.44 2.30 0.15 0.21 4.55 13.52 14.60 0.58 0.65   

N3 

1 8.69 2.52 1.26 0.24 2.46 8.4 75.41 0.37 0.66 5.82 

2 46.35 3.64 0.18 0.36 7.30 22.55 18.60 0.31 0.72   

3 33.59 2.44 0.62 0.22 3.40 11.02 48.17 0.12 0.43   
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reflections simulated for the Nd2Fe14B coincide adequately with those in the experimental X-ray diffraction 
pattern; some reflections are likely to belong to other phases. These reflections are observed at 2Θ angles of 
35.59; 36.07 and 49.97 deg. Subsequent analysis of experimental X-ray diffraction patterns was performed in 
detail using literature data and simulated X-ray diffraction patterns. It is known from literature that the presence 
of α-Fe phase can affect the properties of permanent magnets [5]. However, we failed to detect the α-Fe phase 
at the background of reflections of the Nd2Fe14B phase. The presence of the α-Fe phase in all four samples 
could be revealed by thermal magnetic analysis. Based on the analysis of chemical composition and literature 
data [7-9], we assumed the presence of REM oxide phases in ternary junctions of investigated samples. 
According to the literature data, ternary junctions can contain different oxide phases. These are NdO with the 
NaCl-type structure (space group Fm-3m) [9] (the oxygen content is 50 at.%), Nd2O3 with the La2O3-type 
structure (space group Pm-3m) (the oxygen content is 60 at.%) [2, 3], and NdO2 with the CaF2-type structure 
(space group Fm-3m) (the oxygen content is 67 at.%) [9]. 

 
Fig. 2  X-ray diffraction pattern for the sample N0, N1, N2 and N3 (λ = 0.1789 nm) 

The patterns in Fig. 2 , simulated for the structures of the NdO and Nd2O3 oxides, agree adequately with the 
experimental patterns. A slight difference can be explained by the fact that the simulation was performed for 
the NdO and Nd2O3 compounds, whereas, according to chemical analysis data, these compounds can contain 
Dy and Pr, i.e., and they can differ from the composition preset by the simulation program. 

Moreover, we found the shift of reflections for the samples N0-3 relatively to each other (Fig. 2). This is possibly 
related to the changes in the lattice parameters of the principal Nd2Fe14B phase. The calculated lattice 
parameters of the phase are given in Table 2 . 

Table 2  Calculated lattice parameters for the phase with the Nd2Fe14B-type structure for all samples 

 Sample a (nm) c (nm) c/a 

N0 0.87940 1.21923 1.386 

N1 0.87933 1.21934 1.386 

N2 0.87929 1.21975 1.387 

N3 0.87941 1.22007 1.387 

For the sample N3 the peak of the oxide phase significantly increased. This might have been caused by the 
increased number of the oxide phase. Modification of the lattice parameter is associated with diffusion of atoms 
from the phase rich in rare earth metals in the grain. 
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3.3.  Magnetic properties 

Preliminary studies of magnetic properties with use of magnetic hysteresis graph showed that the sample N1 
has the best magnetic properties. However the value of the coercive force exceeds the limits of measuring of 

the magnetic field for hysteresis graph (1465 kA⋅m-1). Therefore, a more detailed study of the magnetic 
properties of the sample N1 was conducted using a vibrating sample magnetometer. 

Fig. 3a  shows the demagnetization curve for the sample of the permanent magnet N1. This curve was 
constructed from the experimental data obtained by using a vibrating sample magnetometer. When 
constructing the demagnetization curve, the demagnetizing field of the sample was taken into account. Fig. 3b 
demonstrates the determination of the maximum energy product (BH)max. As it can be seen from the graph, 

this value reaches (BH)max = 231 kJ⋅m-3, which is typical for high-coercivity magnets. The basic magnetic 
properties of the sample of the permanent magnet N1 are shown in Table 3 .  

Further increase in the temperature of heat treatment reduces the value of the coercive force. For the sample 

N3, it can be seen that as a result of heat treatment at 550 °C a sharp drop in coercive force occurred. Perhaps 
this is due to the process of formation of grain boundaries during heat treatment or to an increase of the oxide 
phase. It also confirms the decrease in the microhardness of the sample N3 (Table 4 ). 

Table 3 Magnetic properties of the permanent magnet N1 (heat treatment at 500 °C). 

Br HCJ HCB Hk (BH)max 

T kA⋅m-1 kA⋅m-1 kA⋅m-1 kJ⋅m-3 

1.1  1470 808 909 231 
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Fig. 3 Magnetic properties of the sample of the permanent magnet N1 at room temperature: 

a) demagnetization curves, b) the dependence of B on BH 

Table 4  Microhardness of the N0, N1, N2 and N3 samples 

Samle HVav (-) 

N0 611.7 ± 101.5 

N1 524.3 ± 97.2 

N2 535.3 ±  98.5 

N3 397.7 ± 41.7 
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3.4. Structure of magnetic domains  

The domain structure of the samples of permanent magnets was observed at low magnetic fields (practically 
in remnant state). Investigations were conducted at the Institute of Physics (VSB-TUO). Study of the structure 
of magnetic domain was carried out on the sample surface, which was perpendicular to the axis of the texture. 
Red squares in Fig. 4  highlight the areas, where the magnetic domain structure of sample N1 was observed. 
The domain structure is possibly present on the entire surface of the sample. However, the domain structure 
in the remaining region could not be detected due to surface roughness. The pattern shows the so-called star-
like domains and it is characteristic for uniaxial materials observed on the basal plane of single crystals 
Nd2Fe14B [10-11]. The observed type of domain structure indicates good magnetic texture for a permanent 
magnet. In few cases we found that magnetic domains were extended over the grain boundaries into 
neighboring grains, which could be attributed to the exchange interactions between the grains. Similar situation 
is observed for example in the article [12].  

 

Fig. 4  The specimen surface of a permanent magnet N1 observed in a polarized light. Red squares highlight 
the areas with a magnetic domain structure. Magnetic field: -0.07 mT 

4. CONCLUSIONS 

The liquid phase sintering process was optimized by adding neodymium hydride. Optimal modes of heat 
treatment were determined. It was possible to increase the coercivity force of permanent magnets by forming 
continuous grain boundaries. As a result of the experiment, the samples of the high-coercivity magnet having 

the following magnetic properties: HCJ =  >1470 kA⋅m-1, Br = 1.1 T and (BH)max= 231 kJ⋅m-3 were obtained.  
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Abstract 

Attempt to determine the heat flow kinetics in insulating moulding sand with aluminosilicate microspheres 
matrix in order to identify and modify its properties. Destination of moulding sand is pouring thin-walled skeletal 
casting 3D, characterized by strongly developed surface of heat dissipation and 1.5 ÷ 3 mm predicted 
connector thickness. It will be shown the results of computer simulation of temperature field in the mould. For 
the implementation of the research it was used the eutectic aluminum alloy with silicon (AlSi12). The results 
of the heat flow in the cast-mould system using experimental casting typically for thermal derivative gradient 
analysis (TDGA) are shown. The method was developed in the Department of Foundry of Silesian University 
of Technology. For the purpose of the own research the methodology has been modified by location most of 
the thermocouple not in the cast, but in the moulding sand. Thermocouples were placed in established and 
variable distances in the range of 0 to 8 mm from the surface of the casting. One of the thermocouple was 
placed in the geometric centre of the casting. Simulation study was performed, which aim was precision 
analysis of heat flow in the mould. This analysis is the basis for the designation of thermophysical and 
technological parameters of mould or core sand. The aim is to estimate the thermophysical of technology 
quantity in actual industrial environments. Application of the concept of TDGA methods in the assumption 
should allow obtain quickly the information about thermal properties of mould without uses of complex thermal 
laboratory research. It was assumed that the analysis of the temperature field gives the qualitatively 
comparable results to the standard determining of thermal properties in a function of temperature. Despite the 
simplifications, the importance of technological methods may prove to be attractive in the production conditions 
of a typical foundry. 

Keywords: Aluminosilicate microspheres, moulding sand, heat flow, TDGA 

1. INTRODUCTION 

Control of crystallization parameters, in particular the rate of heat removal, has a fundamental role in the 
production of castings. Proper design of the mould is not easy. There is difficult and expensive process. An 
important tool for engineers, which significantly facilitates the process of developing technology, is a special 
computer software. It allows perform the simulations of complex thermal processes occurring during casting. 
Greatly shortens the implementation process technology, too [1]. 

2. SIMULATION PROGRAMS 

Simulation programs, both in the foundry and broadly defined other branches of industry, have an important 
role. On the one hand they allow fine-tune manufacturing processes without the need for laborious technical 
tests, on the other hand visualize a series of phenomena occurring during the process proceed. The examples 
of practical use of computer simulation in foundry can be found at: 
a) conduct metal place control and pouring system, 
b) evaluation of the functioning of risers, optimize their size, shape and location of the casting, 
c) check the connections methods of risers with cast and insulation materials activities, 
d) search for alternative ways of eliminating porosity, e.g. through the use of external chill or cooling fins, 
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e) depict the crystallization process and the designation of time after which the cast reaches the right 
temperature for knocking out, 

f) determining the stress field in casting and sites vulnerable to breakage, 
g) casting structure prediction and appearance e.g. hard spots in cast iron etc., 
h) estimating the kinetics of phase transformations that occur in the solid cast during its cooling down and 

during the various thermal treatment. 

Simulations of all these phenomena can be successfully used in the analysis of the tests described in literature 
[2-9]. Simulation processes and results of research related to heat flow, predicting the microstructure or 
description of the process in foundry are described in the papers [10-14]. 

3. RANGE OF STUDIES 

The aim of the study is presenting and analyzing the results of computer simulation of heat flow in a cast-
mould system using experimental casting typically for thermal derivative gradient analysis (TDGA) [15]. 
Experimental casting has a cone shape. 

In the framework of the research casting model and mould were made in the SOLID EDGE programme. In 
programme NOVAFLOW&SOLID desirable materials both parts were assigned, then 6 sensors in the mould 
at different position of high were located (similarly in the TDGA method). Sensors were placed on the rising 
spiral of the curve. 1 sensor was placed in the geometric centre of the casting. Thermocouples were located 
at the mould-casting contact and in the mould in 2, 4, 6 or 8 mm distance from the casting. Localization of 
thermocouple is shown in Fig. 1 . In subsequent simulations sensors distance from casting surface were edited. 

a) 

 

b) 

 

c) 

 

Fig. 1  Examples of arrangement of sensors C1 ÷ C6 in the mould enclosing cone experimental casting.  
C7 sensor is located in the geometric centre of the experimental casting 

4. RESULTS OF STUDIES 

The results of the maximum temperature values and the corresponding times are shown in Tables 1, 3, 5, 7, 
9. Temperature measurement at intervals of 100 seconds is shown in the Tables 2, 4, 6, 8, 10 . Figs. 2 to 6  
present the cooling curves obtained by simulation. Pouring temperature is assumed to be equal to the 680 °C. 
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4.1. Sensors placed at the mould-casting contact 

Table 1  Maximum temperature and the duration of its occurrence reported at the mould-casting contact 

Sensor No. C1 C2 C3 C4 C5 C6 C7 

Max. temp. [°C] 653 680 595 608 648 678 681 

Time [s] 1 1 8 8 6 4 3 

 

Table 2  Temperature measurement [°C] at intervals of 100 seconds at the mould-casting contact 

Time [s] C1 C2 C3 C4 C5 C6 C7 

100 552 572 556 556 548 573 574 

200 387 390 381 371 363 377 379 

300 240 246 241 234 226 230 234 

400 156 163 161 157 152 154 156 

500 106 113 113 111 109 112 111 

600 84 91 91 91 90 93 91 

 

Fig. 2  Temperature change at the mould-casting contact 

4.2. Sensors placed in 2 mm from casting surface distanc e 

Table 3  Maximum temperature and the duration of its occurrence reported in 2 mm from casting surface  
              distance 

Sensor No. C8 C9 C10 C11 C12 C13 C14 

Max. temp. [°C] 435 446 391 439 405 499 681 

Time [s] 142 143 136 120 104 127 3 

Table 4  Temperature measurement [°C] at intervals of 100 seconds in 2 mm from casting surface distance 
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Time [s] C8 C9 C10 C11 C12 C13 C14 

100 428 434 375 433 405 496 574 

200 329 345 320 339 296 362 379 

300 206 223 214 220 192 221 234 

400 137 150 148 150 130 148 156 

500 93 102 103 105 93 105 111 

600 74 81 82 85 78 86 91 

 

Fig. 3  Temperature change in 2 mm from casting surface distance 

The highest maximum temperature in the mould recorded thermocouple C13 located at the altitude of 102 
mm, indicated temperature nearly 500 °C. The lowest maximum temperature should be noted by sensor, which 
is the lowest because of the smallest volume of liquid metal in the place of its location. That is connected with 
the fastest heat loss from the beginning of the pouring process. The lowest temperature (391 °C) was pointed 
by sensor C10 positioned at height of 51 mm. It can be the result of a small mesh concentration, which preclude 
accurately arrangement of the sensors. As the consequences the thermocouple C10 could be placed far away 
from the outside surface of casting than the other thermocouple. 

4.3. Sensors placed in 4 mm from casting surface di stance 

Table 5  Maximum temperature and the duration of its occurrence reported in 4 mm from casting surface  
              distance 

Sensor No. C15 C16 C17 C18 C19 C20 C21 

Max temp. [°C] 308 322 323 343 310 380 681 

Time [s] 152 152 145 133 127 139 3 

Table 6  Temperature measurement [°C] at intervals of 100 seconds in 4 mm from casting surface distance 
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Time [s] C15 C16 C17 C18 C19 C20 C21 

100 288 296 300 327 303 363 574 

200 261 279 280 291 261 317 377 

300 174 189 192 193 174 193 222 

400 119 131 133 133 121 131 148 

500 86 95 98 99 92 97 111 

600 68 75 78 80 76 80 91 

 

Fig. 4  Temperature change in 4 mm from casting surface distance 

It can be noted a significant decrease of the maximum value of temperature relative to the sensors placed 2 
mm from the casting. The highest temperature in 4 mm distance from the inner surface of the mould indicate 
the sensor embedded the highest, i.e. C20 with a score of 380 °C. The second highest maximum temperature 
of thermocouple indicated C18 located at an altitude of 68 mm. It may be the result of termal centre of cast 
effect. At the same height the tendency to create the shrinkage has been observed. 

4.4. Sensors placed in 6 mm from casting surface di stance 

Table 7  Maximum temperature and the duration of its occurrence reported in 6 mm from casting surface  
              distance 

Sensor no C22 C23 C24 C25 C26 C27 C28 

Max temp. [°C] 255 285 269 291 255 296 681 

Time [s] 157 155 153 143 141 152 3 
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Table 8  Temperature measurement [°C] at intervals of 100 seconds in 6 mm from casting surface distance 

Time [s] C22 C23 C24 C25 C26 C27 C28 

100 237 261 249 273 245 273 574 

200 233 258 249 262 234 270 379 

300 167 186 184 187 168 184 234 

400 117 132 132 133 120 128 155 

500 81 91 93 94 87 91 110 

600 64 73 74 76 72 75 91 

 

Fig. 5  Temperature change in 6 mm from casting surface distance 

As in previous simulations, the highest temperature at the highest arranged sensor were observed. The order 
of the individual measurement of the maximum temperatures is the same as for simulation No. 3. Recorded 
the highest results consistently fall down in relation to measurements the sensors located closer to the outer 
surface of casting. 

4.5. Sensors placed in 8 mm from casting surface di stance 

Table 9  Maximum temperature and the duration of its occurrence reported in 8 mm from casting surface  
              distance 

Sensor No. C29 C30 C31 C32 C33 C34 C35 

Max temp. [°C] 210 225 216 239 216 268 681 

Time [s] 163 164 164 152 150 156 3 
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Table 10  Temperature measurement [°C] at intervals of 100 seconds in 8 mm from casting surface distance 

Time [s] C29 C30 C31 C32 C33 C34 C35 

100 194 206 200 224 206 248 574 

200 200 215 208 225 205 251 379 

300 150 164 160 168 153 177 234 

400 108 120 118 122 111 124 155 

500 76 84 85 87 81 88 110 

600 60 67 68 71 67 73 91 

 

Fig. 6  Temperature change in 8 mm from casting surface distance 

Observed that the drop of temperature in 8 mm distance from the outer surface of casting in comparision to 
previous simulation is much smaller. The difference between the highest maximum temperature and the lowest 
is less than 70 °C. In the simulation, where thermocouple were placed just 2 mm from the outer surface of 
casting, difference amounted more than 108 °C. 

5. CONCLUSIONS 

Based on conducted studies following conclusions have been formulated: 
1) due to the possibility of accommodate of measurement sensor, simulation program allows check the 

temperature distribution during the pouring and self-cooling process any place of moulds and cast; 
2) the simulations gave the chance to check how intensively is heat removal from casting to mould, 
3) presented concept allows estimate the thermal properties of the moulding sand for casting with varying 

thickness, 
4) simulations results require practical experimental verification. 
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Abstract   

Material AZ61A of thickness 1 mm was laser welded by disc laser without using filler wire. Laser welding w/o 
filler wire is very demanding on sheet metal edges preparation, so different methods of edge preparation, e.g. 
shearing, milling, were done. Mg alloys have susceptibility to porosity, evaporation of alloying elements, 
spattering hot cracking and other. The research focused on finding optimum laser welding parameters for butt 
and lap welds. Welds were evaluated by optical metallography, visual and penetration test, SEM, 
microhardness and tensile strength etc. The sheet metal edges for butt welds must be prepared by milling, 
otherwise porosity was found. Edge quality was not important for lap joint welds, which is an advantage. Laser 
welding had very good weld quality, without any defect, yet the processing window was narrow.  

Keywords: Magnesium alloy, laser beam welding, AZ61A  

1. INTRODUCTION 

Mg alloys are the lightest industrially used metals with potential to replace to certain extent Al alloys and steels. 
Mg alloys are used in aerospace, automotive and electronics. Also nuclear industry uses Mg alloys thanks to 
their neutron absorptivity and thermal conductivity. 

This research article is preceded by literature survey on Mg alloys weldability and proved need to focus on 
welding pool instability, spattering, porosity during laser welding [1]. Mg alloys weldability is focused by many 
researchers, all data are not known yet. For this reason we focused on laser weldability of AZ61A [2]. 

2. EXPERIMENTAL 

Rolled sheets of alloy AZ61A thick 1 mm were used in all experiments. This Mg alloy with Al and Zn is also 
known as „Elektron“. Chemical and mechanical properties are stated in Tables 1, 2 . 

Table 1 Chemical composition of AZ61A 

Elements Al Zn Mn Si Fe Ca Cu Fe Mg 

Wt. % 6.37 0.67 0.21 0.01 0.004 0.005 0.0005 0.004 Bal. 

Table 2 Mechanical properties of AZ61A 

Rp 0.2 (MPa) Rm (MPa) A5 (%) Hardness HV0.1 

217 271 15 51 - 61 

AZ61A consists of 2 phases - delta phase, i.e. solid solution and gama precipitate -eutectic Mg17Al12. 
Precipitates of gamma phase are 3x harder than delta phase. After casting, welding, these are at the grain 
boundaries, so Mg alloys should undergo heat treatment to improve properties. In Fig. 2  matrix of delta phase 
with fine intermetallic particles (black dots) is visible. 
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Fig. 1 Binary diagram Mg-Al [3]    Fig. 2 Microstructure of AZ61A 

Disc laser from Trumpf, type TruDisk 4002 was used. Details are in the Table 3 . 

Table 3 Welding source 

Type TruDisc 4002 

Laser wavelength 1030 nm 

Max. power 2000 W 

Beam quality 8 mm·mrad 

Fiber diameter 
200 µm 

400 µm 

2.1. Weld joints  

For 1 mm thick sheets butt welds and lap welds were prepared, as in Fig. 3a, b, c . 

   
a)     b)     c) 

Fig. 3 Weld joint: a) butt joint - 3D model b) variations of butt weld edges: 1) milled edge, 90° angle, 2) milled 
with 45° angle, 3) milled with 70° angle, c) 3D model of lap weld 

2.2. Quality check 

All welds were subjected to visual testing, that led to adjustment of welding parameters. Also penetration test 
was used to evaluate weld quality. Metallography served to evaluate inner defects and shape of the weld. 

3. RESULTS 

The evaluation of importance of laser welding parameters was done on bead-on-plate welding. These show 
the most important parameters to observe in the experiment. The parameters with crucial importance were: 

• Laser power (W), 
• welding speed (mm·s-1), 
• focal spot position (mm), 
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• shielding gas flow (l·min-1). 

Firstly, the samples for butt welding of size 70 mm x 50 mm were prepared by shearing. Generally for steel 
materials, shearing of sheet metal as preparation for laser welding is satisfactory as the ductile material 
shearing edge deformation is advantageous. By an experiment, the as sheared edge quality (in Fig. 4a, b ) 
proved unsatisfactory as it led to burn through, as in Fig. 4c . This was caused by brittle shearing of Mg alloy, 
Fig. 4a , and inability to assemble sheets close enough, Fig. 4b . For butt welding, the root gap has big 
importance. Especially for autogenous welding without filler wire, the minimum gap of 0.1 - 0.2 mm is needed. 
The as sheared weld edge led to unacceptable weld, so further milling with several angles was applied to 
improve welding results, Fig. 3b . 

   
a)     b)                         c) 

Fig. 4  As sheared samples, a) sheared edge, b) butt weld assembly, c) weld with sheared edges 
(P = 600 W, f = +5 mm) 

3.1. Edge preparation 

3.1.1. Butt joint-milled edges 

The sample with edges milled perpendicularly, welded with parameters v = 80 mm·s-1, P = 650 W, shielding 
by 4.6 Ar 12 l·min-1, root 4 l·min-1, at focus, are shown in Fig. 5a , these are the most optimum parameters 
found. High quality joint, full penetration, no porosity, without spatter and underfill was reached, Fig. 5b . 
Increasing the power to P = 750 W led to burn through, as in Fig. 5c . 

   
a)     a)    c) 

Fig. 5 Butt joint - perpendicular milled edges, a) P = 650 W, v = 80 mm·s-1, b) macrograph, c) at P = 750 W 

Milling the edges with an angle leads to easier sample set up, as it enabled setting without gap and without 
misalignment. Yet this edge inclination leads to longer joint edge, longer, wider than laser beam diameter 
(1 mm), so that lack of fusion would occur, when welding with laser beam at focus. This was done and the 
penetration test proved lack of penetration at the root of the weld for joints prepared by milling with angle 45°, 
the edges were incompletely melt. To accommodate for the higher joint width, the welding was done with laser 
out of focal point, yet even defocused distance did not lead to acceptable joints for angle 45°. The increase of 
necessary power to P = 1000 W resulted in burn through, sagging, porosity and uneven melting. Such defects 
are visible in Fig. 6 . Fig. 6a  shows porosity and weld sagging. 
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a)     b)  

Fig. 6 Weld defects present in the butt welds - a) porosity for too high power, P = 1100 W, f = +5 mm, v = 80 
mm·s-1, b) Weld misalignment P = 650 W, f = 0 mm, v = 80 mm·s-1 

3.2. Lap joints 

For lap joints the laser power was varied P = 550 - 900 W. Focal spot was on upper weld surface,  
v = 80 mm·s-1. The sheets surface was ground from oxides and degreased. In Fig. 7  there are results for varied 
laser power. The best results were reached with power P = 600, 700 W. 

       

         a)    b)    c)           d) 

Fig. 7  Lap joints, macrographs a) P = 600 W, b) P = 650 W, c) P = 700 W, d) P = 800 W 

3.3. EDX analysis  

 

Fig. 8 Surface EDX analysis - lap weld 
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EDX analysis served to observe chemical composition change due to laser welding. It is known that high 
energy beam welding leads to uneven changes in presence of some alloying elements due to their low 
sublimation temperature [1], e.g. Mg, Zn. In Fig. 8  results for Mg, Al, Mn, Zn concentration after welding of lap 
joint are shown. The results did not prove any substantial change in chemical composition before and after 
welding. The sublimation of Mg, Zn and other elements is not having important influence as found in our 
research. 

3.4. Microhardness measurement 

The butt welds hardness was measured across the joint in 1 line, for lap joints 2 lines of measurement were 
done. In Fig. 9 , increase of hardness in WM (80 HV0.1) and HAZ (75 HV0.1) compared to BM hardness (55 HV) 
is visible. Similar results were reached for lap joints. Hardness increase is connected with grain refinement 
caused by fast solidification process.  

 
Fig. 9  Microhardness across the butt joint, P = 650 W, v = 80 mm·s-1 

3.5. Tensile and shear test 

Static tensile test was used to evaluate mechanical properties. For the butt welds with edge milled under angle 
45, 70° all samples fractured at the WM, for inner defects (lack of penetration) were present,. Butt joint with 
perpendicular edges fractured in BM at Rm = 263 MPa, for P = 650 W, v = 80 mm·s-1.  

For lap joints, the values of shear stress at fracture were in range 123 - 154 MPa depending on laser power. 
The fracture occurred in WM for every joint. Direct comparison of strength of tensile test of butt welds and 
shear test for lap welds is not possible. 

4. CONCLUSION 

Laser welding of AZ61 1 mm thick sheet was done. The results can be applied to automotive and aerospace 
industries. The varied parameters were P = 650 - 1000 W, v = 80 mm·s-1, Ar = 12 l·min-1 , f = 0, +5 mm, butt 
welds and lap welds were tried in PA position.  

It was found that joint edge quality is important for butt weld. The mechanical shearing does not reach 
necessary edge quality, as the sheared edge roughness led to too high weld gap and weld burn through. 
Further edges processing was thus necessary. Edge milling was applied. Different angle of milling, 90, 70, 45° 
were tried. Angles 45, 70° enabled easy pre-welding setup, yet the welds had lack of fusion, lack of penetration. 
The Mg alloy welds are susceptible to porosity, weld sagging and burn through especially for higher weld 
power. EDX analysis did not prove important change in chemical composition due to evaporation during 
welding. Hardness increase was noticed in WM. Best results were obtained for butt welds with perpendicular 
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edge, i.e. milled to 90°,, at parameters 650 W, 80 mm.s-1, when tensile strength reached Rm = 263 MPa. The 
weld window for Mg alloy is very narrow, yet good weld quality can be reached. 
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Abstract  

Cobalt-based alloys (e.g. Stellite) are often used on surfaces which are required for the high resistance to 
abrasion (sealing surfaces of the fittings, etc.). These surface layers are commonly applied to low alloyed steel 
Grade 22 or martensitic steel Grade 91 by welding techniques using. When using armatures with these layers 
in energetic plants (high pressure valves) have shown operating experience that occurs in damage to 
functional layers often. The typical damage is characterized by cracking and flaking (release) of the functional 
layer. This paper deals with the analysis of the causes of such damage to the surface layer of the ball valves 
(or their contact faces) after the low-cycle service application in superheated steam (550 °C/10 MPa). Layers 
were applied to the steel AISI 316. For this research were used methods of metallography, chemical and SEM 
analysis, phase and XRDA microanalysis, hardness and microhardness testing. It was found selective cracking 
in the areas of a specific phase composition. The subsequently release of material particles and other damage 
to the surface by these particles. 

Keywords:  Cobalt-based alloys, welding layers, damage, ball valve, microhardness 

1. INTRODUCTION 

Alloys based on cobalt-chromium (one of best known are materials Stellite) are used in a wide range of 
demanding applications. A high proportion of complex carbides, most frequently type M7C3, caused a high 
resistance to mechanical wear. Furthermore, these alloys are resistant to chemical and corrosion damage. 
The combination of cobalt and chromium also ensures high melting point, which allows for example application 
of the edges of cutting tools. Stellite alloys are non-magnetic, mostly resistant against high temperature 
excesses, resistant to cavity damage. There are many variations of Stellite high alloyed alloys containing a 
different combination of titanium, silicon, sulphur, phosphorus, molybdenum, manganese, chromium, carbon, 
boron, aluminium, iron and cobalt. According to the carbon content can be divided into: High Carbon - designed 
for high temperature applications and Low Carbon - with a higher content of chromium for increased corrosion 
resistance. The hardness of these alloys ranges between 40 HRC and 60 HRC. These values are useful for 
applications along with great toughness, but at the same time the problem during production, which is so 
demanding and uses precise casting, machining, grinding, cutting, etc. Stellite alloys are produced by a 
number of different procedures, including hot forging, powder metallurgy, welding of powder metal. Stellite 
alloys are used in the production of gears, disc and ball valves, valve seats, gun barrel, blades of turbines in 
power plants and Jet engines, in medicine to joint replacements and dental prostheses. Stellite layers are 
welded and surfaced by arc welding and laser cladding or plasma. Emitted plasma beam reaches high 
temperatures up to 16 000 K. The heating rate of this heat source is, therefore, very high a specific heat 
transferred into the basic material is a small. The result is a small affected zone, low deformation level, minimal 
smelting of basic material and very limited dilution. Due to the dispersed chromium and molybdenum carbides 
and consequently high hardness these material have a lower elongation. Some types (Stellite 12) are inclinable 
to pitting corrosion in seawater environs because of negative open-circuit potential. In practice, namely at the 
friction of two surfaces of mass objects, there are also problems with cracking and flaking of the surface layers 
of materials based on cobalt-chromium [1-7]. 
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2. MATERIAL AND EXPERIMENTAL METHODS 

The problem for research was a significant damage to the surface of the ball of the ball valves, after a very 
short operational exposition - approx. 12 months at approx. 50 cycles of changes the position. After this time, 
there were signs of leakage of valves and these have been dismounted. The valves worked in an environment 
of superheated steam at temperature 550 °C and pressure 10 MPa. There were three balls (with marking A, 
B, C) with a diameter of 72 mm (A, B) and 112 mm (C) and one piece valve seat E (Fig. 1 ). Basic material of 
balls was steel AISI 316, welding surface Stellite 6, at seat next P 91 vs. Stellite 721. Standardized chemical 
composition and hardness of both welded materials is in the Table 1  [1, 3]. Surfacing was realized by OFW 
technique. After the surfacing is done finish and lapping surface. The declared thickness of the weld layer was 
approx. 3 mm.  

Table 1  Standardized chemical composition and hardness of Stellite 6 and Stellite 712 
Material (wt. %) Co Cr W C Mn Ni, Fe Mo, Si HRC HV 

Stellite 6 
Max. bal. 31 5.5 1.4 1.0 < 3 1.5 45 490 
Min.  27 3.5 0,9    36 380 

Stellite 712 
Max. 65 34 2.5 3 1.25 Fe 0.3 Mo 19   
Min. 40 27 1.5 0.5  Ni 3 Mo 3   

   

Fig. 1  Ball valves; a) - ball B - outlet side; b) - cross section of ball A cutting by electro-erosion method; c) - 
valve seat; Stellite welding layers are marked with red arrows 

Due to the damage character has been done thorough documentation supplied parts of the ball valve with an 
emphasis on damaged areas by digital camera. These areas were also documented by optical 

stereomicroscope Olympus SZX12 at a magnification of up to 20 × whereas several types of damage were 
found, including posts that suggest that their rise was by separation (peeling) of upper part of welding layer 
(Figs. 2a, 3a ), including probably initiation points. Most was the damage caused by erosion of the free particles 
(Fig. 2d ), which is significant by grooves rise. In addition, were detected marks of foreign material adhesion 
on the ball surface also (Figs. 2b, 3b ). In places the damage of lapped sealing surfaces were found to have 
marks of damage by flowing steam and erosion attack (Fig. 2c ), that could be the cause of the detectable 
leakage of the valve. 

Before the divide of balls of their entire surface penetration test was performed. Was used system PFINDER: 
AP 778/70 (cleaning); APENOL 1054 (penetrant); 870 (developer). Were detected only spot (small flat, mostly 
inconclusive) indications. And also the HRC hardness on the surface of spherical areas has been measured 
by rebound method with using of portable electronic metal hardness tester EQUOtip 2 and served rather as 
needed for setting the dividing parameters. For each ball hardness has been detected 36 HRC till 38 HRC. 
These values, however, may be misrepresented by the spherical geometry the measured area, which in 
addition, showed even the prescribed surface quality. 

a) b) c)
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Fig. 2  Balls of ball valves - damage examples by stereomicroscope; a) - unstuck part; b) - adhesive particle; 
c) - damage by steam; d) - round depression 

    

Fig. 3  Metallography of balls; a), b) - types of surface damage; c), d) - cross section of welding layer 

Due to problems with the ball mounted housings and surfaces hardness, it was decided to cut the balls by the 
electro-erosive method (electro-erosive cutter CHMER EDM G32F). The newly established areas also 
documented photographically. 

Metallographic evaluation was carried out on the chosen cross sections of balls A, B, C and seat E by optical 
microscope Olympus IX 70 on cross sections of damaged and undamaged areas in polished and etched state. 
Microstructure of basic material, welded layers (Stellite) and also sublayer was evaluated. Geometrical and 
oxide like character of damage of surface layer was observed.  

For evaluation by scanning electron microscopy the electron microscope JEOL JSM - 6490LV with EDS 
analyser Inca x - act was used. Researched was working area of welding layer surface, and same cross- 
section as in optical metallography case. At selected locations of the damaged surface and transverse sections 
the microanalysis of chemical composition was made. 

Microhardness by Vickers determined impact hammer LECO AMH 100 on transverse sections of welded layer 
of balls and seat. At first, through the entire thickness of the welded layer (equidistant lines of indentations) 
into the basic material - HV0.2, and secondly, for the visible structural components of both materials - HV0.01. 
Analysis of the chemical composition of the solid state phases were carried out with the use of the device 
Spectrometer ARL 9400 XP - THERMO ARL, for the analysis of phase composition Analyzer was XRD - 
difractometer Bruker AXS D8 used. 

a) b) c) d) 

a) b) c) d) 
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3. RESULTS AND DISCUSSION 

The metallographical evaluation was found to be the thickness of the welding layer in the range of 2 till 3 mm, 
for all of the components equipped with surfacing (A-C, E). Metallographic analysis (Fig. 3 c, d ) on the basic 
material expected standard austenitic microstructure with equiaxed grains, with a fairly homogeneous 
distribution of size. This one then connect in buttering layer, which gradually „ingrowing“ into the Stellite weld 
deposit. The microstructure of has the character of a cast "two-stage" structure with light dendritic formations 
(matrix) and interdendritic areas with darker contrast. Structure, with relatively high purity (micropurity), even 
with the occasional occurrence of particles based on carbides and nitrides is also characterized by a high 
„effort“ to the preferred orientation of dendrites, often perpendicular to the geometric centre of the sphere. On 
parts with the greatest degree of surface damage seems to be subsurface and surface layer volumic richer on 
dendritic phase. Are also evident damage with stripped layers character and "foreign" adhesion layers 
(perhaps with oxide-corrosion origin). In the evaluation of the damaged surface areas have been identified 
heterogeneities that are likely to arise when creating or finishing welded layer. 

In the cross section of functional area of the valve seat was observed similar microstructure, as for balls. Only 
the thickness of the welding was somewhat less. An important finding is the fact that the place was found with 
significant damage (unstuck) of the surface layer with a unique initiation cracks in the area of eutectic 
interdendritic structure. It creates the significant large loose segments of the welded material, which may 
damage functional contact faces (Fig. 4a ). From the fractographical viewpoint was in the valve seat confirmed 
the assumption that to cracking the brittle interdendritic eutectic structure occurs, see Fig. 4b . SEM analysis 
of valves seat more or less copies the others metallographic findings. In addition to the analysis of the basic 
phases were also detected by the minority particles of carbides and nitrides occurring in both phases (Table 2). 

    

Fig. 4  Damage to the brittle structural components of seats welding layer, cracks in the eutectic phase; a) 
optical metallography; b) SEM analysis - the crack is marked with yellow arrow 

Table 2  Chemical composition of structure components of welding layer - valve seat 

Phase (wt.%) N Si Ti Cr Mn Fe Co Ni Mo W 
1 matrix  1.2  23 0.65 24 43 4.1  3.4 

2 eutectic     73  9.4 9.8  1.8 5.5 

3 carbide  1.8  22  7.0 17 1.4 13 38 
4 nitride 19 0.69 37 18 0.55 8.1 14 1.2  2.0 

Evaluation of the surface showed the presence of "adhesion" units based on particular (complex) oxides of 
iron, chromium and cobalt plus depressions also (Fig. 5a, b ). Their chemical composition is on the Table 3 . 
SEM analysis of the composition of the welded material was confirmed standard chemical composition of 

a) b)
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Stellite significantly diluted with iron (in comparison with the standards requirements) for dendritic formations 
a qualitatively similar, but quantitatively richer by chrome, composition of interdendritic eutectic structure, see 
Fig. 5 . The look and composition of buttering layer documented Fig. 6  and Table 4 .  

  

Fig. 5  Adhesive particles on the surface of Ball A 

 

 

       Table  3 Chemical composition of surface area - see Fig.  5a, b 

Spectrum (wt.%) O Si Cl Cr Mn Fe Co Ni Mo W 
1, 2 36  0.1 10 1.5 35 12 1.6 0.21 2.6 
3 31   0.6 7.8 0.5 19 30.2 2.5 0.98 7.3 
4  1.2   23 0.61 14 53 3.7 0.16 4.0 
5  1.2   38 0.76 10 39 2.6 0.92 7.0 
6  1.7   21 0.47 7 29 1.4 6.24 34 
7 14 2.0 0.7 23 0.58 24 30 0.9 0.85 3.9 

        
      Table 4  Chemical composition of buttering layer neighbourhood 

Spectrum (wt.%) Si Cr Mn Fe Co Ni Mo W 
1, 2   0.79 18 1.5 67   10 2.2   

3 0.85 18 1.5 66   12 2.3   
4, 5 1.1 21 0.93 33 35 7 0.77 2.1 

Fig. 6 The scheme of buttering layer 

Measurement of microhardness in subsurface area of the working surface of the ball shows for values to 
around 580-620 HV0.01. The average hardness of welding to a depth of 0.3 mm from a functional surface was 
525 vs. 545 HV0.2 for undamaged vs. a damaged surface (ball A), see Fig. 7 . 

Due to the nature of the problem and the geometry of the specimens the measurement of standard screening 
macro-hardness, e.g. HV30 was not done. From the measured results, however, can be concluded (with the 
support of the indicative measurement HRC), that the total hardness of the welding layers material corresponds 
to the standard requirements. 

The welding layer of the valve seat was somewhat thinner (< 2 mm), however, they were detected in structural 
components with extreme hardness up to 1076 HV0.01 - by analogy with the ball C. Their presence greatly 
limited their ability to transfer of the deformation. On microstructure pictures (Fig. 4 ) and around indentations 
(Fig. 7 ) were noticeable cracks that extend across from these phases (on subsurface layer), connect with and 
finished at the open surface. From the character of the deformation damage in and around the indentations 
(movement of the slip bands) can be concluded on a very "intensive" stress-strain relations in the welded layer 
material, in particular eutectic phase (Fig. 7 ). Of course, this problem deserves further study [8, 9]. 

By volumetric analysis was analysed both the welding layer and the solid phase is removed from the inner 
surface of the valve cap, to demonstrate, that the source of the damage are or not releasing particles from the 

a)
)) 

b)
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cap. The analysis showed the welding layer is diluted by underlying material (Fe, Ni). The particles on the 
surface of the cap should be oxide base (magnetite-hematite). 

 

 

 
Fig. 7  Welding layer of valve seat - deformations near microindentations with cracks in eutectic phases (left); 

microhardness HV0.2 of welding and buttering layer - comparison of ball A and B (above); hardness 
comparison of damaged and undamaged surface - ball A (below) 

4.  CONCLUSIONS  

On the surface of the ball of the ball valves were found irregularly occurring abrasive materials damage of 
oxide layer and the welding surface itself. The damage was caused by particles of comparable hardness as 
the layer of Stellite on the sphere. Oxides or residues of P91 steel from which it is constructed surrounding the 
pipe, this did not cause damage (particles of oxides for lack of hardness, steel particles were not in the 
damaged places found). Damage was visually intense (more frequent) on the outlet side of the valve. Except 
most frequently grooves in the surface were detected traces of its own and secondary damage to the welding 
layers. In the case of functional layers occurred either extraction or sticking of welded material (according to 
the hardness of the materials that have been in contact).  

On the lapping surface of were detected traces of damage by steam that may cause detectable leakage of 
valves. The character of the damage indicates that the cause of the damage to the surface of the ball valve 
has been part of the instability of the welding layers of the Stellite 721 or 6, i.e. more likely to be on the seat, 
and to a lesser extent also on the surface of the balls. For the layer was found its tearing along boundaries of 
the hardening phase (components had extremely high hardness and a minimum supply of plasticity). 
Spontaneous damage to the layer could be added by deformations of the chosen prime material - austenitic 
steel has a higher thermal expansion coefficient than steel P91 or Cr2, 5Mo1 that are for conditions of high-
temperature exposition as a prime material recommended. These steels have up to 500 °C the similar thermal 
linear expansion coefficient. When in use the austenitic steel, the higher expansion of the underlying steel 
cannot be compensated for by deformation of welding-layers and this layer fails (convex/concave surfaces 
behave differently).  

Other factors relating to the realization of the welding layers (dilution, cementation of interface, welding method, 
etc.) have not been directly observed, but cannot be underestimated. 

Spontaneous instability of the welding layers is most likely influenced by the non-performance with the quality 
of created welding layers also. In the welds was found it is quite strong diluted of iron (about 14% Fe). 
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Weakened grains boundaries were detected between basic material and Stellite layer. The level of stress 
inside layer during production can be minimised by appropriate preheating of the treated subject. 

For an observed welding of seat were found immixture of welding additional metals, which could be the cause 
of extreme local hardening through the carbide and intermetallic phases. 
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Abstract  

Metallic foams are materials with the broad applicability in many different areas of human activity (e.g. 
automotive industry, building industry, medicine, design, etc.). These metallic materials contain artificially 
created pores in their structure. These pores give them specific properties such as large rigidity at low density, 
high thermal conductivity, capability to absorb energy, etc. 

The paper deals with an optimization of procedure for production of cast metallic foams with use of casting 
technology (infiltration method), which ensures rapid and economically feasible method for production of 
shaped components. In the experimental part conditions of casting of metallic foams with irregular inner 
structure and open pores made of ferrous and non-ferrous alloys by use of various types of filler material 
(precursors) were studied. 

Keywords: Metallic foam, casting, precursor, infiltration method 

1. INTRODUCTION 

Metallic foams and porous metals are materials which contains in their structure artificially created pores. 
These pores give them specific properties such as: large rigidity maintaining low density, high temperature 
conductivity, capability to absorb energy etc. 

The first mentions of metal foams come already from the beginning of the 20th century when these porous 
metal materials started to be used for engineering purposes. In the twenties of the last century there began to 
be produced and commercially used the foams produced by sintering of metal powders that were used for 
manufacture of filters, batteries and self-lubricating bearings. In the French patent from the year 1925 we can 
find the mention of metal foams made by material foaming, thirty years later in the United States their 
commercial use begun. But the extensive research and development activities started in the nineties and it 
continues up to now [1]. 

At VSB - Technical University of Ostrava (Department of Metallurgy and Foundry Engineering) the research 
dealing with optimization of manufacture of this unique material by a foundry way is currently underway. 

2. PROPERTIES AND APPLICATION OF METALLIC FOAMS 

The properties of metallic foams greatly depend on the characteristics of the pores distributed throughout them. 
These characteristics, which include the type, shape, size, number, uniformity and surface area of the pores, 
may be quite different in metallic foams produced by different processes [2]. 

This material offers the particularly the following most important properties: 

• Reduction of mass : porous metals are very light and it is possible to achieve very high strength by 
application of ribbing. 

• Absorption (damping) of energy : it uses ability of this type of material to get deformed under pressure 
and absorb in comparatively small volume big amounts of energy. This property can be used in transport 
industry for deformation zones of vehicles. 
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• Absorption (damping) of sound and vibrations : replacement of organic foam material in environment 
with extreme thermal and mechanical loads. 

• Thermal insulation : metallic porous materials preserve high mechanical properties even at high-
temperatures. 

• Exchange of heat or electricity : metallic porous materials with open structure have large specific 
surface, which gives them better abilities of heat exchange [3]. 

3. MANUFACTURING OF METALLIC FOAMS 

Since the discovery of porous metallic materials numerous methods of production have been developed. Some 
technologies are similar to those for polymer foaming, others are developed with regard to the characteristic 
properties of metallic materials, such as their ability to sintering or the fact that they can be deposited 
electrolytically [4]. 

According to the state, in which the metal is processed, the manufacturing processes can be divided into four 
groups (see Fig. 1 ). Cellular metals can be made from metal vapour, liquid metal, powdered metal or metal 
ions [5, 6]. 

 

Fig. 1 Metallic foam production 

4. EXPERIMENTAL 

The experimental part deals with an optimization of procedure for production of cast metallic foams with use 
of casting technology (infiltration method), which ensures rapid and economically feasible method for 
production of shaped components. 

4.1. Infiltration of molten metal into mould filled  with precursors 

The principle of this technology is pouring of liquid metal into the mould filled with inorganic or organic particles 
(precursors). The irregular structure of pores, we are dealing with, can be achieved by use of various types of 
precursors, which fill the mould cavity. 
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Precursors must be made of material, which preserves its shape at impact of the molten metal (sufficient 
strength, low abrasion, refractoriness) and they must allow also good disintegration after casting. 

In the experiment we made castings with irregular cell structure with use of particles based on conventional 
moulding mixtures (organic types). 

The possibility to control of the cellular structure produced (pore size, porosity, etc.), is the very important 
advantage of the use of a foundry technique to manufacture metallic foams, however the precursors are made. 

4.2. Precursors (Croning process) 

Core particles (precursors) were then manufactured from moulding mixture (respectively from reject cores 
made by Croning process). Final globular shape of core precursors was achieved by splitting into small pieces 
(10 - 30 mm) and followed by tumbling. The precursors so produced were inserted in a mould cavity. Mould 
was made from commonly used green sand (ie. bentonite bonded moulding mixture) - see Fig. 2 - 4 . 

Porosity of produced castings amounted to 60%. Precursors allow good disintegration after casting. The 
disadvantage of these precursors is their irregular shape, which is determined by uneven tumbling of the cullet 
due to non-uniform hardening of the default core mixture. Therefore, new technology of precursors 
manufacturing has been proposed - use of moulding mixture bonded by furan resin. This way of manufacturing 
of precursors should ensure the achievement of the same size, shape and the resulting characteristics of 
precursors. 

 
 

Fig. 2  Mould made from commonly 
used green sand 

 

Fig. 3  Mould filled with precursors 

  

 

Fig. 4  Final casting and detail of its structure 
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4.3. Precursors (Furan moulding mixture) 

To create these precursors were used as core box plastic grille (Fig. 5 ). By using this core box cubes of a side 
of 25 mm were created. These cubes were followed by tumbling. The proposed technology ensures the 
production of precursors of the same size, shape and properties. 

Materials used fore casting were cast iron with lamellar graphite (EN GJL-200), AlSi10MgMn and 
CuSn10.There were two types of castings - a cuboid (A) and a cylinder (B) - see Figs. 6, 7 . 

 

Fig. 5  Core box and created cubes 

  

Fig. 6  Casting (cast iron with lamellar graphite) - 
type A 

Fig. 7  Casting (cast iron with lamellar graphite) - 
type B 

  
Fig. 8  Precursors - Croning process (irregular 

shape and size) 
Fig. 9  Precursors - Furan moulding mixture (regular 

shape and size) 

Porosity of produced castings amounted to 63 %. Precursors allow good disintegration after casting. 
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On the Figs. 8  and 9 we can see a comparison of the two types of precursors. 

5. CONCLUSION 

Metal foams are progressive materials with continuously expanding use. Mastering of production of metallic 
foams with defined structure and properties using gravity casting into sand or metallic foundry moulds will 
contribute to an expansion of the assortment produced in foundries by completely new type of material, which 
has unique service properties thanks to its structure, and which fulfils the current demanding ecological 
requirements. Manufacture of foams with the aid of gravity casting in conventional foundry moulds is a cost 
advantage process which can be industrially used in foundries without high investment demands. 

The principle of the above-mentioned technology is the infiltration of liquid metal into the mould cavity filled 
with precursors. This technology enables the production of shaped castings - metallic foams with irregular cell 
structure. In the production of precursors can be moreover assumed using of the material, which would be in 
other cases waste - reject cores or excess moulding mixture. 
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Abstract  

Various materials can be used nowadays for vehicle construction, ranging from aluminum alloys and composite 
materials to high strength steels. For successful utilization of Al alloys, it is advantageous to carry out 
calculations using FEM and computer simulation tests to verify engineering construction design. This can help 
to map and take advantage of the potential of the material. On the other hand, the proper observance of the 
manufacturing process, the chemical composition and microstructure of the selected structural material can 
also provide us with important information. Material purity, homogeneous chemical composition, the correct 
production process, technological processing etc., are decisive for the further use of the material for the 
construction elements of a technical device in the form of fully-functioning components with the required 
lifetime.  

Keywords: Defects, poor quality, Al alloys, fracture analysis, downhill scooter 

1. INTRODUCTION  

Vehicles have been constructed from a wide range of materials with various mechanical properties, such as 
aluminium alloys on one hand and composite materials and high strength steels [1, 2] on the other hand. The 
quality of the cast, the correct production process, technological processing etc. are crucial for the further use 
of the material for the construction elements of a technical device. Poor quality materials used in technical 
equipment can cause not only severe material damage, but they also present high safety risks for humans 
involved, as they can cause injury or death. 

A downhill sports scooter was used to test suitability of the materials. The most stressed parts of the scooter 
are the front fork and the frame. Steel and aluminum alloy forks were chosen for testing. To evaluate the 
properties of the forks, identical parameters for load, driving routes and mileages were selected. 

Al-Si alloy were used to produce the 
front forks for a downhill sports scooter 
(see Fig. 1 ). 

 

 

 

 

Fig. 1 The front fork of a downhill sports 
scooter 
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2. PREREQUISITE FOR CONSTRUCTION 

Steel fork 

The loaded front wheel fork withstood test modes with only slight damage - enlargement of wheel mounts (see 
Fig. 2 ). The basic software simulation verified that the supporting profile was sufficiently structurally designed, 
and that is why no additional material analysis was carried out. 

.    

  Fig. 2 The steel front wheel mounts and detail of magnification opening handle 

Al fork 

   

Fig. 3 The damage to the front wheel mounts and detail of damage 

Al alloys of various compositions have long been used for components of technical equipment. In this case Al-
Si alloy was used to produce part of the front fork for a downhill sports scooter (see Fig. 1 ) where any technical 
defects not only damage certain parts, but can also be dangerous for the safety of the rider, who can be 
seriously injured or even killed. The front suspension is very exposed, and it requires high-quality material 
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composition, processed in to the final form. Technical requirements with design calculations can be taken into 
consideration using the finite element method (FEM) and software simulations in a PC. These methods enable 
us to identify and fully utilize the potential of the material [3-4]. However, despite the help of advanced 
simulation and computational software, the quality of the final product can be achieved only when the declared 
material is really the material specified by the manufacturer. 

The front forks have a lifetime warranty, and subsequent control simulation using FEM verified that the front 
forks have a real long-term durability of several tens of years [5-6]. The reality was however different, this part 
broke after about 700 km, the damage being at the front wheel mounts. Small initialization cracks were found 
upon closer examination (see Fig. 3 ). According to the basic simulation in the SW, it was verified that the 
carrier profile was sufficiently structurally designed to bear the load and therefore we proceeded to carry out 
material and fracture analysis [7-8]. Metallographic sections were created and examined in detail with 
surprising results. 

3. MATERIAL ANALYSIS 

Metallographic and fractographic analysis of the fractured part was carried out using a scanning electron 
microscope and a light microscope with Lucia image analysis software. The material of the fork was Al-Si alloy 
with about 10 wt.% silicon, further alloyed by small amounts of copper, manganese and iron. Small additions 
of iron (around 0.2 wt.%) are beneficial for the improvement of impact resistance and endurance limit of Al-Si 
alloys, as was already tested with EASA alloy [9]. 

3.1 Microstructure analysis 

A metallographic sample was prepared from an area about 1cm below the fracture surface. Many pores and 
shrinkages of various sizes were observed at the polished surface of the sample, proving the poor quality of 
the material. These defects were so large that they were also visible by the naked eye, some of them reaching 
sizes in the range of mm (Fig. 4 ).  

  
    Fig. 4  Large shrinkage in material                Fig. 5  Dendritic microstructure with eutectic network 

and several kinds of particles 

The sample was further etched using Keller reagent to reveal the microstructure. The microstructure was 
dendritic and rather complex, consisting of solid solution matrix with Al-Si eutectic among them (Figs. 5 - 7 ). 
A relatively large fraction of the microstructure, about 50 %, consisted of primary aluminum α-Al dendrites 
distributed relatively evenly in a eutectic matrix. 

Local chemical composition of individual structural components was established by point and linear EDX 
analysis. Due to the small size of some of the particles, the effect of Al-Si matrix composition influenced the 
obtained values and it is therefore impossible to establish the exact chemical composition of the particles.  

320 μm 15 μm 
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There was a network of fine particles with higher Cu and lower Fe content along dendrite boundaries, and two 
kinds of larger individual particles were found inside the α-Al dendrites. Several dark sharp edged particles of 
primary Si were observed inside the dendritic areas and occasionally sharp edged light grey particles rich in 
Fe and Mn, with Fe:Mn ratio around 2:1 (Figs. 6 - 7 ).  

  

Fig. 6 Dendritic microstructure of the fork with 
interdendritic eutectic network, particles at dendrite 
boundaries (Fe-Cu) and two kinds of larger particles 

inside dendritic areas (primary Si and Fe-Mn) 

Fig. 7 Detail of light iron-copper phase at dendrite 
boundaries and light iron-manganese sharp 

particles in BSE mode 

 

 

Fig. 8 Fracture initiation area at the surface of the 
fork, larger shrinkages visible. 

Fig. 9 Dendrites on the fracture surface 

α-Al 

Eutectic  

Fe-Cu 

Si 

Fe-Mn 
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3.2. Fractography  

Both fracture surfaces were observed using a scanning electron microscope. The initiation of the fracture was 
just under the surface of the thinner part of the fork (Fig. 8 ). The characteristic appearance of shrinkage casting 
dendrites is clearly evident and it is in agreement with the microstructure features (Fig. 9 ). Brittle fracture areas, 
sometimes with oxidised surfaces, were observed in the shrinkages. The fracture surface between the 
shrinkage porosity exhibited a dimple rupture character. No evidence of progressive fatigue failure was 
observed anywhere on the fracture surface.  

It can therefore be concluded that the dimple rupture fracture surface was the result of sudden impact, overload 
failure. Even though Al-Si alloy was a suitable type of material for this application and the addition of iron 
further improved its impact resistance and endurance limit, the presence of shrinkage and porosity resulted in 
significant decrease of the real cross section of the part, thus contributing to the overload of the remaining 
volume of material. 

4.  SUMMARY  

A suitable Al-Si alloy was used for the front fork of a downhill sports scooter. Although the material was well 
chosen for this application and the part was properly designed [7], high shrinkage and porosity of the used 
material resulted in the premature overload failure of the fork. There has been a significant failure in the quality 
control of the output and input material in the manufacturing chain leading from the material producer to the 
semi-product supplier and finally to the fork producer.  

It is very important for the successful industrial application of Al-Si alloys not only to ensure correct engineering 
construction design with the use of FEM calculations and computer simulation tests, but also to guarantee 
proper observance of the manufacturing process and the chemical composition of the chosen structural 
material. Only high quality materials produced by controlled procedures and technologies can satisfy the 
requirement of fully-functioning components with the required lifetime, without posing a threat to human health 
and life and material damage.  
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Abstract 

Research in the field of magnetic materials based on Nd-Fe-B is focused on the improvement of certain  
magnetic characteristics by alloying of suitable elements (Co, Dy, Pr, Cu), extending the thermal stability of 
these permanent magnets, improving their corrosion resistance and the creation of nano-structure 
modifications. Magnets based on Nd-Fe-B are susceptible to corrosion, especially in humid atmospheres. The 
corrosion resistance of these magnets is a function of the structure, temperature, degree of environment 
humidity and Nd-rich phase reactivity. The paper is focused on determining and comparing the corrosion 
resistance of magnetic material NdPr-FeM-B (produced by powder metallurgy, M = Cu,Co,Al) in several 
environments. For comparative purposes, unalloyed carbon steel (C ≤ 0.1 wt.%) was tested under the same 
conditions. On the basis of electrochemical polarization measurements there were determined polarization 
curve, corrosion characteristics and parameters (corrosion potential, polarization resistance, pitting potentials, 
etc.) of mentioned selected materials in aqueous solutions (Na2SO4, NaH2PO4, NaCl). Salt spray test was also 
performed with these materials. The heterogeneous structure of magnetic material and uneven and/or 
localized corrosion was observed using microscopy. In the sodium chloride solution, a higher corrosion 
resistance reached steel in comparison with the magnet, in sodium sulfate solutions the results were not clear 
(depending on the pH, surface condition). The magnetic material exhibited a much higher resistance in the 
solution of NaH2PO4 in comparison with the corrosion resistance in other test solutions. 

Keywords:  Magnetic material, Nd-Fe-B, corrosion resistance, polarization test.  

1. INTRODUCTION 

RE-Fe-B base magnets contain rare earth (RE) elements: neodymium (Nd), dysprosium (Dy) or praseodymium 
(Pr). These excellent magnets allow substantial miniaturization of dimensions and cost reduction of many 
devices and industries [1]. They are also produced by sintering very finely ground powders, reaching the 
highest magnetic energy (BH)max. 

Application properties of these materials are dependent on their ability to maintain the magnetic properties, 
mechanical load transfer and also the resistance to corrosive environments. Magnets Nd-Fe-B are susceptible 
to corrosion in a humid atmosphere and it is also a factor in limiting their applicability. 

Excellent magnetic properties of this material can be attributed to the ferromagnetic phase, Nd2Fe14B matrix 
with a very high saturation polarization and high magnetic anisotropy. Neodymium rich and reactive phase 
coupling at the grain boundaries of these magnets provide adequate mechanical properties. Magnetic 
properties are to some extent influenced by the input material and production process [2]. 

Magnets based on Nd are very susceptible to corrosion in atmospheric humidity above 80 %. The corrosion 
sensitivity of these materials, however, has its cause in the material structure consisting of magnetic Nd2Fe14B 
grains and grain boundary Nd-rich phase, see Fig. 1 . 
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Neodymium phase is much more reactive than Nd2Fe14B phase in the matrix, so that with sufficient moisture 
in the air there will be a localized galvanic reaction between Nd and Nd2Fe14B phases. The reaction can then 
be initiated from neodymium phase as follows: anodic reaction: Nd → Nd3+ + 3e- and cathodic reaction - 3/2H2O 
+ 3/4O2 + 3e- → 3OH-. Final corrosion product is then Nd(OH)3 or Nd2O3·nH2O according to conditions. In dry 
atmosphere, the surface of the magnet of Nd-Fe-B layer forms Nd2O3, which exhibits good insulation 
properties. In the case of moisture this layer is converted into Nd(OH)3 which does not have protective 
properties. If the grain boundary covered on neodymium rich phase of sufficient thickness and exposed to wet 
air, the corrosion then proceeds continuously along the grain boundaries as shown in Fig. 1 . 

 

Fig. 1  Scheme of NdFeB corrosion process [3] 

Corrosion rates of the individual phases of Nd2Fe14B, and NdFe4B4, Nd4Fe with time initially increases and 

then is almost constant. The corrosion rate of the individual phases are in order in the acid solution: Nd1+εFe4B4 

(paramagnetic phase η), Nd2Fe14B (ferromagnetic phase Φ), and Nd4Fe (Nd-rich diamagnetic phase ρ). 
Knowledge of the corrosion behavior of the magnet and its phases are also needed to optimize surface 
preparation and design of corrosion protection, especially electroplating. 

The main ways of protecting magnet type Nd-Fe-B corrosion: 
- Use protective coatings on the surface of the magnet: galvanic metallic coatings, polymers, passive layers. 
- Varying the internal corrosion properties of the material by adding alloying elements. 

The corrosion rate of Nd-Fe-B materials containing Co, Al (replacing Fe), are lower than without these elements 
in many environments, from sulfuric acid to moist air [4]. 

There was also developed a new material modification of Nd-Fe-B type, in which the most reactive neodymium 
phase in the intergranular field was replaced by stable intermetallic compounds [5]. 

Access restructuring grain boundaries was based on improving corrosion resistance (Pr,Nd)-Fe-B sintered 
magnets due to intergranular exchange (Pr,Nd)-rich (Pr,Nd)6Fe13Cu phase. In addition to improved corrosion 
resistance, restructured magnets also exhibit excellent magnetic performance. Phase type δ (Pr,Nd)6Fe13Cu 
having more positive than the electrochemical potential (Pr, Nd)-rich phase also reduces the driving force for 
the corrosion reaction. The amorphous structure and uniform distribution of the intergranular phase improves 
both corrosion resistance and magnetic properties [6]. Addition of Cu causes a modification in the material 
phases - Nd-rich phase was replaced by phases containing Cu and boric phase can be eliminated, which 

Thin grain boundaries Thick grain boundaries 

Phases 
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O2 + H2O 
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improves the corrosion resistance due to galvanic corrosion limitations. In the presence of Ni or Co 
Nd3(Ni,Cu,Co) phase may arise. 

The aim of this paper is to evaluate the corrosion properties of selected magnetic material NdFeB, especially 
their corrosion-electrochemical properties in several environments and expand knowledge in the field of 
corrosion properties of magnetic materials based on Nd-Fe-B. 

2. EXPERIMENTAL 

2.1.   Materials and samples  

The main objective of this experimental work was to determine the corrosive properties of modified magnetic 

material of type Nd-Fe-B. As samples were cylindrical magnets of dimensions ∅ 8×8 mm having the chemical 
compositions listed in Table 1 . Basic ferromagnetic phase (Nd8Pr2Fe80Al3B7) corresponds to (NdPr)2Fe14B. 
The content of boron could not be determined by using x-ray microanalysis (usually 6-8 at.%). The minor and 
reactive phase is rich in Nd and Pr in total above 60 wt. %. Oxygen was bounded in the corrosion products. 
These magnets were produced by powder metallurgy, and therefore pores were also detected, Figs. 2 and 3. 
Magnetic material can be written as (NdPr-FeM-B), where M (Al, Cu, Co) - metals replacing Fe. 

Table 1  The analyzed chemical composition (at.%) of the magnetic material (JEOL 6490 LV + EDX) 

Name O Al Si Fe Co Cu Pr Nd 

Phase 1 
18.55 7.50 - 27.46 1.73 11.78 9.66 23.32 

14.09 8.82 - 35.87 1.93 6.98 9.18 23.13 

Phase 2 
- 3.46 - 86.16 - - 2.34 8.05 

- 3.42 - 84.84 - - 2.56 9.19 

Phase 3 

15.67 1.99 1.69 79.09 - - 0.35 1.21 

21.81 1.56 3.15 69.47 - - 0.92 3.10 

30.01 1.35 0.82 63.14 - - 1.05 3.64 

Along with magnets were prepared reference samples of low carbon steel (DC01 EN10130-91, CSN 11321) 
of dimensions 50×25×1 mm. The composition of steel in wt.%: max. 0.10 % C, 0.45 % Mn, 0.030 % P and 
0.030 % S.  

Fig. 2  Heterogeneous structure of magnetic material (after polishing), SEM and LM 

2.2. Corrosion tests 

3 

80µm  

60 μm 
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To verify the corrosion properties of these permanent magnets following methods were used: 

• Electrochemical polarization tests, cyclic potentiodynamic measurements [7] 

• Accelerated salt spray test. 

Corrosion electrochemical tests were carried out in solutions: 0.5 M Na2SO4, pH 5.6; 0.5 M Na2SO4, pH 3.0 
(with the addition of H2SO4) and 0.5 M NaH2PO4, pH 4.3). Samples were tested with the supplied (as-received) 
and finally ground surface (SiC paper 1200). For comparison purposes, it was used demineralized water (pH 
7). Electrochemical corrosion tests were performed using a potentiostat PGP201 and program VoltaMaster. 
The exposed area of the sample was 0.5 cm2 and tests were carried out at room temperature (24°C). The 
reference electrode was a saturated calomel electrode (SCE), the auxiliary electrode was made of platinum. 
Potentiodynamic polarization measurements were carried out in the potential range from -1.0 to 2.0 V (SCE) 

at polarization rate of 5.0 mV⋅s-1. The polarization resistance (Rp) and related parameters were calculated by 
Stern´s method. 

To determine the resistance to pitting corrosion the neutral solution of 0.1 M and 0.5 M NaCl was used. 
Samples were used of NdPr-FeM-B material and said steel for comparison. Tests were carried out at room 

temperature from Ecor - 100 mV up to the return potential (at 2 mA⋅cm-2) and back at a scan rate of 1.0 mV⋅s-1 
in both directions. 

Salt spray test was performed in accordance with standard [8]. After certain times of exposure, the samples 
were photographed and weighed for using the gravimetric method. After the test some samples were exposed 
in a pickling solution for removal of corrosion products. To determine the effects of the aggressive solution on 
the basic materials there were added reference samples of steel and the magnet. 

3. RESULTS 

On the basis of polarization curves (Fig. 3 ) were determined parameters of corrosion - see Table 2 . Values of 
corrosion current density (Jcor) and corrosion rates (rc.) are approximate and inversely proportional to the 
polarization resistance Rp. In NaH2PO4 solution there was found out much lower corrosion rate of tested 
magnet than in Na2SO4 and NaCl ones. Magnetic material (NdPr-FeM-B including Nd-rich phase), was not 

perfectly passivated in phosphate solution with anodic current density in the range 0.05-0.15 mA⋅cm-2, that is 
3 orders of magnitude lower than the current density in the analogous environment of sulfate (at a comparable 
pH), Fig. 3.   

                     

Fig. 3  The magnetic material of Nd-Fe-B and steel (Fe), the polarization curve in the environment: a) Na2SO4 
(pH 3), b) Na2SO4 (pH 5.6), c), NaH2PO4 (pH 4.3) and d) H2O (demineralized) 
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Initial surface conditions (as-received or after grinding) have reflected in the corrosion parameters differently 
according to each environment. Modified alloy magnetic material exhibits a much higher corrosion resistance 
than the basic Nd-Fe-B type. The lowest corrosion rates on both test materials were confirmed in pure water. 

For comparison on the Nd-Fe-B material type without alloying were identified values of the parameters, which 
shows that the corrosion rate of the test modified material (NdPr-FeM-B) are much lower [4]. Nd16Fe76B8 
material in the sulphate solution at pH 3-6 had similar values Ecor = -0.81 to -0.75 V SCE. For Nd15Fe77B8 

material current density Jcor = 0.5 mA⋅cm-2 (pH 6) and for Nd10Fe84B6 polarization resistance Rp = 2.5 to 7.7 

Ω⋅cm2 (in 0.5M SO4
2-, pH≈3) were measured. On NdxFe94-xB6 materials Rp decreases from 10 to 5 Ω⋅cm2 during 

growth of Nd content from 6 to 16% in the sulphate solution at pH=3. Passive state of Nd15Fe77B8 was achieved 

in the range of 0-1.5 V SCE at a current density 0.3-0.4 mA⋅cm-2 in NaH2PO4 solutions (pH 2-5). Passive state 
for Nd-Fe-B (Nd15Fe77B8) in phosphate solution at pH 4 would be formed by hardly soluble NdPO4 [4]. 

Table 2  The values of parameters obtained in polarization test 

Material  solution pH surface 
Ecor. 
(mV) 

Rp 

(kΩ·cm2) 
Jcor. 

(µA⋅cm-2) 
rc. 

(mm⋅a-1) 
corrosion 

NdFeB type  

magnet 

Na2SO4 5.6 supplied -735 1.30 17.1 0.317 non-uniform 

Na2SO4 5.6 ground -870 1.98 11.0 0.128 non-uniform, pits 

Na2SO4 3.0 ground -781 0.297 83.1 0.972 non-uniform, pits 

NaCl 6.5 supplied -811 2.07 6.7 0.079 pitting, 0.1M 

NaCl 6.5 ground -776 1.30 11.6 0.136 pitting, 0.5M 

NaH2PO4 4.3 supplied -662 4.10 5.66 0.077 passive 

NaH2PO4 4.3 ground -575 4.89 4.07 0.048 passive 

H2O 7.0 ground -735 13.0 1.8 0.021 (pitting) 

low carbon   

steel 

Na2SO4 5.6 supplied -695 1.04 29.8 0.349 non-uniform 

Na2SO4 5.6 ground -595 6.01 4.2 0.049 non-uniform 

Na2SO4 3.0 ground -638 0.385 69.8 0.817 uniform 

NaCl 6.5 supplied -550 4.65 4.21 0.049 pitting, 0.1M 

NaCl 6.5 ground -507 2.27 9.66 0.113 pitting, 0.5 M 

NaH2PO4 4.3 supplied -695 0.283 73.9 0.812 uniform 

NaH2PO4 4.3 ground -671 0.578 76.7 0.898 uniform 

H2O 7.0 ground -320 101.7 0.27 0.003  

The values of parameters of uniform corrosion in NaCl solution were determined before initiation of pitting. In 
NaCl water solution the potentials of depassivation (Ed) and repassivation (Er) for magnetic material have lower 
values in comparison with steel, Fig. 4 . The test was conducted in neutral 0.1 and 0.5 M (mol/l) NaCl water 
solutions. The differences in potentials in both solutions are relatively small. The lower values of measured 
potentials (Ed, Er) and the difference of Ed - Ecor (Er - Ecor), the smaller resistance to pitting corrosion.  

Non-uniform corrosion with dimples on the magnet is documented in Fig. 5 . In comparison with carbon steel, 
the modified magnetic material (NdPr-FeM-B) exhibits a higher resistance to corrosion in salt spray, but base 
material (Nd-Fe-B) has a lower corrosion resistance (Fig. 6 ) i.e. a higher corrosion rate.  
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Fig. 6  The corrosion mass gains of magnetic material NdPr-FeM-B and carbon steel (C ≤ 0.10%) in salt   
spray test. Reference magnet (R) - the sintered material of Nd-Fe-B (Nd15Fe77B8) [4], dashed line 

4. CONCLUSION 

Tested modified magnetic material has a heterogeneous structure comprising at least three different phases. 
Alloying of the magnetic material of the Nd-Fe-B type by suitable elements (Pr, Cu, Co, Al) led to the increased 
corrosion resistance in tested environments. The corrosion rate of tested magnet material in monosodium 
phosphate solution was much lower than in environments of sulphate and sodium chloride because of its 
tendency to passivity. On the contrary, the reference steel showed a higher corrosion rate in phosphate 
solution. Non-uniform corrosion and pitting were observed on the samples after the exposure in the sodium 
sulphate and sodium chloride. On the basis of potentiodynamic method, a lower resistance to pitting corrosion 
of the magnet compared with carbon steel was demonstrated. The modified magnetic material evinced a higher 
corrosion resistance than low-carbon steel or Nd-Fe-B magnet under salt spray test conditions. 
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Abstract  

Material properties in cast condition are largely influenced by its structure. Here you can influence, for example 
the speed of solidification, or metallurgical operation. In the case of aluminum alloys, casting into moulds with 
a low cooling effect of vaccination is commonly used material. Submitted work deals with the influence of the 
cooling effect of common foundry moulds achieved microstructure of casting alloys on the base of Al-Si. Used 
moulding materials were mixed with inorganic and organic binders. Other types of materials have been 
significantly different cooling effects - metal and plaster form. 

Keywords: Aluminum alloy, cooling effect, microstructure, casting 

1. INTRODUCTION  

The use of aluminum for casting production is largely due to the obtained mechanical properties of the finished 
component. It is known that with the increasing thermal load of the given workpiece these properties are 
significantly reduced. However at the same time it is necessary to pay attention also to the material expansion 
throughout the all range of the used temperature interval. This question is partly solved in the presented 
contribution. It looks for the relationship between microstructure and properties obtained as cast which shall 
decide about the use of the given material. 

Generally it can be stated that the material grain size, i.e. the grain fineness of microstructure, directly depends 
on achieved mechanical properties of the casting. With the increasing grain size they are decreased. 

During intensive cooling the great overcooling of the melt occurs under the equilibrium crystallization 
temperature at which even less favourable nuclei activate. It results in obtaining of fine-grained structure 
without any metallurgical interventions [1, 2]. This mechanism of grain refinement is typical for thin-walled 
castings. For castings with thicker walls and especially when casting in sand moulds the cooling intensity is 
considerably smaller and therefore the material is of coarse-grained structure. In these cases the refinement 
of primary grains is achieved by inoculation, i.e. by introduction of nuclei or such matters from which these 
nuclei will be formed. Hypoeutectic aluminum alloys are inoculated with titanium or with combination of titanium 
and boron. The effect of inoculation on casting properties is always less than the effect of rapid cooling. This 
method is used in practice basically always despite the fact that most of the production of castings from 
aluminum alloys is cast into permanent metal moulds. The contribution deals with the relationship between the 
cooling effect of the mould, obtained microstructure and achieved thermophysical properties of the cast part. 

2. MATERIALS AND METHODS 

For investigation of the influence of the cooling effect of the metallic mould on selected properties of the casting 
alloy we studied the Al based alloy (AlSi10Mg), the exact chemical composition of which is shown in Table 1 . 
It is an alloy of the Al-Si type, the chemical composition of which is close to eutectic. This material is commonly 
used for production of castings in disposable and permanent moulds by gravity casting or with application of 
elevated pressure. It is thus possible to produce castings with different dimensions and wall thickness. The 
material was melted in an electric resistance furnace, and it was not metallurgically modified in any way. 
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Table 1 Chemical composition of AlSi10Mg (wt.%) 

Al Si Fe Mg Mn Ti Cu 

88.2 10.82 0.284 0.464 0.188 0.0094 0.0022 

For investigation of the influence of the cooling effect of the metallic mould on selected properties of the casting 
alloy we studied the hypoeutectic aluminum alloy of the Al-Si (AlSi10Mg) type the exact chemical composition 
of which is shown in Table 1 . This material is commonly used for production of castings in disposable and 
permanent moulds by gravity casting or with application of elevated pressure [3]. It is thus possible to produce 
castings with different dimensions and wall thickness [4]. The material was melted in an electric resistance 
furnace, and it was not metallurgically modified in any way.  

For checking the influence of cooling effect on microstructure and thermophysical properties different types of 
material were chosen for manufacture of moulds which are commonly used in foundry practice. Thus the test 
castings were obtained by casting in 3 chosen types of moulds. In the first case the material was poured in a 
metal mould (in the text marked with the letter A) which was made of ordinary carbon steel (0.80 wt.%). This 
mould was used both without preheating - temperature 24 °C (in the text marked with the number 1) and with 
preheating - temperature 300 °C (4). Furthermore a unit bentonite mixture (B) was used for manufacture of 
moulds. It was prepared from the quartz sand (ŠH35), 8 weight parts of bentonite (Keribent) and water that 
was used in the content of 1.83 % (1) and 2.28 % (4). The cooling effect of bentonite mixture is directly 
dependent on the water content with the growing content of which the cooling effect of the mould increases. 
For manufacture of the third type of moulds a self-setting mixture (ST-mixture) with water glass (E) has been 
used. It was prepared from the quartz sand (ŠH35), 4 weight parts of water glass with module M = 2.37 and 
the binder was monoacetin. Thanks to its low price and environmental certificate as compared with organic 
binders this material belongs among the materials with high application potential4. Moulds of this material were 
used in the undried state (1) and dried one - 120 °C/1 h (4). 

Test castings of a roller type (ø 50 mm, height 50 mm) were obtained by gravity casting into open moulds, 
casting temperature was 650 °C in all cases. From the central part of obtained castings the samples for 
metallographic and dilatometric analysis were prepared. Thermal analysis was used for determination of 
thermophysical properties of aluminum alloys. The material thermal expansivity (linear changes) is 
characterised typically by the length expansion coefficient according to: 
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where:  

αT - length expansion coefficient, 

lTo  - sample length at the reference (e.g. laboratory) temperature, 

lT - sample length at the experimental temperature, 

T - experimental temperature, 

To - reference (e.g. laboratory) temperature, 

dl - sample length change, 

dT - temperature difference. 

Changes of properties of aluminum alloy samples were observed with the aid of DIL 402C/7 dilatometer made 
by Netzsch GmbH at the temperature interval of 25 °C up to 350 °C with constant heating and cooling rate (15 
K/min), with holding time of 30 min at the maximum temperature (isotherm) in the protective argon atmosphere 
(purity 99.999 % Ar). The dilatometric analysis was carried out for central part of the samples. 
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3. EXPERIMENTS AND DISCUSSION 

Microstructure was analysed on the central parts of the test casting for suppressing the influence of the cooling 
effect in a different direction from the mould wall. Microstructure of the material which was cast in the metal 
mould without preheating is given in Fig. 1 . It is evident from the picture that the dendritic segregation of the 
primary α occurred and on the base of its size the considerably finer-grained structure can be expected than 
in the case of the casting obtained from the preheated metal mould (Fig. 2 ). 

 

Fig. 1 Microstructure of the sample A1 
- mould temperature 24 °C 

Fig. 2 Microstructure of the sample A4 
- mould temperature 300 °C 

On the contrary, based on the size of dendritic cells the significantly coarser-grained structures can be 
expected in castings cast in moulds of the unit bentonite mixture (Figs. 3, 4 ). When comparing the achieved 
microstructure the influence of the increased water content in the mixture isn’t evident (Fig. 4 ). On the contrary, 
in these cases the significantly porous structure caused by increased release and subsequent decomposition 
of water vapour is evident. Microstructure of the alloy obtained by casting in the ST-mixtures with water glass 
is shown on Figs. 5  and 6. Also in this case, from the point of view of the grain size there is no considerable 
difference between the use of the undried mould (Fig. 5 ) and the dried one (Fig. 6 ).  

  

Fig. 3 Microstructure of the sample B1 
- moisture of the mixture 1.83 % 

Fig. 4 Microstructure of the sample B4 - moisture 
of the mixture 2.28 % 
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Fig. 5 Microstructure of the sample E1 
- the undried mould 

Fig. 6 Microstructure of the sample E4 
- the dried mould 

Small gas cavities can be observed in the structure. With the size of dendritic formations it is placed between 
the material obtained from the metal mould and that one from the mould of the unit bentonite mixture. 

Thermal expansion of the material is an important parameter, particularly in the case of using cast parts for 
thermally stressed components. It influences the dimensional stability of structural elements under different 
degrees of heat loads, which determines their uses for different operational applications. The samples 
measuring 5 x 5 x 23 mm for dilatometric analysis were obtained from the central part of the test castings. The 
resulting values of the maximum expansion at T = 350 °C (max l350) and coefficients of linear expansion in the 
temperature range studied (αT) are summarized in Table 2 . 

Table 2 Overview of thermophysical parameters of AlSi alloy 

Specimen 
αT x 106 l350 

(K-1) (%) 

A1 27.3736 0.86 

A4 22.5674 0.72 

B1 26.2069 0.86 

B4 28.9744 1.02 

E1 26.9513 1.31 

E4 25.9262 0.88 

The highest value of the coefficient of linear thermal expansion (28.9744·10-6 K-1) in the studied interval  
(20 ± 5 °C up to 350 °C) has been reached for the material which was cast in the mould prepared from the unit 
bentonite mixture with higher moisture content. In this case the length change of 1.02 % has been recorded 
under temperature of 350 °C. The lowest value of the studied coefficient (22.5674·10-6 K-1) has been obtained 
in the case of the sample which was cast in a preheated metal mould. In this case the lowest achieved length 
change (0.72 %) has been also recorded. The highest value (1.31 %) was then obtained for the material cast 
in a dried mould of the mixture with the use of water glass. 

In the case of the use of metal moulds the higher degree of dilatation was monitored in the case of the finer-
grained material (the mould without preheating). This phenomenon also occurred when expendable moulds 
prepared from the bentonite mixture with higher water content (B4) and the undried mixture with water glass 
(E1) was used. 
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On the other hand the highest value of the coefficient of linear thermal expansion was obtained for a sample 
cast in a bentonite mould with higher water content (B4) although from the studied materials the metal mould 
without preheating has the highest cooling effect (A1). This was verified by analyzing the microstructure. 

4. CONCLUSIONS  

The work was focused on evaluation of thermophysical properties and microstructure of AlSi10Mg aluminum 
alloy. Based on done experiments a significant influence of the choice of the moulding material on resulting 
structure of the casting has been proved. It decides on other properties and potential use of the cast part. With 
the dilatometric analysis of test samples a significant influence of the grain size (fine-grained structure) on 
studied thermophysical properties - the coefficient of linear thermal expansion and maximum length changes 
in the studied temperature interval - has been confirmed in all cases. On the other hand it failed to find the 
exact dependency between the achieved microstructure and determined thermophysical parameters. 

Works in this field will continue for further checking the dependencies of the microstructure of cast materials 
and studied thermophysical properties. Attention will be paid to other processes influencing the grain size - 
inoculation and the choice of other types of materials usable for manufacture of moulds. 
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Abstract 

The NiTi alloy was remelted by electron beam zone melting. The initial state of the NiTi samples was after 
swaging. After electron beam floating zone melting the samples were prepared for optical metallographic 
analysis, scanning electron microscopy analysis and EDX analysis. Next analysis was made to determine the 
concentration of interstitial elements (C, O, N). The obtained results were compared to NiTi alloys prepared 
previously by other technologies (centrifugal casting, etc.). 

Keywords: NiTi alloy, electron zone melting, NiTi microstructure, Nitinol, SME 

1. PROPERTIES AND FABRICATION OF NiTi BASED ALLOYS 

What concerns the well-known Shape Memory Alloys (SMA), the most extensive investigation is devoted to 
an intermetallic compound with body centred cubic lattice called Nitinol, which is a NiTi based alloy. Its 
properties, such as good corrosion resistance and biocompatibility, make it an ideal material for biocompatible 
applications, such as orthodontic wires, stents or orthopaedic implants. This intermetallic compound is 
paramagnetic with low permeability at constant temperature range from 160 to 538 °C. The basics physical 
properties of NiTi based alloys are presented in Table 1 [1, 2, 3]. 

Table 1 Basic physical properties of equiatomic composition of NiTi based alloys [2] 

Melting temperature of various equiatomic composition of 
NiTi based alloys (°C) 

1992 - 2117 

Density (kg/m3) 6449 

Module of elasticity (GPa) 69.63 

Module of rigidity (GPa) 26.20 

The Shape Memory Alloy effect was discovered only for equiatomic composition of NiTi based alloy (i.e. 50 
at.% of nickel and 50 at. % of titanium), specifically for the B2-phase, which exhibits maximal temperature of 
martensitic phase transformation of approx. 120 °C. Martensite phase obtained from twinning mechanism after 
transformation shows compatible crystallographic structure, which is changed in dependence on composition 
and transformation temperature between B2 structure for the base phase (CsCl type) and martensitic phase 
with monoclinic lattice or B19ꞌ structure [1, 3, 4]. Maximum temperature of martensite transformation is approx. 
70 °C for equiatomic composition of NiTi based alloy. When the Ni content in equiatomic composition is 
reduced, then the temperature of martensitic transformation does not change. If the Ni content increases over 
50 at.%, the transformation temperature starts to decrease sharply down to -40 °C for 51 at.% of Ni. If the Ni 
content increases up to 55 at.%, the transformation temperatures are between -10 °C and 60 °C. This alloy 
has in comparison with stainless steel an excellent corrosion resistance in salt water or salt spray. The alloy is 
stable during heat treatment and it is also easy to control its transformation temperature. It is determinant for 
fabrication of complicated shapes during heat treatment. If the composition is changed, then martensitic 
transformation can occur at room temperature, which results from SME to pseudoelasticity. NiTi based alloys 
show fully renewable transformation deformation up to 8 % [1]. Fig. 1 presents an equilibrium diagram of Ti-
Ni, which shows sub-stoichiometric concentrations of the B2 phase for alloys in bi-phase region Ti2Ni + NiTi 
matrix. In the case, when the concentration is higher than stoichiometric, it is necessary to apply quenching of 
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the B2 phase with consequential annealing at the temperature of 600 °C. This results in precipitation of TiNi3 
or Ti2Ni3. The Ni content is after precipitation of the phases reduced, while martensitic transformation 
temperature increases [4]. 

 
Fig. 1 Equilibrium diagram of Ti-Ni [4] 

Precipitation process of alloys rich in Ni at 400 °C enables lenticular precipitation of the Ti3Ni4 phase. On the 
basis of formation of strain fields from the precipitates of Ti3Ni4, formation of the R-phase between austenitic 
and martensitic phase can occur. The R-phase disappears after annealing at high temperatures [2]. This 
transition phase created from martensitic transformation through small elongation of the B2 structure in the 
direction of <111> shows only little hysteresis with small memory effect. If the transition R-phase after cooling 
is created as first, the following transformation scheme will be respected: B2 → R-phase → Martensite. First 
the martensitic transformation will be created, so the R-phase will not be visible. After heating a reversible 
transformation process takes place: Martensite → R-phase → B2. The R-phase formation is basically 
influenced by substitution of low at. % of nickel to iron or aluminum by formation of Ti3Ni4 precipitates at aging 
of the alloy rich in Ni by annealing below the recrystallization temperature after cold forming, by cyclical heat 
stress or by alloying with the third component. The R-phase is used where low hysteresis is needed, or for 
maintaining the memory effect during small deformation of approx. 1% [3, 4]. 

If oxygen is present in the alloy as interstitial element, its amount has influence on the temperature of start of 
martensite transformation, which is linearly decreasing with the increasing oxygen contents. The oxygen 
solubility in solid solution of NiTi is really small (0.045 at.%) and therefore the alloys containing oxygen above 
0.045 at.% are solidifying during cooling of the melt as primary NiTi phase and eutectic mixture of solid solution 
(NiTi) and oxide (Ti4Ni2O). Oxygen therefore binds to itself twice as much Ti as Ni in the NiTi phase of the type 
B2. This results in an increased Ni content in the remaining phase [5]. Reduction of content of gases in the 
alloy during EBFZM can be difficult to achieve due to creation of thin oxide layer on the surface of the alloy [6]. 

If the NiTi alloy contains carbon, the temperature of start of martensite transformation also decreases with the 
increase of carbon contents. Carbon is precipitated in the alloy as a TiC phase and actual Ti contents in the 
matrix is decreased. At the same time the Ni contents is also increased. Even a small amount of carbon solute 
in matrix causes decrease of the temperature of start of martensite transformation down to 258 °C. Alloy, 
containing carbides, has an important effect on yield strength and yield stress. The carbide content in melting 
alloy depends on the melt temperature and carbide content after melting in graphite crucible; it is in the range 
approx. from 200 to 500 ppm, which has not influence on the memory effect and properties of the alloy [5]. 

 

 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1572 

What concerns the mechanical properties of the NiTi based alloys, these materials are ductile below the 
transformation temperature and they can be plastically deformed in relatively low strain. Mechanical properties 
of the NiTi based alloy are shown in Table 2 . Nitinol has good strength, ductility, and fatigue properties. Tensile 
strength and yield strength increase with decreasing temperature, and strength decreases with the increasing 
temperature up to 327 °C. Decrease of strength is accelerating with the temperature above 377 °C [2, 5]. 
Elongation is relatively constant up to -100 °C, naturally only if the temperature is reduced really fast. Ductility 
increases at relatively low rates up to 371 °C, and above this temperature it increases at higher rate. At the 
temperature above 526 °C the alloy has high ductility, low yield strength and strain rate, and high sensitivity to 
the change of strain rate. At the temperature of approx. 626 °C ductility is higher by more than 100 % of the 
initial value. Between the temperatures of approx. 21 - 593 °C the yield strength depends on the strain 
hardening, which is really rapidly increasing with the temperature. Nitinol has below 21 °C high plasticity due 
to the martensite transformation. Impact strength of Nitinol is approx. by 25 % higher at -80 °C than at room 
temperature. Fatigue strength of NiTi is dependent on microstructure and on presence of lattice defects. If NiTi 
contains only small Ti3Ni4 precipitations, its fatigue strength is lower as compared to the same structure with 
high dislocation density caused during cold forming [2, 3].  

Table 2 Mechanical properties of equiatomic composition of NiTi based alloys [2] 

Tensile strength (MPa) 566 - 966 

Yield strength Rp0.2 (MPa) 227 - 558 

Elongation ε (%) 10 

Hardness by Rockwell; diamond cone with load of 600 N (HRA) 65 - 68 

Impact strength (kJ·m2) 32.53 

High cycle fatigue at 25·106 cycles (MPa) 483 

1.1. Fabrication of NiTi based alloys 

Molten titanium is highly reactive with oxygen, therefore NiTi based alloys are melted in high vacuum or in inert 
atmosphere. Vacuum induction melting or plasma arc melting are the most frequently used methods. Other 
used methods are electron beam melting or arc melting in inert atmosphere. The advantage of the first method 
consists in obtaining of structural homogeneity in the entire cross section of the ingot. It results from induction 
mixing of the melt. The crucibles used for melting of these alloys are made mainly from graphite, or from 
calcium oxide (CaO). The aluminum oxide or magnesium oxide are not suitable as material for crucibles, 
because molten titanium reacts with oxygen included in crucible and it contaminates the melted alloy. If the 
graphite crucible is used, contamination of the alloy takes place. This contamination is indeed negligible if 
there is no melting process at the temperature higher than 1450 °C (occurrence of increased carbon contents 
in the alloy) [5]. 

Melting by electron beam uses kinetic energy of the beam of incident electrons acting onto melted material. 
Basic material is melted in the water-cooled copper mould. The alloy solidifies in the lower part of the mould 
and then it is poured out through the mould bottom. This melting process provides the lowest content of 
impurities thanks to the refining effect of the high vacuum and high temperature. The composition and 
homogeneity of the ingot is not adequate, because the alloy is directionally solidifying from the bottom of the 
mould. Vaporization of the alloy due to high temperature is complicating control of the composition. This 
method is used for preparation of NiTi based alloys, in which precise processing temperature of martensitic 
transformation is not needed [5]. 

The methods of arc melting are divided into two types. The first type uses for melting process a non-fusible 
electrode, and the second process uses fusible electrode, which is made from the same material as the melt. 
In the first case tungsten electrode is used and melting process takes place in Cu mould. The final product has 
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then the shape of a pit. In order to achieve better homogeneity it is necessary to turn around to back solidified 
pit and remelted. In the second case the electrode is made from the same material as the melt and it melts 
and falls into the melt [5]. 

In the case when plasma arc melting is used, the melting is performed by an electron beam emitted from 
plasma gun (cathode). Electron emitting is milder in comparison with high-voltage electron beam melting or 
arc melting in an inert atmosphere. The result is lower loss of components in the alloy. The alloy is then more 
homogeneous even in case of use of the water-cooled Cu crucible [5]. 

1.2. Forming of NiTi based alloys 

The alloy is commercially produced in numerous variants in the form of wires, plates, rods or even tubes and 
sheets. Although the alloy has good forming properties at the temperature of 526 °C, the optimal temperature 
for hot forming is approx. 850 °C. During the hot forming light surface oxidation can occur. Extrusion, rolling or 
stamping at the temperature range from 600 to 900 °C can be used for hot forming of Nitinol. The final rolling 
to strips or wire drawing can be made at the temperature of approx. 400 °C [2, 5]. In comparison with hot 
forming process the cold forming process is fully dependent on the composition. Formability of these materials 
decreases with the increase of the Ni content, especially when Ni content is higher than 51 at. %. It is result of 
higher strain hardening. Yield strength for annealed NiTi based alloy is not higher than 100 MPa (similarly as 
for the soft annealed Cu or Al). If is NiTi annealed wire is deformed its tensile strength increased at ~10 % of 
strain and at ~40 % or strain is 1000 MPa. In the case of cold wire drawing the tensile strength is higher than 
1500 MPa [5]. 

2. EXPERIMENTAL PROCEDURES 

For experimental determination of structural characteristic a NiTi based alloy was created with equiatomic 
composition of its components. Cathode nickel with purity 4N and shaped rolled titanium of purity 2N8 were 
used as the input materials. The content of nickel was 50.85 at. % and content of titanium was 49.15 at. %. 
The total amount of the alloy was 705 g. The original alloy was prepared by vacuum induction melting process 
in graphite crucible. The output sample was 225 mm long and had diameter of 20 mm. Hot swaging was then 
applied to the alloy without inert atmosphere. Four reductions were applied and the alloy was annealed 
between individual steps of swaging. The final diameter was 10 mm and length was 350 mm. The swaging 
was followed by Electron Beam Floating Zone Melting (EBFZM) where a narrow zone was melted using 
electron emission. After that the melting zone passed through the required length of the NiTi rod. This 
technology is also suitable for preparation of single crystals made of refractory metals [7]. The alloy was 
remelted by a single passage through the melting zone. The length of the remelted rod was 150 mm. Travel 
speed of the molten zone was 3 mm/min. The average value of vacuum was 8.3·10-4 Pa, cathode voltage was 
6 kV, current cathode was from 13.86 A to 14 A and cathode emission was from 35 mA at the beginning of the 
rod to 29 mA at the end of melting. 

 

Fig. 2 Sample of NiTi based alloy after EBFZM 
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After EBFZM three samples were cut from the alloy for metallographic analysis. The sample 1 was taken from 
the transition zone between the formed and remelted area, it was a longitudinal section. Sample 2 was taken 
from the centre of the remelted rod, it was a cross section, and the last sample 3 was taken as longitudinal 
section (Fig. 2 ). 

The samples were subjected to metallographic analysis with uses of optical microscope. All the samples were 
ground using abrasive paper discs with SiC. Polishing was applied using water suspension of Al2O3. 
Microstructure was developed by an etching agent 1HF: 4HNO3: 5H2O and observation of the microstructure 
and taking pictures of it was realised on the microscope Olympus GX 51, equipped with the digital camera DP 
12. The samples were then taken for EDX analysis and the last analysis consisted in determination of interstitial 
elements in the alloy (O2, N2 a C). The interstitial elements were analysed by elementary analysis (EA) using 
the ELTRA ONH - 2000 and ELTRA CS - 2000 analysers on the sample 2. 

3. RESULTS AND DISCUSSIONS 

On the surface of the NiTi rod remelted by EBFZM macro-segregation was detected, which was seen only in 
the second part of the rod. It was result of redistribution of impurities and elements during EBFZM.  Sub-grains 
were also seen on the surface of the remelted rod, see Fig. . This fact was confirmed by the cross section of 
the sample 2. In Chyba! Nenalezen zdroj odkaz ů. the microstructures of NiTi alloy are shown. Chyba! 
Nenalezen zdroj odkaz ů. a) shows really clear transition between the swaging part and EBFZM part of the 
sample. After EBFZM a precipitated Ti2Ni phase and carbide TiC were found in the microstructure, which got 
into the alloy from the graphite crucible.  

 
Fig. 3 Microstructure of NiTi based alloy a) sample 1, longitudinal section, scale 500 μm; b) sample 2, cross 

section, scale 100 μm; c) sample 3, longitudinal section, scale 100 μm 

 
Fig. 4 Microstructure of NiTi based alloy, longitudinal section of the sample 3 

EDX analysis confirmed average composition of the alloy in all the samples, which was 50.55 at.% of Ni and 
49.33 at.% of Ti. Composition of the present phases is given in Table 3 . Fig. 4 shows microstructures after 
EDX analysis. 
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Table 3 Average composition of NiTi based alloy phases after EDX analysis (at.%) 

Phase Ti Ni C 

NiTi matrix 49 51 −−− 

Ti2Ni 66.19 33.81 −−− 

TiC 58.07 −−− 41.93 

The results of gas analysis after EBFZM are presented in Table 4 . In vacuum induction melting in comparison 
with EBFZM is the gas content higher than after EBFZM. It could be expected that gas content will be lower 
because EBFZM process runs under high vacuum (10-4 Pa) but it is not so. During application of EBFZM no 
escape of gases from the melt by the sputter droplets from the melt was visible. 

Table 4  Analysis of interstitial elements in NiTi based alloy after EBFZM (wt.%) 

Technology O 2  N2  C  

Vacuum induction melting 0.065 0.004 0.039 

EBFZM 0.145 0.037 0.108 

4. CONCLUSIONS 

In the second part of the rod macro-segregations were seen in the structure after applied EBFZM. Sub-grains 
were distinctly seen inside the alloy structure. During EBFZM no significant changes of composition along the 
longitudinal section of the rod took place. It was found that the gas content in the NiTi based alloy was higher 
after the applied EBFZM. Higher content of gases in the alloy might have caused creation of thin oxide layer 
on the surface of rod during swaging without protection of inert atmosphere. It will be necessary to make other 
experiments in order to explain higher gas content in the NiTi based alloys. 
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Abstract   

The paper deals with the characterization of the structure and phase composition of selected types of nickel 
alloys. Castings were prepared by vacuum induction melting and centrifugal casting. Samples of Ni-Al-Mo 
based alloys with various contents of molybdenum were directionally solidified by Bridgman method in 
corundum tubes with specified apex angle. Rate of solidification was 50 and 20 mm/h. The samples were used 
for structural analysis in longitudinal and transverse direction. The structure is significantly influenced by the 
process of directional solidification. Microstructural characterization of materials was performed with use of 
scanning electron microscope. Distribution of individual elements in phases was captured on linear analysis. 
These alloys do not exhibit significant chemical heterogeneity. The samples are composed of a phases Ni3Al 
and (Ni) with various contents of molybdenum. The existence of a separate phase (Mo) was not confirmed. 
Determined values of microhardness show the dependence on molybdenum content and rate of directional 
solidification. 

Keywords: Ni-Al based alloys, molybdenum, directional solidification, Bridgman method, microstructure 

1. INTRODUCTION 

The evolution of nickel based alloys is focused on Ni-Al-Mo base single crystal alloys too. These alloys can be 
use in high temperature applications, for example as materials for usage of turbine blades and vanes. Content 
of alloying elements reduction in alloys proves financially and technologically more favorable. Very interesting 
is Ni3Al base single crystal superalloy IC6SX [1,2].  In the study of non-alloyed Ni3Al based alloys were 
achieved interesting results [3], their high temperature characteristics can be still improve. Possible way is 
alloying with one alloying element only, such as molybdenum, tungsten or chromium. For many years already 
molybdenum is used as an alloying element in single crystal superalloys and also in classical Ni-based 
superalloys in smaller and larger contents. Increased amounts of cobalt, chromium, tungsten, molybdenum 
and iron in nickel alloys decreases the solubility of aluminium in the γ matrix, which leads to an increase of the 
volume fraction of γ' phase. The presence of tungsten, molybdenum and cobalt results in an increase of 
coherence of γ and γ'-phases due to increase of the lattice parameter caused by formation of substitution solid 
solutions [4-7]. It may be assumes that the microhardness will depend on the resulting crystal orientation 
similarly as in the case of single crystal molybdenum [8]. The experiments focus on two directionally solidified 
systems of Ni-Al-Mo alloys, in which it is possible to expect occurrence of a multiphase structure formed by a 
matrix of NiAl or Ni3Al and by Mo fibres. In this case these are composites "in-situ", which have excellent 
characteristics [1-2, 9-10]. 

2. EXPERIMENTAL PART 

Castings were prepared by vacuum induction melting and centrifugal casting on the equipment Supercast 13. 
Samples of Ni-Al-Mo based alloys with various contents of molybdenum were directionally solidified by 
Bridgman’s method in corundum tubes with specified apex angle. Samples were solidified under argon 
atmosphere. Rate of solidification was 50 and 20 mm/h. Table 1  includes the content of alloys and rates of 
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directional solidification rDS. Fig. 1 shows rod made Ni-Al-Mo alloy before and after directional solidification 
carried out with equipment Clasic CZ and Linn FRV-5-40/550/1900.  

Table 1  Content of alloys and rates of directional solidification  

Alloy Sample No. 
Chemical composition 

(at.%) 
Chemical composition 

(wt.%) 

Rate of directional 
solidification       

(mm/h) 

A 
A1-50 

Ni-16.7Al-7.3Mo Ni-8Al-12.5Mo 
50 

A2-20 20 

B 
B1-50 

Ni-16.7Al-6.5Mo Ni-8Al-11Mo 
50 

B2-20 20 

C 
C1-50 

Ni-16.5Al-5.5Mo Ni-8Al-9.5Mo 
50 

C2-20 20 
 
 

 
 
 
 

Fig. 1  The rod of Ni-Al-Mo alloy: a) in cast state, b) after directional solidification 

2.1. Evaluation of structural characteristics 

The samples were used for structural analysis in longitudinal and transverse direction. The structure is 
significantly influenced by the process of directional solidification, while the grains have various orientations in 
the crystal. The samples are composed of a phases Ni3Al (γ') and Ni solid solution (γ) with various contents of 
molybdenum. With detailed observation, small particles of NiMo phase were detected in the structure. Figures 
2 to 7  show structures of the samples in directed state.  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Microstructure of the Ni-8Al-12.5Mo alloy (sample A1-50), directed state: 50 mm/h, cross section 

Microstructural characterization of materials was performed with use of scanning electron microscope. 
Distribution of individual elements in phases was captured on linear analysis. These alloys do not exhibit 
significant chemical heterogeneity. Fig. 8  illustrates in detail the multiphase structure. It is evident that the 
structure is composed predominantly by the Ni3(Al,Mo) phases and by solid solution of aluminium and 
molybdenum in nickel (Ni). NiMo phase is seen in the structure in limited quantity only. The existence of a 
separate phase (Mo) in the samples in directed state was not confirmed. Bright and dark regions in the 
structure were formed as a result of the etching effect (Figs. 2 - 8 ). It is not a presence of different phases. 
The measured characteristics are in accordance with the literature [2]. 

a) b) 

10 mm 10 mm 

100 μm 500 μm 
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Fig. 3 Microstructure of the Ni-8Al-12.5Mo alloy (sample A1-20), directed state: 20 mm/h, cross section 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Microstructure of the Ni-8Al-11Mo alloy (sample B1-50), directed state: 50 mm/h, cross section 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Microstructure of the Ni-8Al-11Mo alloy (sample B1-20), directed state: 20 mm/h, cross section 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Microstructure of the Ni-8Al-9.5Mo alloy (sample C1-50), directed state: 50 mm/h, cross section 

 

500 μm 100 μm 

100 μm 500 μm 

100 μm 500 μm 

100 μm 500 μm 
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Fig. 7 Microstructure of the Ni-8Al-9.5Mo alloy (sample C1-20), directed state: 20 mm/h, cross section  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 8 Sample No. A1-50, Mo rich alloy - detail of structure 

2.2. Evaluation of microhardness 

The average values of microhardness were measured in transverse and longitudinal section of samples. 
Table 2  includes measured values of microhardness in transverse and longitudinal sections. Determined 
values of microhardness show the dependence on molybdenum content and rate of directional solidification. 

Fig. 9  shows the dependence of the microhardness on the molybdenum content. The microhardness values 
are approximately within the range from 300 to 350 HV0.05. The microhardness values in directional state 
depend not only on the molybdenum content, but also on the rate of directional solidification. The average 
values of microhardness in the cross section are higher than the in longitudinal section. The difference between 
these values is evident particularly in the alloys with higher content of Mo, in the alloys with a lower content of 
Mo this difference is not significant (Fig. 9 ). The alloys solidified at higher rate of directional solidification DS 
(rDS = 50 mm/h) show higher values of microhardness than the alloys solidified lower DS rate (rDS = 20 mm/h). 
Rate of directional solidification influences the volume fractions of γ' phase and primary dendrite arm spacing 
too [11]. 

 

Table 2  Microhardness in transverse and longitudinal sections  

500 μm 100 μm 

50 μm 

NiMo 

NiMo 

γ' + γ 
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Alloy [wt.%] Sample No. rDS [mm/h] Section HV0.05 

Ni-8Al-12.5Mo 

A1-50 50 
longitudinal 341 ± 14 

transverse 354 ± 17 

A2-20 20 
longitudinal 320 ± 10 

transverse 334 ± 9 

Ni-8Al-11Mo 

B1-50 50 
longitudinal 316 ± 10 

transverse 320 ± 10 

B2-20 20 
longitudinal 305 ± 8 

transverse 304 ± 8 

Ni-8Al-9.5Mo 

C1-50 50 
longitudinal 305 ± 8 

transverse 299 ± 9 

C2-20 20 
longitudinal 304 ± 5 

transverse 295 ± 7 

 

 

Fig. 9  Dependence of the microhardness on the molybdenum content  

3. CONCLUSION 

The structure is significantly influenced by the process of directional solidification. Microstructural 
characterisation of materials was performed with use of scanning electron microscope. Distribution of individual 
elements in phases was captured on linear analysis. These alloys do not exhibit significant chemical 
heterogeneity. The samples are composed of a phases Ni3Al and (Ni) with various contents of molybdenum. 
The existence of a separate phase (Mo) was not confirmed. Determined values of microhardness show the 
dependence on molybdenum content and rate of directional solidification. The alloys solidified at higher rate 
of directional solidification show higher values of microhardness than the alloys solidified lower rate. 
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Abstract 

A TIG torch was used as the heat source for surface alloying of Mg. The alloying material in the form of an 
AlMg4.5Mn wire was directly fed into the melt pool. Both the microstructure and thickness of the alloyed layers 
are strongly dependent on the process parameters. When a higher current was used, the 2 mm thick Al-
enriched layer produced on the Mg substrate consisted of dendrites of a solid solution of Al in Mg and a eutectic 
(Mg17Al12 + a solid solution of Al in Mg) distributed in the interdendritic spaces. Surface alloying of Mg at a 
lower current led to the formation a thinner alloyed layer comprising mainly an Al3Mg2 intermetallic phase. In 
the first case the hardness of the surface layer was 70-102 HV0.1, in the second 236-245 HV0.1. 

Keywords: Magnesium, surface alloying, TIG method, Mg-Al intermetallic phases, microstructure.  

1. INTRODUCTION 

Magnesium and its alloys have some very attractive properties such as low density, high strength-to-weight 
ratio, high thermal conductivity, good formability and castability, as well as excellent machinability and 
recyclability. At the same time, they are characterized by poor surface properties, including low hardness, and 
wear and corrosion resistance. These disadvantages limit their extensive use in many fields. There are, 
however, various surface treatment methods that can be used to enhance the surface properties of magnesium 
and its alloys, and accordingly, extend the range of their applications [1, 2]. As shown in the literature, the wear 
and corrosion resistance of the Mg-based substrate can be improved by forming an alloyed surface layer 
containing intermetallic phases. The most common alloying element is Al; its combinations with other elements 
(Al+Si, Al+Zn, Al+Cu, Al+Ni, Al+Mn) are also applied. The methods employed to fabricate alloyed surface 
layers include: thermochemical treatment in solid medium (Al [3-6] or Al+Zn powder [7-10]) or liquid medium 
(molten salts) [11-13], electrodeposition with subsequent heating [14], cold spray coating combined with heat 
treatment [15, 16], PVD coupled with heat treatment [17, 18] and laser surface alloying/cladding [19-26]. 
Among these methods, laser surface alloying/cladding is most extensive utilize to fabricate alloyed layers on 
the Mg substrate. Recent studies show that a TIG torch can also be used as the heat source for surface 
alloying/cladding of magnesium alloys [27, 28]. 

The aim of the study was to form an Al-enriched alloyed layer containing Mg-Al intermetallic phases on the Mg 
surface using a TIG torch as the heat source and an AlMg4.5Mn wire as the alloying material. Alloyed layers 
with different microstructures were produced using different process parameters. The paper focuses on the 
characterization of the microstructure and microhardness of the layers. 

2. EXPERIMENTAL PROCEDURE 

Pure magnesium (99.9 % Mg) was selected as the substrate material. 60x40x15 mm samples sectioned from 
an ingot were prepared by grinding with abrasive papers up to 800 grit and cleaning with ethanol. The alloying 
material used in this study was a 2.5 mm AlMg4.5Mn wire. Surface alloying was carried out by hand using a 
Lorch T220 AC/DC TIG welder. It involved simultaneously melting the magnesium substrate and feeding the 
alloyed material. The welding was performed using an alternating current of 25 or 40 A with the AC frequency 
and the percentage of positive current being 150 Hz and 67 %, respectively. A tungsten electrode with a 
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diameter of 1.6 mm was used. Argon with a purity of 99.995 % and a flow rate of 10 l/min was used as the 
shielding gas. The microstructure analysis and the microhardness tests were conducted on samples cut in the 
direction perpendicular to the TIG torch movement. The surface alloyed samples were prepared following the 
standard metallographic procedures. The microstructure analysis was performed using a Nikon ECLIPSE MA 
200 optical microscope and a JEOL JMS-5400 scanning electron microscope. The chemical composition of 
the alloyed layers was studied by means of an Oxford Instruments ISIS 300 EDS detector attached to the 
SEM. The microhardness of the layers was measured with a MATSUZAWA MMT Vickers hardness tester at 
a load of 100 g. 

3. RESULTS AND DISCUSSION 

Fig. 1  shows the microstructure of an Mg specimen after surface alloying with an aluminum wire using the TIG 
method. It can be seen that the microstructure and thickness of the alloyed layer are dependent on the process 
parameters. Surface alloying of Mg at a higher current (40 A) led to the formation a thicker layer - Fig. 1(a) . 
Two zones can be distinguished in the layer microstructure: a thick, lighter zone adjacent to the Mg substrate 
and a thinner, darker outer zone. In the outer zone, local pores are observed. When a lower current was used 
(25 A), a thinner alloyed layer was produced on the Mg substrate - Fig. 1(b).  In this case, the layer 
microstructure seems to be more homogeneous. However, some large brighter areas with clearly defined 
interfacial boundary were also observed. Pores in the layer occurred locally. 

 

 

Fig. 1  Cross-sections of magnesium samples surface-alloyed with aluminum using the TIG method: (a) at a 
higher current (40 A), (b) at a lower current (25 A) 

Fig. 2  shows OM images of the microstructure of two characteristic zones observed in the alloyed layer 
produced at a higher current of the process - see Fig. 1(a). In both cases, the liquid phase solidifies initially in 
the form of dendrites and crystallizes in the interdendritic areas (darker areas in Fig. 2(a) ). Comparison of 
Figs. 2(a)  and 2(b) show that in the outer zone the darker areas are larger. 

At higher magnifications, the darker areas reveal a eutectic structure - see Fig. 3(a) . Fig. 3(b)  presents its 
SEM image. An EDS quantitative analysis was performed at points marked in Fig. 3(b) . The analysis of the 
layer microstructure was based on the Mg-Al binary phase diagram [29]. The contents of Mg and Al in the 
dendrites (area 1 in Fig. 3(b) ) − 89.88 at.% Mg, 10.12 at.% Al − indicate a solid solution of Al in Mg. The results 
from the two-phase structure area (area 2 in Fig. 3(b) ) − 71.01 at.% Mg, 28.99 at.% Al − suggest that the 
Mg17Al12 phase and the solid solution of Al in Mg are constituents of the eutectic. 
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Fig. 2  Microstructure of the inner (a) and outer (b) zones in a layer fabricated on Mg at a higher current 

  

Fig. 3 Details of the layer microstructure observed at higher magnification: (a) OM image, (b) SEM image 
with the marked points of the EDS analysis 

 

 

Fig. 4 (a) Distribution of white particles in the alloyed layer, (b) X-ray spectrum for a white particle 
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As can be seen from the SEM image - see Fig. 4(a) , there are white particles in the alloyed layer. The EDS 
spectrum for this phase is presented in Fig. 4(b) . Apart from Al and Mg, the phase also contains Mn and a Fe 
impurity, which originates probably from the AlMg4.5Mn wire used for the surface alloying of magnesium. 

In the OM image - Fig. 1(b) , we can see large lighter areas in the microstructure of the layer fabricated at a 
lower current. Example results of the quantitative EDS analysis (94.42 at.% Al, 5.58 at.% Mg) indicate that the 
areas are a solid solution of Mg in Al. The SEM image in Fig. 5  shows details of the microstructure of the layer 
near the Mg substrate. Table 1  presents results of the EDS analysis for the points marked in Fig. 5 . Between 
the alloyed layer and the Mg substrate there is a thin dark, almost black layer. From the chemical composition 
of this zone (marked 1 in Fig. 5 ) it is clear that it is a solid solution of Al in Mg. Above the solid solution a fine 
eutectic is observed. The concentration of Al in this two-phase structure (marked 2) is lower than that in the 
Mg-Al intermetallic phases presented in the Mg-Al phase diagram and higher than that reported for the solid 
solution of Al in Mg [29]. For the area marked 3 in Fig. 5 , the Mg:Al ratio is nearing to that of the Mg17Al12 
phase. The results suggest according to Mg-Al binary phase diagram [29], that the two-phase structure is a 
eutectic composed of an Mg17Al12 phase and a solid solution of Al in Mg. It is interesting that the aluminum 
content between points 3 and 4, over a distance of about 20 μm, gradually increasing. When the analysis was 
conducted in the area marked 4 Al:Mg ratio corresponds to Al3Mg2 intermetallic phase. The results indicate 
that Al3Mg2 is the predominant phase in the microstructure of the alloyed layer. White particles − single large 
particles or agglomerates of fine particles − were observed also in the layer produced at a lower current. The 
chemical composition of white particle was as follows: 77.15 at.% Al, 13.27 at.% Mg, 6.92 at.% Mn, 2.66 at.% 
Fe, which indicates that it is an Al-Mg-Mn-Fe phase. 

 

Table 1  EDS results corresponding to the points  
             marked in Fig. 5 

Point Mg (at.%) Al (at.%) 

1 91.87 8.13 
2 70.07 29.93 

3 63.33 36.67 

4 39.79 60.21 

The microstructure analysis of the Al-enriched layers 
fabricated at different process parameters with the 
same amount of the Al wire fed suggests that when 
a higher current was applied, the concentration of Al 
in the alloyed layer was lower and so was the volume 
fraction of the phase rich in Al in the microstructure. 
That was due the fact that a thicker layer of Mg was 
melted during the alloying process. Surface alloying 
of Mg performed at a lower current led to the melting 
of only a thin layer of Mg. Thus, the melted zone was 
more enriched in Al and the resultant layer 
comprised mainly an Al-rich phase - Al3Mg2. 

Fig. 5 SEM image showing details of the 
microstructure of the alloyed layer fabricated on Mg 

at a lower current with marked points of the 
quantitative EDS analysis. 

Traces of the Vickers indenter in the Al-enriched layers fabricated on Mg using the TIG method are shown in 
Fig. 6 . The microhardness of an Al-enriched layer fabricated at a higher current was lower than that obtained 
at a lower current, with the values being 70-102 HV0.1 - Fig. 5(a) and 236-245 HV0.1 - Fig. 6(b) , respectively. 
In the solid solution areas, the microhardness was lower, i.e. 82-87 HV0.1 - Fig. 6(c) . The microhardness of the 
Mg substrate was 35 HV. 
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Fig. 6 Microhardness tester indentations in the Al-enriched layer and the Mg substrate: (a) layer fabricated at 
a higher current, (b) layer fabricated at a lower current, (c) traces of hardness measurements in Al3Mg2 

phase and in area of solid solution Mg in Al 

CONCLUSIONS 
• It was demonstrated that using a TIG torch as a heat source the Al-enriched alloyed layer can be 

fabricated on Mg substrate. 

• The depth of molten magnesium surface, and consequently the concentration of aluminum in the liquid 
phase determinates the microstructure and hardness of the alloyed layer. 

• If the alloying process was carried out using a current of higher amperage (40 A) layer composed of 
dendrites a solid solution of Al in Mg surrounded by eutectic (Mg17Al12 and a solid solution of Al in Mg) 
was produced. 

• Layer fabricated at a lower current (25 A) was thinner and comprised mainly an Al3Mg2 intermetallic 
phase. 

• The microhardness of Al-enriched alloyed layers was much higher than that of the Mg substrate. 
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Abstract   

In the last decade, multicomponent alloys arisen as new promising family of materials. The effect of milling 
parameters, namely milling balls size, milling speed and time on synthesis of inequiatomic AlCoCrFeNiTi0.5 
mechanically alloyed (MA) powders in planetary ball mill were studied. Alloying behaviour, morphology, size 
and homogeneity of powders were observed by X-ray diffraction (XRD) and scanning electron microscopy 
(SEM). During MA, a supersaturated Cr based solid solution with BCC structure was formed after 24 hours of 
milling, with significantly reduced grain size. It was revealed, that selection of milling conditions have a great 
influence on milled powders properties. In general softer milling condition result in decreased particle size and 
homogeneity 

Keywords: Multicomponent alloy, mechanical alloying, powder metallurgy, milling 

1. INTRODUCTION  

Multicomponent alloys (High-entropy alloys - HEA) proposed by Yeh et al. [1] are alloys containing simple solid 
solutions consisting of more than four equimolar, or near equimolar elements. According to ΔGmix = ΔHmix - Tm 

ΔSmix (equation for solid solutions where ΔGmix is the Gibbs free energy, ΔHmix  is mixing enthalpy, Tm is melting 
temperature, and ΔSmix is mixing entropy) high entropy of mixing derived from high configurational entropy 
stabilizes formation of simple disordered solid solution over intermediary phases [1]. Therefore these 
multicomponent alloys should have very simple structures instead of a mixture of ordered phases expected 
from Gibbs phase rule. Guo et al. [2] investigated the relations between structures, valence electron 
concentrations (VEC), ΔHmix, ΔSmix, and δ (atomic size difference) as well as the electronegativity differences 
for formation of solid solutions, amorphous phases and intermetallic compounds. Formation of solid solution 
was found for 22 ≤ ΔHmix ≤ 7 kJ⋅mol-1, 0 ≤ δ ≤ 8.5%, and 11 ≤ ΔSmix ≤ 19.5 J/(K⋅mol) [2, 3]. This concept is 
different from conventional strategy for developing metallurgical alloys where the main component based on a 
primary property requirement is selected, and use of alloying additions to improve secondary properties is 
employed. This strategy has led to many multicomponent alloys based on a single main component [4]. In the 
case of multicomponent alloys it is impossible to distinguish main component. This approach significantly 
expands the potential for designing new alloy compositions. 

In theory, multicomponent alloys should benefit from solid solution strengthening derived from many elements 
with different atomic radii present in the lattice, causing severe lattice strain, while retaining reasonable ductility 
resulting from many slip systems of disordered face centered cubic (FCC) or body centered cubic (BCC) 
structure. [5]. Recently, Tsai [6] measured diffusion coefficients in single phase HEA, and compared the 
diffusion coefficients for the elements in pure metals and stainless steels. He has found that the order of 
diffusion rates is slowest in HEA. The sluggish diffusion effect is usually used to explain the formation of nano-
sized precipitations, due to their slow growth [7]. This phenomenon could lead to interesting high temperature 
properties due to increased phase stability observed by Senkov [8]. The effect of addition of the Al content in 
various HEAs based on CoFeNiAl on their structures, thermodynamics, and mechanical properties has been 
reviewed and analysed by Tang [9]. Apparently introduction of element with bigger atomic radii (Al,Ti) stabilizes 
formation of BCC phase.  

Previous studies showed that the AlCoCrFeNiTix alloy system (x = 0, 0.5, 1.0, and 1.5 in molar ratio) has 
promising mechanical properties. Especialy AlCoCrFeNiTi0.5 has a yield strength, fracture strength, and plastic 
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strain limit 2.26 GPa, 3.14 GPa, and 23.3 %, respectively [10]. Another interesting aspect of this alloy is its low 

density 6.67 g⋅cm-3, by 14.5 % lower than for high strength steels. 

In the most cases, HEAs are produced by standard metallurgy approach - casting. However many issues can 
be associated with this process like interdendritic segregations, evaporation of lower melting elements etc. 
Preparation of HEA by powder metallurgy (PM) route could lead to many benefits derived from avoiding liquid 
phase formation. Process most suitable for production of HEA is mechanical alloying [11]. Mechanical alloying 
(MA) is a solid-state powder-processing technique involving repeated cold welding, fracturing, and re-welding 
of powder particles in a high-energy mill [12]. MA has now been shown to be capable of synthesizing a variety 
of equilibrium and non-equilibrium alloys including amorphous and nanostructured materials from elemental 
powders [7, 12]. However in the MA process, the end result of the milling even for one alloy composition is 
greatly altered by milling parameters (milling time, milling speed, ball to powder ratio, milling medium size, 
PCA etc.) [13 - 15]. Solid solution, intermediate or amorphous phase can form in the same alloy, with different 
morphology and particle size distribution [13 - 15]. To the author’s best knowledge, there have been no reports 
on preparation of AlCoCrFeNiTi0.5 by powder metallurgy and detailed study on milling parameters on any HEA 
has also not been carried out yet. Consequently AlCoCrFeNiTi0.5 powders have been synthetized by MA with 
respect to milling parameters influence. 

2. EXPERIMENTAL 

The powders with nominal composition of AlCoCrFeNiTi0.5 (in atomic proportion) were prepared by milling of 
mixed elemental powders. Elemental powders Fe, Ni, Cr, Al, Co and Ti with high purity and particle size of 
around 45 µm (325 mesh) were placed in high performance hardened steel milling bowl and sealed together 
with milling medium (hardened steel balls) under Ar atmosphere. Small amount of methanol was used as a 
process control agent. Constant 1:10 ball to powder weight ratio (BPR) was used for all milling. The sealed 
vial was then fitted in a high energy planetary ball milling machine (Pulverisette 6). Different milling parameters 
(ball size, RPM and time) were used to investigate their influence on end product, see Table 1 . Milling was 
regularly stopped to prevent overheating of the bowl for same time periods and pauses time. Produced 
powders were evaluated using Carl Zeiss Ultra scanning electron microscope (SEM) and Phillips X-ray 
diffractometer (XRD) with a Cu Kα radiation XRD analysis for phase composition, elements distribution and 
particle and grain size.  

2.1.  Milling energy calculation 

The energy input during ball milling is calculated using the standard formulation in [15]. The velocity of the ball 
(Vb) is given by the following expression: 

�Ü = 2Ñ
60 �=t2\2 +  (=ó − =Ü)ò2(1 + 2 ò\)�0.5

                                                                                            (1)  

Here Rp, Rv and rb are the radii of the plate, vial and the balls, respectively, ò and Ω are the angular velocity 
of the vial and the plate. The kinetic energy of the one ball Eb is given by equation: 

[ì = 0.5Ôìóì  '                                                                                                                                                                   (2)  

with mb being weight of one ball. Total milling intensity It (energy per weight unit of powder) is given by: 

]! = ∅_!Ú!!à                                                                                                                             (3) 

where Nb is the number of balls, t is milling time, Wp is weight of milled powder and ∅ filling factor of the vial 
taking into  account efficiency of milling (0.95 in case of one third of the vial filled). The milling process can be 
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altered by many other parameters, either way it is sufficiently described by these equations for previous 
research trials. 

Table 1 Milling conditions and calculated parameters 

Milling 
number 

RPM BPR 
Time 
(h) 

Ball D 
(mm) 

PCA 
Mil. Intensity It 

(J⋅g-1) 

1 250 1:10 10 10 Methanol 834 

2 250 1:10 24 10 Methanol 2002 

3 250 1:10 10 15 Methanol 784 

4 250 1:10 24 15 Methanol 1883 

5 400 1:10 10 10 Methanol 2135  

6 400 1:10 24 10 Methanol 5125 

7 400 1:10 10 15 Methanol 2009 

8 400 1:10 24 15 Methanol 4822 

3. RESULTS AND DISCUSSION 

Figures 1  and 2 show XRD patterns of mechanically alloyed powders with different milling times, RPM and 
ball diameters. Sharp peaks of respective elements are observed in initial state (0 h). After 10 hours of milling 
with 250 RPM, peaks start to join together and their intensity decreases. This process can be considered as a 
start of solid solution forming reaction. In generally higher bonding energy between atoms is expressed by 
increase in melting temperature and decrease in diffusion coefficient. Our observation is in accordance with 
this consideration. Elements with lower melting points, especially aluminium start to dissolve in lattices of 
elements with higher melting points like iron and chromium. In the end, all elemental peaks disappear and only 
one body centered cubic (BCC) solid solution forms with peaks in original chromium and iron peaks places 
with almost perfect AlCoCrFeNiTi0.5. This phenomenon is often associated also with atomic packing factor of 
BCC lattice, which is considerably lower, compared to FCC lattice. Because of this, BCC solid solution can 
accommodate more atoms with different radii and solubility is higher. Fu et al. [11] prepared alloyed powders 
with very close composition of Al0.5CoCrFeNiTi0.5 and they reported formation of mixture of FCC and BCC solid 
solutions after 42 hours of milling. It seems addition of Aluminium promotes formation of BCC solid solution 
over FCC. This result is in agreement with work of Wang et al. [16].  

When we look at the differences between the usages of 10 or 15 millimetre balls, for all cases the XRD patterns 
look very similar. Only minor changes in peak intensities could be observed. This phenomenon can be 
associated with differences in milling intensity (Table 1 ). It seems that the usage of 10 mm balls can induce 
slight increase in milling intensity for all milling cases. Even thou one 15 mm ball have higher weight and 
subsequently kinetic energy, for same BPR, much more 10 mm balls must be used. In the end, total kinetic 
energy of 10 mm balls together is moderately higher, therefore also intensity for same time is higher. As 
expected, comparison between 250 and 400 RPM of milling speeds revealed that higher milling speed causes 
improvement in milling intensity and faster alloying. Very interesting is the fact that even if calculated milling 
intensities for 10 hours with 400 RPM and 24 hours with 250 RPM are very close (especially for milling number 
2 and 7), XRD patterns are very different, with much broader peaks suggesting comparably smaller crystallite 
sizes and overall much better alloying in case of 400 RPM use. One possible explanation of this effect can be 
significant increase of milling bowl temperature during milling with higher RPM. To prevent bowl from 
overheating, milling was stopped to allow cooling of the mill and bowl, but to preserve similar conditions for all 
cases, same cooling times and intervals were used. This on the other hand resulted in increased temperature 
rising for higher RPM. It was not possible to record milling bowl temperature rise directly, although cooling 
times were selected so that temperature never exceeded 70 °C on the surface of the bowl measured after end 
of milling. It is questionable if temperature inside milling bowl could have reached higher values, leading to 
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some considerable effects on powder plasticity, diffusion kinetics etc. resulting in different alloying behaviour. 
Further investigation in this area is needed. Nevertheless in general efficiency of milling is greatly improved if 
higher RPM is used. 

 

 

 

SEM images of the AlCoCrFeNiTi0.5 high-entropy alloy powders under different milling conditions with utilization 
of 15mm balls are shown in Figs. 3  to 6. For elements homogeneity representation, only chromium and iron 
maps are needed. These elements are hardest do disperse and if these are evenly distributed, the other 
elements are dispersed as well. During mechanical alloying the powders are crushed between milling media 
and bowl resulting in flake like morphology after 10 hours with speed of 250 RPM. This is defined as the first 
stage of alloying for ductile materials. As seen from EDS maps of this powder the homogeneity is very poor 
and individual particles of original elements are present.  With increasing intensity of milling (either by 
increasing speed or time) intensive fracturing and re-welding of particles take place. This improves the 
homogeneity and changes the particle morphology. As we can see the milling conditions greatly influence 
especially the particle size. Comparison between 250 and 400 RPM milling speed shows much coarser particle 
size in case of using 400 RPM for all instances but on the other hand almost perfect homogeneity even after 
only 10 hours of milling with even distribution of all elements according to EDS maps. Further milling with 400 
RPM only increases particle size as seen in Fig. 3 . In cases of using 250 RPM speed, distribution of hardest 
elements is imperfect even after 24 hours of processing. This shows much better process efficiency for higher 
milling speeds and is in accordance with previous result from XRD. The complementary experiments with 10 
mm balls generally have shown small differences in particle sizes and less homogenous element distribution. 
This could be explained by lower kinetic energy of smaller balls being somewhat insufficient to fracture harder 
elemental particles. 

4. CONCLUSIONS 

Multicomponent alloy powders of AlCoCrFeNiTi0.5 were successfully synthetized by mechanical alloying 
process. From previous results we can conclude, that selection of process parameters is very important factor 

Fig. 2  XRD results of AlCoCrFeNiTi0,5 powders 
after different milling times and balls diameters at 

250 RPM 

Fig. 1 XRD results of AlCoCrFeNiTi0,5 powders 
after different milling times and balls diameters at 

400 RPM 
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for achieving good end product properties and process efficiency. By adjustment of process variables, it is 
possible to obtain different results depending on desired properties, which can be different for different 
following sintering procedures. For pressure-less sintering, best densification is obtained when particle size is 
as small as possible for needs of best die filling. For pressure assisted processes like spark plasma sintering, 
highest homogeneity is desirable bearing in terms of very short sintering times (limited diffusion). If we consider 
combination of the best homogeneity, crystallite grain refinement and smallest particle size (for improved 
densification), 10 hours of mechanical alloying with 15 mm balls and 400 RPM milling speed should be used, 
with utilization of 10:1 BPR and methanol as process control agent. In general, use of higher speeds which 
greatly improves process efficiency, even for the same intensities, by using bigger milling balls is suggested. 

 

 

 

 

Fig. 3  SEM images of powder for 10 hrs of 400 
RPM milling,15 mm balls b) Cr map c) Fe map 

Fig. 4  SEM images of powder for 10 hrs of 250 

RPM milling,15 mm balls b) Cr map c) Fe map 

Fig. 5  SEM images of powder for 24 hrs of 400 
RPM milling,15 mm balls b) Cr map c) Fe map 

Fig. 6  SEM images of powder for 24 hrs of 250 

RPM milling,15 mm balls b) Cr map c) Fe map 
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Abstract 

For production bearing welds at resistance spot welding there is very important value about number of welds 
made by electrodes at which is created regular welding spot higher than certain minimal value and thus also 
efficient bearing capacity. During welding there is with increasing number of welded spots simultaneously also 
wearing of electrode working area, changing of conditions for creation weld joints and thus also their quality. 
In consequence of electrical, mechanical, thermal and metallurgical loading there are changes in electrode 
working area geometry, changes in roughness and fouling of working areas, changes of mechanical and 
physical properties of electrode material. There is very important influence of the electrode working area 
surface temperature on the operating life. Within the scope of this paper there is description of new female 
electrode caps cooling system by liquid carbon dioxide. There is evaluated influence of cooling on the female 
electrode caps temperature course in the zone of its working area. On the basis of metallographic evaluation 
there is examining influence of electrode cap cooling mode on the change of its working area geometry and 
thermal affection. Upon the base of results from mechanical tests there is evaluated decrease of dimension 
and bearing capacity with increasing number of welded spots. 

Keywords:  Resistance spot welding, alloy Cu-Cr-Zr, electrode cap, cooling, quality of weld 

1. INTRODUCTION 

Resistance spot welding is still one the most applied technology at coining car-body parts. E.g. car-body of the 
automobile ŠKODA Octavia 3rd generation has 5085 spot welds. It is possible to state that technological 
problems connected with spot welding of coated and uncoated sheets are nowadays almost all solved. As a 
basic topic is surely considered quality of spot welds i.e. creation of welds with sufficiently enough weld nugget 
and thus also sufficient bearing capacity. Quality of resistance spot welds and approach to their evaluation has 
its specifications. With increasing number of weld joints there is gradually wearing of electrodes working areas 
and there are changing conditions of creating weld joints and their quality. This is typical of welding sheets 
with different coating types - e.g. zinc or aluminum. Electrode working area is intensively influenced by melted 
metal from smelting coating thus electric and also mechanical properties of the electrode are changing. So 
there is mechanical damage of the electrode working area due to “gluing” on welded material and its 
subsequent separation. Metallurgically affected layer is on the electrode created already after welding several 
spots and conditions for electric current passage are changing. All mentioned phenomena surely have 
influence on the changing quality of welds. In praxis it is very important to know how many welds with required 
quality is possible to make without modification of electrode working area - thus electrodes operating life. Welds 
quality and electrodes operating life are mutually closely connected and to define electrodes operating life 
criterions also supposed to determine criterions about welds quality and vice-versa. From extensive 
researches it is obvious that electrodes operating life is greatly influenced by the thermal loading of their 
working areas. There is presumption that the higher electrode working areas cooling intensity, the higher 
operating life of electrodes. That is why this paper deals with the application of electrode caps cooling system 
by means of liquid carbon dioxide. 
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2.       SYSTEM FOR COOLING ELECTRODE CAPS BY LIQUI D CARBON DIOXIDE 

The new system for cooling electrode caps was designed within the solving 
project [1]. Electrode caps are put on the electrode holder which enables inlet 
of the liquid carbon dioxide by the capillary tube. Scheme of electrode cap 
holder modification is shown in Fig. 1 . Carbon dioxide is in liquid state taken 
by capillary tube through electrode cap holder body into the expansion 
chamber that is created in conical part of this holder and serves for gripping 
cap. Due to the expansion, liquid carbon dioxide changes on the mixture of 
gas and so-called dry ice which subsequently sublimates and removes heat 
from the environment. To make possible outflow of expanding carbon dioxide 
from the expansion area there are milled grooves on the surface of holder 
gripping part. Cooling intensity of the electrode cap working area is influenced 
by the way of dosing and amount of liquid carbon dioxide. Liquid carbon 
dioxide is into expansion area doses by control unit which opens and closes 
solenoids valves acc. to programmable time profile. In terms of experimental 
tests there were evaluated different methods for cooling electrode caps which 
were finally used at operating life tests: 

• Convectional cooling by water with closed cooling circle; 

• Combined cooling by water with closed cooling circle and with auxiliary 
cooling by liquid carbon dioxide at different dosing times; 

• Convectional cooling by water with open cooling circle; 

• Cooling by liquid carbon dioxide. 

Experimental tests were carried out on the welding workplace equipped with 
welding machine TECNA 6124 with built-in control system T 700 and with 
cooling unit Hyfra SVK 140/1. Welding parameters were recorded by 
measuring device MG3 Digital. Workplace was equipped with machine for 
dosing liquid CO2 (machine from Co. Linde) which consists of pressure cylinder 
and control unit for valve on which are connected capillary tubes inletting liquid 
carbon dioxide into expansion chamber in the electrode cap holder.  

3.      CHARACTERICITICS OF USED MATERIALS  

For experimental tests were used electrode caps from Co. Nippert marked as A - trodeTM with target chemical 
composition (in wt.%) 0.7 ÷ 1.2 Cr, 0.06 ÷ 0.15 Zr, 98.45 ÷ 99.04 Cu, other max. 0.2 %. According to standard 
ISO 5821 has cap signification ISO 5821-F0-16-20-8-A2/2. Material of electrodes is made by patented casting 
system by Co. Outokumpu. Casting was realized without presence of oxygen and amount of alloying elements 
is optimized. The alloy should be resistance up to temperature 500 °C. Initial structure of material of electrode 
is in Fig. 2 . Grains are markedly deformed in the direction of forming initial workpiece (rod) and moreover there 
is also influence from forming during production the final shape of rod. For etching of structure there was used 
etchant with composition: 2 g of potassium dichromate, 8 ml H2SO4, 4 ml saturated solution of NaCl in distilled 
water, 100 ml distilled water. Structure was evaluated in the middle part of cap working area. Vertical direction 
of image matches to the cap longitudinal axis. Original structure magnificence is 1000x. To carry out electrode 
caps operating life tests was chosen material commonly used in the Škoda Auto, Inc. Mladá Boleslav - HX 220 
BD+Z 100 MCO. It is hot dip zinc galvanized sheet with thickness 0.7 mm with two-sided zinc coating in amount 
100 g∙m-2 with hardening effect at paint setting. Microstructure of sheet is in Fig. 3 and is almost fully created 
by ferrite with rarely inclusions and carbides.  

Fig. 1 Scheme of the 
electrode cap holder 

1 - electrode cap holder, 2 
- electrode cap, 3 - inlet of 
liquid carbon dioxide, 4 - 
expansion chamber, 5 - 

holder for outlet of 
gaseous carbon dioxide, 

6 - inlet of cooling water 
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         Fig. 2  Structure of electrode caps material      Fig. 3 Structure of sheet HX 220 BD+Z 100 MCO 

4.      DAMAGE OF ELECTRODE CAPS WORKING AREA AFTER  THE OPERATING LIFE TEST  

Operating life tests of electrodes were carried out acc. to ISO 8166 „Resistance welding - Procedure for the 
evaluation of the life of spot welding electrodes using constant machine settings“. Modification of electrode 
caps working area was done by its change into conical shape with vertex angle 120° and with diameter of 
bearing surface 4 mm. Cadence of welding was set to 30 welds per minute - typical of robotic spot welding. 
Tested sheets on which were realized welds between individual testing welds series had dimensions 500 x 
400 mm. On sheet was made 12 rows per 16 welds. Welding was terminated after making 192 welds on sheet. 
For every 192 welds were carried out eight tested welds. These testing welds have to be made on the 
separated sheet. Regarding the purpose of tests there was modification of tests so that for evaluation of welds 
quality was in every testing welding series welded 5 samples for peel test acc. to ISO 10447 „Resistance 
welding - Peel and chisel testing of resistance spot and projection welds“ and three welds for shear test acc. 
to ISO 14273 „Specimen dimensions and procedure for shear testing resistance spot, seam and embossed 
projection welds“. Peel tests were carried out as mechanized acc. to standard ISO 14270 “Specimen 
dimensions and procedure for mechanized peel testing resistance spot, seam and embossed projection 
welds“. Electrode achieves the end of its operating time when welds have weld diameter determined by the 

peel test lower than 3.5 √t (t thickness of sheet in mm) for three welds on the testing sample at five in sequence 
following welds. For the sheet of 0.7 mm is this value 2.9 mm. Regarding evolution in dimensions and shape 
of the weld nugget, tests were usually terminated early because the most important was mainly to determinate 
differences at various cooling methods of electrode caps and to determinate the tendency of dependences 
weld dimensions - number of welds. 

From carried out experiments was made comparison of operating life tests results with classic cooling method 
of electrode caps by circulating cooling water in amount 6 l∙min-1 (see position 6 in Fig. 1 ) and with cooling of 
electrode caps by liquid carbon dioxide in amount 0.5 g for every realized weld. Within the frame of carried out 
experiments was monitored also temperature course in the electrode cap working area with the purpose to 
evaluate influence of cooling intensity. Temperature of electrode working area was monitored by the 
thermocouple Chromel - Alumel (TFCY-010 and TFAL-010 from Co. Omega, diameter 0.25 mm) which was 
welded to the electrode cap conical part. Thermocouples were placed on the side of cap 2 mm from the working 
area (measured on the side of cone). Maximal temperature values at cooling by carbon dioxide were approx. 
lower by 50 up to 60 °C. 

Results from operating life tests are shown in Fig. 4 . Weld dimensions were measured after peel tests always 
in two directions perpendicular to each other (dimension dn1 and dn2). From the presented results is obvious 
that application of cooling by liquid carbon dioxide markedly increased operating life of caps. Totally there were 
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performed 1600 welds with application cooling by liquid carbon dioxide in comparison to 600 welds for 
application classic cooling method by circulating water [2]. 

  
a) b) 

Fig. 4 Results from evaluation operating life tests:  
a) colling of caps by liquid carbon dioxide, b) cooling by water 

4.1.     Metallographic analysis of electrode caps 

The higher damage of working area always took effect at upper electrode caps. After carrying out operating 
life tests were upper electrode caps cut in the longitudinal direction and from prepared samples were make 
metallographic scratch patterns. In the surface area was metallographic evaluation added by microhardness 
measurement. In Fig. 5  is metallographic scratch pattern from the edge area (a) and middle part (b) of 
electrode cap working area from upper electrode with cooling by means of liquid carbon dioxide. On images 
are also evident dots from measurement microhardness. Before making metallographic images were samples 
repeatedly polished and again etched. Acc. to the change of fibers course it is possible to conclude about 
influence of deformation processes. In the area close to electrode axis is structure damage more important, in 
some areas it is possible to see also the change of structure character that probably results due to local 
increase of thermal loading. 

   
   a)       b) 

Fig. 5  Microstructure of electrode cap after production 1600 welds in its working area  
(caps were cooled by means of liquid carbon dioxide): 
a) edge of working area, b) area close to the cap axis 
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Microstructure of electrode cap which was cooled by means of water circulating through the holder body is 
shown in Fig. 6 . Structure of cap material is changed in the direction from the electrode cap working area 
surface. Due to the higher thermal loading than in the previous case and also due to the mechanical loading 
there are evident markedly structure changes and material is extruded into burr.  

      
   a)       b) 

Fig. 6  Microstructure of electrode cap after production 600 welds in its working area (caps were cooled by 
means of water circulating through holder) on both sides of section: a) left edge, b) right edge 

Character of the structure in the electrode cap affected zone in the area of measurement hardness acc. to 
Fig. 6a)  is in Fig. 7a) - hardness measurement line corresponds with the left side of metallographic image. In 
Fig. 7b)  is shown similar image that was made in the affected zone acc. to Fig. 6b)  - hardness measurement 
line corresponds with the right side of metallographic image. Initial character of the structure with grains 
deformed in the longitudinal axis of the electrode cap is truly greatly changed due to the effect of both thermal 
and deformation processes.  

 
    a) b) 
Fig. 7  Microstructure of electrode cap cooled by water circulating through the holder in the working area on 
both sides of section in the markedly affected zone after production 600 welds: a) left edge, b) right edge 

Results from microhardness measurement in area acc. to Fig. 5  are shown in Fig. 8a) . Affection of hardness 
due to the thermal loading of electrode caps working area achieves c. to 0.45 mm from working surface. Burrs 
on the working surface edge were not created and decrease of hardness in the area around cap axis in more 
expressive. For this sample was also carried out hardness measurement directly in the burr area (totally in five 
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places). Results from microhardness measurement in electrode caps working area in lines acc. to Fig. 6  is 
then shown in Fig. 8b). Thickness of the affected zone is comparable with the previous case.  

  
a) b) 

Fig. 8  Dependence of microhardness in the electrode cap working area: 
a) cooling by means of liquid carbon dioxide, b) cooling by means of water circulating through holder 

5. CONCLUSION 

Carried out tests of electrode caps operating life under different cooling modes proved fact that cooling of 
electrode caps by liquid carbon dioxide leads to the great improvement in electrodes operating life. At cooling 
of electrode caps by water circulating in the caps holder is in the working area of caps created thin continuous 
layer of heat affected material with markedly changed structure. Such material is due to the higher thermal 
loading “extruded” toward edge of the working area and wearing of electrode cap working area is proceed 
faster. On the basis of carried out control procedures about heat affection of electrode caps material it is 
possible to predict that in these areas temperature achieves value about 550 °C. This continuous layer was 
not created at cooling of electrode caps by liquid carbon dioxide and wearing process was lower. Influence of 
the different electrode caps wearing process is proved also by different results from operating life tests which 
were evaluated on the basis of testing welds mechanical tests.  
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THE INFLUENCE OF EXTRUSION RATIO ON THE STRENGTH OF HOT EXTRUDED 
ALUMINUM ALLOY CHIPS 

NOGA Piotr, WIEWIORA Jakub, WZOREK Lukasz  

Faculty of Non-Ferrous Metals, AGH - University of Science and Technology, Cracow, Poland  

Abstract 

Hot-extrusion of the chips and other highly fragmented materials is a very convenient way for aluminum alloys 
scarp processing. It is possible to achieve ready or semi-finished products in one step of material forming - 
directly from the chips to the bulk material. The mechanical properties of such processed material are affected 
by various extrusion conditions: temperature, extrusion speed and cross-section reduction ratio λ. The variation 
of cross-section reduction ratio has an effect on chips bonding quality, which in turn results in different 
mechanical properties. The objective of the present study is to analyze mechanical and structural features of 
6060 and AlSi11 aluminum alloys after plastic consolidation by hot extrusion with different cross-section 
reduction ratio in the range of 7 to 45. Aluminum alloy in the form of chips, were preliminarily cold compacted 
to produce cylindrical billets. The as-compressed billets were then hot extruded at 450 °C. The samples cut 
from as extruded rods were subjected to tensile test and structural SEM observations. Based on obtained 
results minimum extrusion ratio required for sound bonding of chips was established. 

Keywords: Aluminum chips, plastic consolidation, recycling, aluminum alloys 

1. INTRODUCTION 

Nowadays, market share of aluminum recycling products grows continuously. The main driving force of new 
recycling technologies development is highly energetic process of primary aluminum production. Majority of 
existing aluminum recycling technologies is based on re-melting. Due to oxidation and substantial material 
losses this approach is problematic in the case of highly refined wastes such as chips and foils. In order to 
overcome these problems solid state recycling (SSR) technique is proposed. In general, SSR rely on hot 
extrusion process that omits liquid state of material. Lower temperature used in this approach ensures 
minimization of oxidation and material losses during processing.    

Plastic consolidation is well established technique for bulk material production from various dispersed forms 
of light alloys, i.e. powders [1], flakes [2-3]. Based on this approach materials with unique properties can be 
achieved [5-6]. The major goal of plastic consolidation in application to chips recycling is to obtain sound, bulk 
material with properties not worse than those received for conventional alloys. For this purpose, series of 
requirements need to be met. In particular, plastic consolidation conditions must be precisely determined. 

In this work, the influence of various extrusion ratios on the profiles quality was tested. Two most common 
materials, i.e. as cast 413.0 and 6060 wrought aluminum alloys were used.  As a result, critical conditions for 
plastic consolidation of chips were determined.      

2. EXPERIMENTAL PROCEDURE 

The AA6060 and 413.0 aluminum chips were produced during turning process with cutting tool feed rate of 0.2 
mm/s and rotation speed of 315 rpm. In order to minimize influence of impurities during consolidation dry 
machining was performed. As machined chips (Fig. 1a, 1b ) were preliminary compacted by cold pressing 
under the pressure of 240 MPa. As a result cylindrical billets of 40 mm in diameter and 10 mm in height were 
produced (Fig. 1c, 1d ). Multilayer compaction process was adopted in order to obtain relatively high, 
approximately 80% of theoretical value of billets density. 
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Fig. 1  Macro-view of as machined chips from a) 413.0 and b) 6060 alloy. Cylindrical billets of as 
compressed: (c) 413.0 and d) 6060 alloy 

As compressed billets were then extruded by using following conditions: temperature of 450 °C and ram speed 
of 13 mm/s. As a result of extrusion, series of rods with the cross section reduction ratio of λ = 7,  
λ = 11, λ = 16, λ = 25 and λ = 45 were produced. Series of tensile test samples with a diameter of 5 mm and 
gauge length of 25 mm were machined from as-extruded rods. Uniaxial tensile tests were carried out at room 
temperature at a constant strain rate of 8·10-3 s-1 using Zwick Z050 testing machine. Microstructure 
observations were performed by using Hitachi Su-70 scanning electron microscopy. Longitudinal cross-
sections of samples were grinded and polished with a diamond suspension in order to obtain good surface 
quality for SEM studies. 

3. RESULTS AND DISCUSSION 

3.1. Extrusion force  

 

Fig. 2  Evolution of extrusion force in relation to ram displacement for a) 413.0, b) 6060 material 

The relationship between extrusion forces in a relation to ram displacement for both tested materials is shown 
in Fig. 2 . It can be seen that increasing of extrusion ratio leads to the enhancement of extrusion force which is 
typical behavior for direct extrusion process. Consequently, the higher λ is applied the higher deformation is 
induced, which in turn results in increasing of extrusion force. Linear relation at the beginning of a force-
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displacement curve is associated with a billet compaction inside of the press container. As can be seen 
materials extruded with λ = 44 exhibit the highest extrusion forces with a value of 853 kN for 413.0 and 694 
kN for 6060. Finally, comparison of extrusion force behavior for individual alloys shows that force for every λ 
is always higher for 413.0 than for 6060 alloy. These differences may result from Si and Al-Fe-Si particles 
present inside of the 413.0 alloy. Fine, hard and brittle phases may suppress plastic flow during extrusion so 
that higher force needs to be used in order to allow material deformation. 

3.2. Surface of as-extruded rods 

Fig. 3a  shows macro observations of 413.0 rods extruded with different reduction ratio λ. Profiles with higher 
λ (44, 25, 16) present smooth and glossy surfaces without visible cracks or discontinuities. At the same time 
extrudates with λ = 7 and λ = 11 exhibits characteristic serration on surface which may suggest lack of sound 
bonding along longitudinal cross-section across profile. The lack of good consolidation is a direct result of 
insufficient deformation value. Coarse, brittle particles in 413.0 alloy such as Si and Fe rich intermetallic phases 
also constitute barrier against proper bonding. Additionally, at the beginning of every profile lack of 
consolidation in a form of „transition zone” can be observed [7]. In this areas gradual chip welding is being 
observed which results from increasing temperature and strain magnitude at the starting stage of extrusion. 
Change of λ in case of 6060 (Fig. 3b ) alloy had no effect on profiles surface quality. All rods produced from 
this material distinguished itself with smooth and glossy surface.  

 

Fig. 3  Surface quality comparison of as-extruded rods from a) 413.0, b) 6060 alloy 

 

Fig. 4  Engineering stress-strain curves for a) 413.0 b) 6060 profiles 

a b 

λ= 

λ= 

λ= 

λ= 

λ= 7 
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b 
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3.3. Mechanical properties 

Stress-strain curves for both materials after uniaxial tensile test are shown in Fig. 4 . The summary of the 
mechanical properties under tension including the yield stress (YS), ultimate tensile strength (UTS) and strain 
to failure (ε) is given in Table 1 . The results reveal that profiles extruded from 413.0 alloy exhibit higher 
mechanical properties in comparison to 6060 alloy. Highly refined structural constituents influence mechanical 
properties as evidenced by YS and UTS (Table 1 ). Increasing of λ to 44 results in significant increase of 
ultimate tensile strength, which approaches ~220 MPa. Independently of cross section reduction λ, yield stress 
is maintained almost at the same level (Table 1 ). 6060 alloy shows qualitatively similar dependence on the YS 
and UTS behavior as 413.0 alloy. Continuous increase of strength parameters with increasing of λ is observed 
(Table 1 ). The YS increases from 55 MPa to 65 MPa and UTS from 103 MPa 146 MPa between  
λ = 7 to λ = 44.  

Table 1 Mechanical properties of 6060 and 413.0 profiles after different extrusion ration 

Extrusion 
ratio 

YS (MPa) UTS (MPa) ε (%) 
Maximum  extrusion 

force (kN) 

413.0 6060 413.0 6060 413.0 6060 413.0 6060 

λ  = 7 84.2 54.5 199 103 15.3 32.3 613 429 

λ = 11 74.3 61.2 199 113 17.8 25.4 654 531 

λ = 16 79.9 57.8 200 137 17 31.4 802 574 
λ = 25 83 57.8 196 139 18.1 29.5 827 606 

λ = 44 81 65 222 146 16 31 853 694 

3.4. Microstructure observation 

 

Fig. 5 Microstructure of as-extruded rods from a) 413.0, λ = 44; b) 413.0, λ = 7; c) 6060, λ = 44; d) 6060,  
λ = 7 

Fig. 5  presents microstructure of as-extruded 413.0 and 6060 aluminum alloy. White phases visible in the 
microstructure of 413.0 alloy were found to be Al-Fe-Si intermetallic phases, while light grey particles are silicon 
crystals (Fig. 5 a, b). Both kinds of particles are homogeneously distributed in aluminum matrix. Size and 
shape of particles remains invariable regardless of different cross section reduction ratio used in the extrusion 
processing. Microstructural observations are in agreement with mechanical properties results, which indicate 
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no significant difference between properties of 413.0 alloy through different λ (Fig. 5 a, b, Table 1 ). Voids, 
pores or cracks were not detected in the material, which suggests good overall quality of plastic consolidation 
(Fig. 5 a, b ).  

Comparison of the microstructure of 6060 profiles extruded with λ = 7 and λ = 44 is shown in Fig. 5 c, 5 d  
respectively. One can observe that the grain size decreases with increasing reduction ratio, which in turn 
provides effective strengthening of the material. In case of the lowest extrusion ratio of 6060 material numerous 
voids are observed (Fig. 5 d ). Significantly lower volume fraction of particles is observed for 6060 alloy, thus 
the strength of the material is mainly controlled by grain boundary strengthening.    

4. CONCLUSION 

1) Surface quality of as-extruded rods from 413.0 strongly depends on extrusion ratio. In case 6060 alloy 
all profiles revealed smooth and glossy surface. 

2) In case of 413.0 alloy lack of particles refinement after extrusion with different extrusion ratio does not 
influence mechanical properties. At the same time change of grain size for 6060 alloy results in those 
properties improvement. 

3) Absence of visible voids in case of 413.0 extrudates suggests good overall consolidation quality. 

Mechanical properties of profiles extruded with cross section reduction of λ > 7 are at similar levels. 

However, good surface quality is obtained for λ > 16.  
4) For all extrusion ratio values used in experiment good surface quality of 6060 profiles was achieved. In 

case of the lowest extrusion ratio numerous cracks are observed, which manifests itself in lower 
mechanical properties. 
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ATOMISTIC SIMULATIONS OF TWIN BOUNDARIES FACETING I N HCP MATERIALS 
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Abstract   

Deformation twinning is frequently observed in materials with hexagonal crystal lattice. It plays important role 
in plastic deformation of such materials. Twin regions have often lamellar shape and twin boundaries are 
usually oriented along invariant planes. However, non-invariant plane twin interfaces are also observed. 
Occurrence of such interfaces can be connected with interactions between twinning disconnections. 
Mechanisms of such interactions are discussed on the basis of atomistic simulations.  

Keywords: Twin boundaries, hcp, EAM potential, faceting, disconnection 

1. INTRODUCTION     

Deformation twinning plays significant role in plastic deformation of hcp materials [1]. The twinning deformation 
is represented by shear, which takes place along the plane traditionally designated as K1 in the twinning 
direction η1. Twinning mode is usually characterized by a set of four twinning elements K1, η1, K2, η2, where 
K2, η2 are the second undistorted, but rotated, plane and direction respectively. Twin regions have often 
lamellar shape and twin boundaries are usually oriented along invariant planes. These invariant planes are 
undistorted under twinning shear. However, twin boundaries significantly inclined from K1 planes are also 
observed [2]. These boundaries may be called non-invariant plane twin interfaces. For instance, basal-

prismatic twin boundary associated with {1012} twins was observed in magnesium [3], cobalt [2] and titanium 
[4].  

Development of twin boundary faceting can be caused by interactions between twinning disconnections [5]. 
The disconnections are defects responsible for twin boundary migration [5, 6]. They are linear dislocation-like 
defects, which similar to dislocations can be characterized by Burgers vector. However, disconnections also 
produce step on the twin boundary in contrast to dislocations.  

In our previous papers [3, 5, 7] we shown, that basal-prismatic facets in {10 12} twin boundary in magnesium 
are results of interactions between b2/2 disconnections. The aim of present paper is discussion of possible 

{10 11}  twin boundary faceting developed in the similar way, i.e. by interaction of twinning disconnections. 

Faceting of {10 11}  boundary was observed experimentally [8], where presence of /{10 10} {10 13}  facets was 

reported. Several twinning modes are observed on {10 11}  plane in contrast to twinning on {10 12} plane. 
These modes have the same twinning plane K1, but different twinning directions η1. Each of the twinning 
modes can be associated with motion of corresponding disconnection. The disconnection with step height 
equal to two interplanar distances (b2/2) has the highest mobility [9]. However, the disconnection with four 
interplanar distances step height (b4/4) leads to twinning parameters, which are the closest to experimentally 

observed parameters of deformation twins. It was proposed in [10] that correct twinning direction for {10 11}  
deformation twin can be produced by motion of equal numbers of b2/2 disconnections with alternating signs 
of screw dislocation component. 
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Model of interactions between b2/2 disconnections is considered in the present paper. The modelling is 

performed for {10 11}  twin in generic hcp material with c/a = 1.5. Such material represents a degenerated 
case with Burgers vector of b4/4 disconnection is equal to 0. Consequently, only the b2/2 disconnections can 
be considered. 

2. METHODS 

Atomistic simulations were performed in LAMMPS [11] with generic EAM potential. The potential (1) is taken 

in a simple analytical form with only five parameters A, ξ, p, q, r0 proposed by Rosato and co-workers [12]. 
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The version of potential used in the current paper was designated as p9q1.5 in the [13]. The potential was 
fitted according to procedure described in [13]. The parameters p and q were varied freely to change potential 
properties. Fitting was performed to cohesive energy (-2.95 eV) and lattice parameter (0.409 nm) of fcc silver. 
The fifth parameter r0 is equal to the first neighbour separation. Both the bonding, Eb

i, and repulsive, Er
i, energy 

contributions for an i-atom are cut at the distance corresponding to the 3th neighbours of fcc lattice. Between 
the 3rd and 4th neighbours, the exponential expressions for Eb

i and Er
i are replaced by fifth order polynomials. 

The polynomial coefficients are fitted to obtain continuity of the values and first and second derivatives at the 
point of line-up (the 3rd neighbour separation) and truncation to zero at the cut-off distance. The potential does 
not describe any specific material. The fitting was performed only in order to obtain reasonable scaling. The 
parameters of p9q1.5 potential are listed in Table 1  together with parameters of model material. This potential 
stabilizes hcp structure with c/a = 1.5. 

Table 1 Parameters of p9q1.5 potential and model material 

Potential parameter, p 9 

Potential parameter, q 1.5 

Potential parameter, A 0.058 

Potential parameter, ξ 0.902 

Potential parameter, r0 2.892 

Potential cut-off 0.5784 nm 

Lattice parameter, a 0.2920 nm 

c/a ratio 1.5  

Cohesive energy, E -2.96 eV 

Simulation block was oriented with x axis along 1012 ; y axis along normal to {10 11}  plane and z axis along 

2110  direction. The disconnections with step height equal to two {10 11} interplanar distances and Burgers 

vector b2/2 =1/ 6 2110  were inserted into the block containing perfect twin boundary by imposing of 

corresponding elastic displacement field. In general, the Burgers vector direction is dependent on the lattice 
parameters defined by the interatomic potential. However, due to special c/a ratio (equal to 1.5), the Burgers 
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vector of the twinning dislocation is aligned with <a> direction in our simulations. Dislocation line was oriented 
along z direction in our simulation.  
The modeling was performed in the following steps. Set of disconnections was inserted into the block. Then 
shear deformation was applied to the block in small increments and energy minimization by conjugate gradient 
method was performed. The periodical boundary conditions were applied in z-direction; block had free surfaces 
in x-direction and fixed boundary conditions were applied in y-direction i.e. positions of several atomic layers 
near the surface were fixed during simulations. 

3. RESULTS AND DISCUSSION 

Structure of considered b2/2 disconnection is presented in Fig. 1 . The disconnection produces step on the 
{10 11}  boundary. The step edges are parallel to (0001)  plane in one of the grains and to {10 11} in other one. 
The structures of twin boundary and the twinning disconnection are similar to those observed in titanium [6]. 

However the b2/2 disconnection aligned along [1210]  direction exhibits pure screw character in our case in 
contrast to the mixed disconnection in [6] 

 

Fig. 1  Disconnection in {10 11} twin boundary. Projection in [1210]  direction. Hcp lattice cells are marked by 

rectangles in both sides of the boundary. Blue atoms have surroundings different from the bulk 

 

Fig. 2  Initial configuration of twin boundary containing five disconnections 
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Fig. 3  Evolution of disconnection structure and facet development under applied shear strain: (a) formation 

of (0001) / {1011}  facet by interaction of two twinning disconnections; (b) emission of basal stacking fault 
from facet; (c) transformation of stacking fault into spread core of basal dislocation; (d) interaction with further 

disconnections; (e) emission of second basal dislocation; (f) development of ( 1013) / {1013}  facet  

Fig. 2  shows the initial configuration of twin boundary with five imposed disconnections. An obstacle for 
disconnection movement was inserted into the boundary after initial energy relaxation. The obstacle was made 
by zeroing atomic forces in several atomic layers lying to right side from the leading disconnection. In order to 

study disconnection motion, the {1011}[1210] shear deformation was applied to the block. Evolution of 

disconnection structure under applied deformation is presented in Fig. 3 . In very beginning, the first 
disconnection is stopped by obstacle. The next disconnection reaches the leading one and together they 

produce (0001) / {1011}  facet (Fig. 3a ). Previous studies [3, 5, 7] show that "pile-up" of several disconnections 

in {10 12}  twin boundary leads to formation of relatively long basal-prismatic facets. However, (0001) / {1011}

facets do not grow by joining the next disconnection in the present case. Such behaviour can be explained by 

the fact that Burgers vector length of considered disconnections is higher than Burgers vector length of {10 12}

twinning disconnections. Consequently, repulsive forces between disconnections are higher. Basal stacking 
fault is emitted from the facet with further increase of loading (Fig. 3b ). The fault is limited by partial dislocation 

with Burgers vector p = 1/ 3[1100]b . Then this stacking fault is transformed to spread core of basal slip 

dislocation = 1/ 3[ 1210]b  (Fig. 3c ) by nucleation of another partial with pb = 1/ 3[0110] . The emission of 

basal slip dislocation leads to change of Burgers vector sign of one of disconnection. Consequently, the facet 
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becomes to contain the set of disconnections with alternating signs. Further decrease of facet energy is 

reached by aligning of disconnections to produce ( 1013) / {1013) facet (Fig. 3d ). This facet also emits basal 

slip dislocation after subsequent joining of disconnections gliding along {10 11}  twin boundary (Fig. 3e ). The 

joining of five disconnections leads to formation of ( 1013) / {1013) shown in Fig. 3f . It is worth to note that 

( 1013) / {1013) boundary is the twin boundary for conjugate twin mode. Consequently, the formation of such 

facet is similar to formation of conjugate {10 12} facets in {10 12} boundaries reported previously [6, 7].  

4. CONCLUSION 

Interactions of b2/2 twinning disconnections in {10 11}  twin boundary can lead to formation of (0001) / {1011}  

and ( 1013) / {1013)  facets. The length of obtained facets is relatively small in contrast to length of basal-

prismatic facets observed in {10 12}  twin boundaries. The facets can optimize their structure by emission of 
bulk dislocations.  
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Abstract 

Properties of materials made from elemental metallic powders deposited by cold gas dynamic spraying were 
studied - Fe-Al, Fe-Cu and Fe-Ni. The samples were annealed in protective atmosphere and macroscopic 
features like porosity were evaluated before sectioning. All samples were subjected to microstructure and 
thermal properties study. The mixtures were deposited on an aluminum substrate, so that the resulting material 
was free-form consolidated from the powder mixtures by high impact energy without melting or oxidation of 
the individual powder particles. The samples have been subjected to microstructure and phases analysis by 
scanning electron microscopy (SEM) and X - ray diffraction (XRD) analysis. The results from microstructure 
study and further observations are evaluated with the aim of possible feasibility to use the ColdSpray / 
annealing route as manufacturing technique for materials with useful properties.  

Keywords: Intermetallics, cold spray, diffusion annealing, reaction diffusion, microstructure analysis 

1. INTRODUCTION 

Intermetallic materials are interesting due to their excellent properties which are given by chemical composition 
and also by their by their crystallographic arrangement (crystal lattice type). Intermetallics usually usually have 
high strength, high hardness and low ductility and often good oxidation resistance at elevated temperatures. 

Iron aluminides are attractive for their low specific weight, good wear resistance, high resistance against 
oxidation and carburization. Their raw materials are even relatively cheap. They can be useful in high 
temperature applications and in chemical industry. It is expected that FeAl-based alloys will substitute stainless 
steels or Ni-based superalloys. Potential uses of these intermetallics can be found in heating elements, 
sintered porous gas-metal filters, coating metallic alloys and catalytic converter substrates [1, 2]. Unfortunately, 
iron aluminides have still some problems in fabrication [3]. It is given by their low ductility, large difference in 
the melting temperatures of Fe and Al and for sure their exothermic nature of formation of iron aluminides. The 
most frequently applied phases of iron aluminides are FeAl and Fe3Al [3].  

Second examined system of deposited materials was the iron copper mixture. This system is unique because 
it has negligible miscibility in the solid state in equilibrium at temperatures below 700 ˚C. Total miscibility is 
considered to be only about 3 %. The reason for that behaviour is in thermodynamic; the enthalpy of mixing 
iron and copper (ΔHmix) is approximately (+) 13 kJ/mol [4]. Copper alloys are generally known for their plasticity, 
toughness and high thermal conductivity. Their weaknesses are poor wear resistance and oxidation resistance. 
Alloys with larger amount of copper are suitable for applications where are required high strength or high 
electrical conductivity. Against that Fe-rich alloys are used as age-hardened ones. The system Fe-Cu can be 
produced by mechanical alloying, plasma spraying and laser cladding [5-7].  

The third bi-metallic material was a mixture of iron and nickel. This system contains some often used 
magnetically soft materials. The best known alloys of nickel and iron is the Invar alloy having low coefficient of 
expansion [7]. Nickel based alloys generally are regarded as high temperature resistant having high creep 
strength. Nickel based materials are also widely recognized as catalysts for the fixed-bed methanation reaction 
of CO to CH4. Fe is being added to tune the catalytic behaviour. Usually the metallic catalyst is dispersed with 
ceramic support. In this study, only the metallic part was prepared as bulk material. Based on previous 
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experiments, a porous structure was expected to evolve. Low iron content material has been deposited by cold 
spray in order to evaluate the feasibility of intermetallic material formation by heat treatment [8, 9]. 

Cold spray technique uses accelerated solid powder particles to develop coating on substrate. This method 
makes use of expansion of working gas in Laval-type jet to super-sonic speeds. Temperature of working gas 
is lower than melting temperature of each component. Powder particles are carried by working gas and 
accelerated. Because these particles aren't melted during impact and flight, there is for example minimum 
oxidation and minimum residual stresses [10, 3]. 

2. EXPERIMENTAL SETUP 

Cold spray technique was used to deposit the analysed materials. Nitrogen was used as working gas with 
temperature T = 400 °C and pressure about 5 MPa. Gas flow was about 250 slm. FeAl samples were 
deposited by 20 passes, FeNi samples by 10 passes and FeCu samples by 8 passes. Deposited materials are 
in the Fig. 1 . Thickness of each deposit is on Fig. 2 . 

 

Fig. 1  Deposits of system FeNi, FeCu and FeAl (from left side) 

 

Fig. 2  Scheme of mechanical dimensions of the deposits  

Each sample was cut from the relevant deposit by low speed saw and then annealed. Samples of FeAl were 
annealed at 550 °C, 650 °C and 750 °C. Pieces of FeCu were annealed at 900 °C and 1100 °C. FeNi samples 
were annealed at 500 °C and 700 °C. Each sample was annealed for 2 hours. The annealing was done in tube 
furnace under flowing argon protective atmosphere (1.0 l/min, purity 4N8). The substrate material which was 
a commercial purity aluminum sheet was always removed before annealing. 

After annealing the samples were fractured in two pieces. One piece of the material was used to prepare 
a metallographic sample by grinding and polishing techniques. Fracture surfaces were evaluated by electron 
microscopy. Metallographic samples were analysed with light and electron microscopes. The Zeiss Axiovert 
Z1m and Zeiss UltraPlus FEG-SEM were used for light an electron microscopy respectively. OXFORD EDS 
mounted on the UltraPlus ws used for the chemical analyses.  
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Vicker's micro-hardness measurements were realized on each sample to provide mechanical property even 
though they were small and had large porosity. Indenting forces F1 = 0.09807 N or F2 = 0.1961 N were applied 
for 10 seconds.  

3. EXPERIMENTAL RESULTS 

3.1. Fe-Al 

Powders of Fe and Al were originally mixed in Fe:Al ratio 60:40 at.% (Fig. 3 ). However, the as-sprayed material 
consisted from 68 wt.% Al and 32 wt.% Fe. The reason for this behaviour is that the chosen parameters during 
spraying weren't ideal. The fracture surface of the as-sprayed material shows that aluminum particles were 
joined together very well (Fig. 4 ). Aluminum still exhibits ductility fracture on some places, while iron particles 
were delaminated from the aluminum particles without braking.  

  

Fig. 3  Microstructure of as deposited material Fig. 4  Fracture of the as deposited material 

First intermetallic phases were formed at 550 °C by mutual diffusion (Fig. 5 ). Intermetallics occurred around 
iron particles on the interferences aluminum and iron particles. Porosity of the sample was higher than in as-
sprayed material. These intermetallic phases were identified to be were Al70Fe30 according to analysis (Fig. 6).  

 

Fig. 5  Microstructure of sample annealed 
at 550 °C 

 

 

Fig. 6  Linescan analysis, red line - aluminum, 
blue line - iron (at.%) 

This composition probably corresponds to non-equilibrium stage that eventually evolves in Al3Fe. Micro-
hardness of this sample was for aluminum particles 33 HV0.01, for iron particles 316 HV0.01 and for intermetallics 
about 1193 HV0.01. The sample fractured by cleavage in the intermetallic particles. Together Fe delamination 
and Sal ductile fracture is still visible (Fig. 7 ). 
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Microstructure changed with rising temperature. In 
the sample annealed at 600 °C microstructure 
areas of fine lamellar mixtures, some isolated small 
remnants of iron and some solid solutions was 
revealed (Fig. 8 ). The lamellar mixture was 
attributed to phases FeAl + FeAl2. Solid solutions 
around remnants of iron changed their chemistry 
gradually into intermetallic phases. Microstructure 
of sample annealed at 650 °C was formed with the 
same phases as previous sample annealed at 
600 °C. There were lamellar mixtures, isolated 
small remnants of iron and some solid solutions. 
Main difference was in the ratio of the phase areas 
(Fig. 9 ). The chemical composition of solid solution at lower temperature was 60 at.% Fe and 40 at.% Al 
(Fig. 10 ). At this higher temperature homogeneous phase areas were generally bigger. The lamellar mixture 
had in this sample bigger inter-lamellar distance. Gradual change of chemical composition of the solid solution 
reaches Fe:Al ratio to be 50:50 at.% (Fig. 11 ). The changes of chemical composition are much more smoother 
at higher temperature. Porosity reached its maximum at 600 °C. Micro-hardness of the sample annealed at 
600 °C was 1040 HV0.025. Sample annealed at 650 °C had 1056 HV0.01 and for lamellar mixture 988 HV0.01. 

  

Fig. 8  Microstructure of sample annealed at 
600 °C 

Fig. 9  Microstructure of sample annealed at 
650 °C 

 

 

 

 

Fig. 10  Linescan analyze made on sample 
annealed at 600 °C, red line - Al, blue line - Fe 

(at.%) 

Fig. 11  Linescan analyze made on sample 
annealed at 650 °C, red line - Al, blue line - Fe 

(at.%) 

 

Fig. 7  Fracture surface of sample annealed at 550 °C 
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Fig. 12  Fracture surface of sample annealed at 
600 °C 

Fig. 13  Fracture surface of sample annealed at 
650 °C 

The fracture surfaces of these two samples were very similar (Figs. 12  and 13). Higher presence of brittle 
fracture was observed. 

3.2.  Fe-Cu 

Microstructure of the as-sprayed sample is formed by copper and iron particles (Fig. 14 ). Copper particles 
showed strong plastic deformation. Very small amount of porosity was observed. There were no microcracks 
or cracks in deposited material. Although the elemental powders were mixed in Cu:Fe ratio 50:50 at.%, the 
final composition was about 90.2 wt.% Cu and 9.8 wt.% Fe.  

  

Fig. 14  Microstructure of the as deposit material Fig. 15  Fracture of the as deposit material 

The micro-hardness values for iron particles was about 837 HV0.01 and for copper particles 276 HV0.01. The 
fracture surface shows that copper particle break by ductile mechanisms with some delamination. Iron particles 
were delaminated from copper particles (Fig. 15 ).  

After annealing at 900 and 1100 °C, recrystallization twins can be found in both microstructures, in copper 
particles. No visible reaction between the metallic particles and evolution of strong porosity is striking. (Figs. 
16 and 17). The highest porosity was in the sample annealed at 900 °C. These pores are situated mainly on 
interfaces between copper and iron particles and between individual Cu splats. Linescan analysis of the 
sample annealed at 900 °C showed that microstructure around iron particle was formed with 3 at.% Cu in iron 
particle and with 3 at.% Fe in copper particles (Fig. 18 ). The highest temperature had more pronounced 
changes in chemical composition (Fig. 19 ). Solid solution of about 90 at.% Fe and 10 at.% Cu was found in 
the originally iron particles. Fluctuations of chemical composition in copper particles were observed; likely 
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caused by iron rich precipitates. These iron precipitates had size about 1-2 µm. Measured micro-hardness of 
the sample annealed at 900 °C for iron particles was 320 HV0.01 and for copper particles was 86 HV0.01. Micro-
hardness of the sample annealed at 1100 °C for iron particles was about 412 HV0.01 and for copper particles 
about 104 HV0.01. The fracture surface of the sample annealed at 900 °C showed well developed ductile 
morphology (Fig. 20 ). Sample annealed at 1100 °C was not available for fracture surface analysis.  

  

Fig. 16  Microstructure of sample annealed at 
900 °C 

Fig. 17  Microstructure of sample annealed at 
1100 °C 

 

 

 

 

Fig. 18  Linescan analyze made on sample 
annealed at 900 °C, orange line - Cu, blue line - 

Fe (at.%) 

Fig. 19  Linescan analyze made on sample 
annealed at 1100 °C, orange line - Cu, blue line - 

Fe (at.%) 

 

Fig. 20  Fracture of sample annealed at 900 °C 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1616 

3.3. Fe-Ni 

This deposit was the thickest one. In the structure of deposit there were many cracks and microcracks and 
because of it the preparation of samples was difficult. Some of that cracks had size about 200 µm. This was 
caused by incorrectly chosen spraying parameters. Microstructure of this sample is formed by iron and nickel 
particles (Fig. 21 ). The amount of porosity is small. Even though the powders of nickel and iron were mixed in 
Ni:Fe ratio 60:40 at.%, the final composition was 95.3 wt.% Ni and 4.7 wt.% Fe. Micro-hardness for nickel 
particles was avg. 349 HV0.01 and for iron particles avg. 809 HV0.01. The fracture surface showed delamination 
joining cracks and microcracks from deposition of the material (Fig. 22 ).  

  

Fig. 21  Microstructure of the as deposit material Fig. 22  Fracture of the as deposit material 

Microstructure after annealing at 500 and 700 °C was formed by nickel and iron particles, pores and some 
microcracks and cracks (Figs. 23  and 24). Microcracks and cracks were gradually recovered at both 
temperatures and their numbers lowered. The porosity had increasing tendency with higher temperature. 
Porosity existed on interfaces between splats and between iron and nickel particles. Minor mixing areas of 
about 8 µm were found after 500 °C (Fig. 25). With increasing temperature the higher diffusion rate formed 
solid solution about 90 at.% Fe and 10 at.% Ni. (Fig. 26 ). Micro-hardness of sample with 500 °C annealing 
was for iron particles about 385 HV0.01 and for nickel 153 HV0.01. Measured micro-hardness of sample annealed 
at 700 °C for iron particles were 345 HV0.01 and for nickel particles about 136 HV0.01. Values of micro-hardness 
are smaller with higher temperature for both particles, which is probably caused by recovering plastic 
deformation strengthening of both metals.  

  

Fig. 23  Microstructure of the sample annealed at 
500 °C 

Fig. 24  Microstructure of the sample annealed at 
700 °C 
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Fig. 25  Linescan analysis made on the sample 
annealed at 500 °C, yellow line - Ni, blue line - Fe 

(at.%) 

Fig. 26  Linescan analysis made on the sample 
annealed at 700 °C, yellow line - Ni, blue line - Fe 

(at.%) 

  

Fig. 27  Fracture of annealed material at 500 °C Fig. 28  Fracture of annealed material at 700 °C  

The fracture surfaces started to change with increasing temperature. Delamination was mainly observed for 
lower temperature (Fig. 27 ). Iron particles were delaminated from nickel particles also after 500 °C. Nickel 
particles shown more ductile behaviour. At higher temperature iron particles are partially dissolved into nickel 
particles and almost whole fracture surface had ductile behaviour (Fig. 28 ). Marks of brittleness were found 
on cracks and microcraks and some delamination still could be found. 

4.  SUMMARY  

Three different samples of three binary systems were prepared by the cold spray technique. After analysing 
the as-deposited microstructure, the samples were subjected to a reactive diffusion heat treatment for two 
hours at different temperatures. After heat treatment, the microstructures were observed again using SEM.  

The Al-Fe alloy showed a standard exothermic reaction between iron and aluminum while forming 
intermetallics. Samples of FeAl annealed at 550 °C already exhibited intermetallic phases on the interfaces of 
iron and aluminum particles. Mixtures of intermetallic phases with significant amounts of the lamellar structure 
of FeAl + FeAl2 were formed at 600 °C. Maximum of porosity was reached at 600 °C. Generally the intermetallic 
phases had very high values of micro-hardness. 

In the Cu-Fe mixture, very limited mixing in solid state was ensured which follows the practically immiscible 
nature of the Fe-Cu system. In Fe-Cu system, pores evolved during annealing. Although the mutual solubility 
is minimal, solid solution was formed in iron particles with about 3 -10 at.% of Cu and precipitates of iron rich 
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phases were found in copper. Although mixing and precipitation was achieved, micro-hardness was 
decreasing with increasing temperature for iron and copper particles. The fracture mode had changed with 
increasing annealing temperature. At lower temperature there occurred ductile fracture in copper particles and 
iron particles were delaminated from copper particles. At the highest temperature the fracture had practically 
only ductile character. 

The structure of Fe-Ni deposit material recovered from improper deposition parameters with higher 
temperature. The amount of microcracks and cracks diminished while porosity was higher with higher 
annealing temperature. Mixing areas could be observed with some solid solution presence. 

CONCLUSION 

For Fe-Al and Fe-Cu, the cold spray approach with subsequent heat treatment may be considered as 
technically applicable technique for deposition for reactive mixtures in arbitrary shapes. Intermetallics with 
repeatable microstructure and porosity could be generated. Possible catalytic behaviour of the resulting 
material will be evaluated. For Ni-Fe system first the proper deposition parameters need to be evaluated so 
that the material may be deposited without the large amounts of cracking shown in this paper. Only then the 
material may be evaluated again for diffusion reaction testing. 
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Abstract  

A preparation of alloys based on the Ni3Al intermetallic compound alloyed with molybdenum by classical 
castings methods, such as an induction melting, is limited by a high melting point of molybdenum (2623 °C). 
Decreasing of the melting point on the value of 1417 °C was reached by a preparation of the Ni-15Mo (wt.%) 
master alloy by plasma metallurgy. The master alloy was used as an input material for a preparation of the Ni-
7Al-14Mo (wt.%) alloy by an induction melting with a centrifugal casting. Castings of the Ni-7Al-14Mo alloy 
were directionally solidified in a resistance furnace working on the Bridgman method principle at the rates of 
20 and 50 mm/h and the constant thermal gradient of 75 °C/cm. All experimental alloys were examined by a 
chemical and structural analysis. A matrix of the master alloy was homogeneous without precipitates and 
formed by the MoNi8 phase. Matrixes of the casting and directionally solidified rods of the Ni-7Al-14Mo alloy 
consisted of the Ni3Al phase and the solid solution of aluminum in nickel, mutually arranged as a mesh. There 
were small precipitates rich in molybdenum situated along grain boundaries. A structure of the casting and the 
directionally solidified rods was polycrystalline, but the grains of the directionally solidified rods were oriented 
in a growth direction of solid-liquid interface. 

Keywords: Ni-7Al-14Mo alloy, Ni-15Mo alloy, plasma metallurgy, directional solidification, microstructure 

1. INTRODUCTION 

The Ni3Al intermetallic compound has the L12 type of structural lattice, which is a cause of increasing of 
strength characteristic together with a temperature up to 700 °C [1, 2]. Unfortunately, a polycrystalline Ni3Al is 
a very brittle material [3, 4]. Industrial materials for high-temperature applications can be obtained by an 
appropriate alloying and a preparation of the Ni3Al intermetallic compound. Molybdenum is used as an alloying 
element to increase strength of the Ni3Al-based alloys at room and high temperatures [5, 6]. Controlled 
conditions of alloy solidification lead to getting of a required microstructure type, eventually in a case of the 
polycrystalline structure, to grain orienting in a growth direction of solid-liquid interface [7, 8].  

The aim of a paper was a preparation of the Ni-15Mo master alloy and the Ni-7Al-14Mo alloy by appropriate 
metallurgical methods and their chemical and structural examination. The structures of the experimental alloys 
are compared with each other. 

2. EXPERIMENT 

The Ni-15Mo (wt.%) master alloy was prepared by a melting of pure components in protective argon 
atmosphere in a plasma furnace with horizontal crystallizer at VSB - TU Ostrava [9]. Ingots of the master alloy 
(Fig. 1a ) were used for a preparation of the Ni-7Al-14Mo (wt.%) alloy by an induction melting in argon 
atmosphere in the Supercast 13 device. Castings of the alloy (Fig. 1b ) were directionally solidified in the 
resistance furnace Clasic, working on principle of the Bridgman method, at the temperature of 1550 °C and 
the growth rates of solid-liquid interface of 20 and 50 mm/h.  
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Fig. 1a  Ingots of the Ni-15Mo (wt.%) master alloy 
prepared by a plasma metallurgy 

Fig. 1b  Castings of the Ni-7Al-14Mo (wt.%) alloy 
prepared by an induction melting 

Metallographic samples were prepared from the experimental alloys. The results of their chemical and 
structural analysis are published in the next chapter. 

3. RESULTS 

• Microstructure 

Microstructure of the experimental alloys was revealed by etching solution containing H2SO4, HNO3 and H3PO4 
in a ratio of 1:1:1. This etching solution preferentially etches the solid solution of aluminum in nickel. 
Microstructure was observed and photographically documented using the optical light microscope OLYMPUS 
GX51 equipped with a digital camera OLYMPUS DP12. 

Structure of the Ni-15Mo master alloy (Fig. 2a ) was homogeneous without precipitates and consisted of coarse 
grains of the MoNi8 phase. There were number of pores along grain boundaries and also inside grain areas. 
Casting of the Ni-7Al-14Mo alloy was formed by coarse grains with random orientation. A matrix of the casting 
consisted of two-phase areas formed by the Ni3Al phase (dendrites) and by the solid solution of aluminum in 
nickel (interdendritic space). A structure of directionally solidified rods of the Ni-7Al-14Mo alloy was 
polycrystalline. Coarse grains, oriented in a growth direction of solidus-liquidus interface, were formed by two 
phases - the Ni3Al phase and the solid solution of aluminum in nickel - mutually arranged as a mesh. Both 
rods, directionally solidified at the rates of 20 and 50 mm/h, had a dendritic structure (Fig. 2b ). There were 
small precipitates rich in molybdenum along the grain boundaries. 

  

Fig. 2a  Microstructure of the Ni-15Mo master alloy 
(lateral section) 

Fig. 2b  Microstructure of the Ni-7Al-14Mo alloy 
after directional solidification (lateral section, 50 

mm/h)  
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• Chemical composition 

Chemical analysis of the Ni-15Mo master alloy, carried out by the OES method using an optical emission 
spectrometer of metals SPECTROMAXx, confirmed a significant heterogeneity of composition in the direction 
of the longitudinal axis of the ingot from the Ni-11.9Mo to the Ni-15Mo (wt.%). The composition heterogeneity 
is a characteristic feature of materials prepared by plasma metallurgy and it can be removed by additional 
remelting of the Ni-15Mo ingot in a furnace with induction heating. Inhomogeneous composition of the master 
alloy is the reason, why the chemical composition of the Ni-7Al-14Mo casting did not correspond to the nominal 
composition, but it was the Ni-8Al-12.5Mo (wt.%). 

The EDS analysis was carried out using a scanning electron microscope QUANTA FEG 450 equipped with an 
EDAX probe APPOLO X. A chemical composition of the master alloy, determined by a surface EDS analysis, 
was the Ni-16.3Mo (wt.%) and of the casting was the Ni-8.4Al-13.5Mo (wt.%). 

A spot EDS analysis was focused on phase identification in the Ni-7Al-14Mo alloy (A matrix of the Ni-15Mo 
master alloy did not contain precipitates and a mesh in the Ni-7Al-14Mo casting was so fine (Fig. 3a ) that it 
could not be analyzed for a low resolving power of used electron microscope.) after directional solidification. 
There were three different phases for the spot EDS analysis - a matrix phase (point 1 in Fig. 3b ), a channel of 
the mesh (point 2 in Fig. 3b ) and a precipitate rich in molybdenum (point 3 in Fig. 3b ). The results of the spot 
EDS analysis are summarized in Table 1 . A matrix of the directionally solidified samples of the Ni-7Al-14Mo 
alloy was formed by round areas of the Ni3Al phase, which were surrounded by the narrow channels of the 
solid solution of aluminum in nickel. Both of these phases contained dissolved molybdenum. 

  

Fig. 3a  Microstructure of the Ni-7Al-14Mo casting 
(lateral section) 

Fig. 3b  Microstructure of the Ni-7Al-14Mo alloy 
after directional solidification (lateral section, 50 

mm/h) 

Table 1  The spot EDS analysis results of the Ni-7Al-14Mo alloy (wt.%) 

Element Point 1 Point 2 Point 3 

 50 mm/h 20 mm/h 50 mm/h 20 mm/h 50 mm/h 20 mm/h 

Al 10.59 ± 0.11 10.13 ± 0.04 3.61 ± 0.23 3.05 ± 0.0 4 2.62 ± 0.05 1.75 ± 0.04 

Mo 7.76 ± 0.38 8.47 ± 0.27 23.58 ± 0.96 23.05 ± 0.44 67.90 ± 0.13 69.28 ± 0.40 

Ni 81.65 ± 0.27 81.40 ± 0.23 72.81 ± 0.73 73.90 ± 0 .48 29.48 ± 0.17 28.97 ± 0.36 
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• Microhardness 

A microhardness measurement was carried out using a microhardness tester FM - 100 equipped with a control 
unit FM - ARS - 900, working on a principle of Vickers method. A polished surface of every metallographic 
sample was twenty times subjected by an indentor at the load of 50 g for the time of 7 s. The results of the 
measurements are listed in Table 2 . 

Table 2  The microhardness measurements results of the Ni-15Mo master alloy and the Ni-7Al-14Mo alloy 

Composition (wt. %) Preparation Conditions HV0.05 (-) 

Ni-15Mo plasma melting - 224.01 ± 15.47 

Ni-7Al-14Mo 

induction melting - 422.03 ± 12.58 

directional solidification 
50 mm/h 348.65 ± 18.96 

20 mm/h 325.23 ± 16.44 

An average value of the HV0.05 microhardness of the Ni3Al-based alloys unalloyed with molybdenum ranges 
from 250 to 270 [10]. An obvious hardening can be explained by dissolving of molybdenum in the matrix of the 
Ni-7Al-14Mo alloy. It was achieved by using of the Ni-15Mo master alloy. Higher microhardness of the Ni-7Al-
14Mo casting is given by finer structure of the mesh and smaller grains and their random orientation. 

• Porosity 

Porosity was evaluated using a program for a quantitative image analysis AnalySIS auto. The measurement 
procedure of porosity is specified in the article [11]. Porosity of the experimental alloys was investigated in 
terms of statistics (Fig. 4a and 4b) and morphology (Fig. 5 ). 

 

Fig. 4a  Distribution of a pore diameter in the Ni-
15Mo master alloy and the Ni-7Al-14Mo casting 

Fig. 4b  Distribution of a pore diameter in the Ni-7Al-
14Mo alloys after directional solidification  

The Ni-15Mo master alloy contained the pores, of which diameter was from 1.5 to 9.6 µm. A distribution of 
these pores is exponential with a peak in the first class (1.5 - 2.4 µm), which contains 43 % of all identified 
pores (Fig. 4a ). The pores, of which diameter was from 1.5 to 5.1 µm, were found in the Ni-7Al-14Mo casting. 
A pore distribution of the casting is log-normal with a peak in the second class (2.4 - 3.3 µm). There are 50 % 
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of all identified pores in this class (Fig. 4a ). An average pore size identified in directionally solidified rods of 
the Ni-7Al-14Mo alloy was from 1.5 to 23.5 µm. A distribution of pore diameter in these samples was 
exponential with a peak in the first class (1.5 - 3.7 µm), in which are 33 % of all identified pores in the case of 
the sample directionally solidified at the rate of 20 mm/h and 44 % of all identified pores in the case of the 
sample directionally solidified at the rate of 50 mm/h (Fig. 4b ). 

Morphology of the pores identified in the experimental alloys is plotted in Fig. 5 as a dependence of shape 
factors [12]. Controlled solidification process positively affects the pore morphology, especially a regular pore 
shape. During uncontrolled solidification process, different manners of pore formation are occurred (e.g. gas 
dissolution, shrinkage etc.). Therefore, the pores in the Ni-15Mo master alloy and the Ni-7Al-14Mo casting are 
morphologically richer and their shape factors have lower value. 

 

Fig. 5  Pore morphology in the Ni-15Mo master alloy and the Ni-7Al-14Mo alloys  

Porosity related to the area of 382,389.84 µm2 is listed in Table 3  together with an average pore size. A 
minimum porosity was achieved in the alloys prepared by induction and plasma melting. Conversely, the 
porosity of the Ni-7Al-14Mo alloys after directional solidification is maximal and pores in these alloys are almost 
three times greater than in the Ni-7Al-14Mo casting. 

Table 3  The porosity measurement results of the Ni-15Mo master alloy and the Ni-7Al-14Mo alloys 

Composition (wt.%) Preparation Conditions P (%) d (µm) 

Ni-15Mo plasma melting - 0.0385 ± 0.0139 4.53 

Ni-7Al-14Mo 

induction melting - 0.0065 ± 0.0034 4.69 

directional solidification 
50 mm/h 0.1193 ± 0.0464 13.37 

20 mm/h 0.1334 ± 0.0395 12.73 

4. CONCLUSIONS 

The Ni-15Mo (wt.%) master alloy was prepared by plasma metallurgy process. A structure of the master alloy 
was homogeneous and formed by the MoNi8 phase. The master alloy was used for a preparation of the Ni-
7Al-14Mo (wt.%) alloy by an induction melting process. The positives of this progress are:  
(a) a dissolution of molybdenum charge,  
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(b) a decreasing of operating temperature,  
(c) a reduction of aluminum vaporization.  

After directional solidification of the Ni-7Al-14Mo castings, the final structure consisted of coarse grains 
oriented in a growth direction of solid-liquid interface. A matrix of directionally solidified samples was formed 
by small grains of the Ni3Al phase surrounded by channels of the solid solution of aluminum in nickel. There 
was dissolved molybdenum in the both phases. In addition, phases rich in molybdenum were situated along 
grain boundaries.  
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Abstract 

The metal foams are materials with great potential for use in various fields of industry. The pores created 
deliberately in the structure give them many exceptional properties; one of the most important features is the 
ability of energy absorption. In the experimental part the castings of metal foam with a regular internal structure 
were manufactured by simple foundry way (infiltration of metal into the cavity of the mold is filled preform). The 
samples made from porous material were subsequently tested in mechanical testing. For a comparison of 
experimental data 3D math ideal model (model with perfectly smooth wall) was created. The initial model was 
calculated by using an explicit dynamics, which is primarily used in areas of extreme deformation with a small 
increment of time, e.g. car crash tests. The based on these results it is concluded the opinion, whether it is a 
convenient time to continue in the optimization of metal walls on the way of simulation or it will be necessary 
to continue with creating of physical models and experiments. 

Keywords: Metal foam, mechanical testing, energy absorption, 3D modeling, deformation zone. 

1. INTRODUCTION 

Metal foams are metallic materials containing pores in their structure that are intentionally created. These 
materials may be formed for example of molten metal, metal powders, metal vapors or metal ions. Porosity 
may reach 30 % to 93 %. Depending on the manufacturing method and the material used can obtain a porous 
structure with different pore sizes and shapes and with different types of arrangements (regular or stochastic). 
Compared with polymeric foams is their rigidity higher order. They are also stable at higher temperatures, are 
non-combustible and fire from them does not emit toxic gases. The important fact is that they are relatively 
easily recyclable compared to polymers or ceramics [1, 2, 3]. 

2. CHARACTERISTICS AND APPLICATIONS 

Among the important properties of metallic foams are low density and high rigidity along with high energy 
absorption capability. Thanks to these unique characteristics, the metal foams are used in many different areas 
of human activity - e.g. construction, automotive, aerospace, medical, etc. Absorption (damping) energy: it 
uses the ability of this type of material to deform under pressure and to absorb, in a relatively small volume [4, 
5, 6]. This property may be used in case of traffic accident (Fig. 1 ) [7]. 

   

Fig. 1  Example of the use of foam in the bumper [7] 
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3. FOUNDRY PRODUCTION METHODS 

3.1. Infiltration of the metal into the mold cavity  filled with the preform 

Foundry technology of production of metal foams with regular internal structure (Fig. 2 ), whose principle 
consists in this case on metal infiltration into the mold cavity filled with preform, has been designed and tested 
in laboratory, pilot plant conditions on VSB - TU Ostrava and operating conditions in Slévárna a modelárna 
Nové Ransko s.r.o. 

 

Fig. 2  Scheme of casting methods of production of metal foams 

Regular arrangement of the pores may be achieved by using blanks of different shapes, which fill the mold 
cavity. The blank - preform - with a regular cell structure is placed in the mold cavity and casted by molten 
metal. In our case, cores were made with polyurethane cold box technology, which is based on a two-
component binder system and constitutes a suitable method for the production and thus geometrically complex 
shape preforms. Gradually produced cores were subsequently assembled into one unit to form the preform 
(Fig. 3 ), which is the negative of regular internal cavities of the casting (metal foam). The resulting cast (Fig. 4 ) 
is characterized by a regular arrangement of internal cavities and a rigid surface layer. The cast material was 
aluminum alloy (AlSi10MgMn, CSN 424331). The porosity of such castings is 50%. From these castings 
samples for the pressure test were made (Fig. 5 ). 

   

Fig. 3  Core (preform) composed of 
five layers of cells 

Fig. 4  Metal foam with a 
regular arrangement of internal 

cells 

Fig. 5  The sample for the 
pressure test 
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4. EXPERIMENTAL 

4.1. Evaluation of selected mechanical properties o f real castings 

For the purpose of evaluating of mechanical properties of casting (metal foams) with a regular inner structure 
experimental works were made. These experimental works were based on pressure tests in real castings. 
Pressure tests were carried out on a Zwick Z600 device (Vítkovice Testing Center, s.r.o.) at a constant 
crosshead displacement rate of 10 mm / min. The resulting values are listed in Table 1 . The course of the 
pressure curves of the samples of material AlSi10MgMn (ČSN 42 4331) is apparent from Fig. 6. In this case 
the maximum peak value of the deformation work (2197 J) obtained in sample no. 6 (Fig. 6 ). 

Table 1  Conditions pressure tests and results 

Sample 
number Material 

Size [mm] 
(HxWxD) 

Max. compressive force 
Fmax [kN] 

Max. deformation 
[mm] 

Deformation work 
W [J] 

1 AlSi10MgMn 31x47x65 69.88 27.70 1255.20 

2 AlSi10MgMn 32x47x65 87.48 31.20 1939.90 

3 AlSi10MgMn 31x47x65 82.70 33.80 2115.10 

4 AlSi10MgMn 30x47x66 59.76 28.50 1116.20 

5 AlSi10MgMn 31x48x64 86.56 26.20 1686.70 

6 AlSi10MgMn 31x48x65 87.09 36.50 2197.00 

4.2. Pressure test and calculation of deformation w ork 

To verify the ability of the metal foam to absorb energy the deformation test (pressure test) was made. The 
ability of a material to absorb energy can be determined by evaluating the curve of stress - strain. Depiction of 
such a curve is on (Fig. 7 ) on the left. On the curve we can indicate three sections: the first corresponds to the 
linear elastic deformation of the sample, at the end of this section; the tip may be occurred. The second section 
shows the deformation at a constant strain and the third one extends a sharp increase of strain due to 
hardening of the material by deformation. There are the following requirements for materials intended to absorb 
impact energy: the first peak on the graph should be as low as possible and the section no. 2 should be long 
and preferably without fluctuations. The energy absorbed by a unit volume of the material corresponds to the 
area under the curve of the stress - strain (Fig. 7 , right) [8, 9]. The calculation procedure was chosen according 
to the authors of the article [10]. 

 

Fig. 6  The course of the pressure curve material AlSi10, deformation work 2197 J 
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Fig. 7  The curve of stress - strain in the pressure tests [8, 9]. 

4.3. Evaluation of selected mechanical properties o f a mathematical model 

4.3.1. Generation of a 3D model 

Mathematical model was created by the Design Modeler modulus of the program environment Ansys 14.5. For 
convenient and quick creation of the 3D model, perfect spheres with a diameter of 10 mm were used. 

Explicit dynamics is a powerful tool where the solution fails in the fields of non-linearities. However, these 
positives are being undermined by long calculation times and demanding on a computer hardware. Therefore, 
for a start ball with absolutely perfect shape was chosen including an absolutely smooth surface. Three-
dimensional mesh of balls was created by array and an inverse volume was drafted for a final researched 
model, Fig. 8 . 

 
Fig. 8  Model of the steel foam 

Material properties for classical aluminum were used from the program database Ansys 14.5. Model is 
determined by bilinear isotropic description, Fig. 9 . Other material parameters are given in Table 2 . 

Table 2  Material properties of classical aluminum 

Density [kg/m3] 
Young´s modulus 

[MPa] 
Poisson´s constant 

[-] 
Yield stress [MPa] 

Tangent 
modulus [MPa] 

2770 71000 0.33 280 500 
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Fig. 9  Bilinear isotropic description of classical aluminum 

4.3.2. Boundary Conditions 

The model was meshed by using tetrahedr´s elements only. The total number of nodes was approx. 35000 
and approx. 147000 elements, Fig. 10 . 

  
Fig.  10 Mesh Fig.  11 Boundary conditions 

Boundary condition of perfect restraint was chosen on the base model. The experimental model was 
compressed at a rate 10 mm / min, and therefore boundary condition displacement was chosen instead. 
However, after the experiences of a previous analyzes was chosen equivalent to 40 mm displacement 
condition for 4 seconds. Generally displacement boundary conditions have a good influence on a convergence 
calculation. Fig. 11  shows on a left side the boundary condition of perfect restrained and on the right side the 
displacement. 

The calculation was set at 4 seconds total time. The initial time step was elected 1·10-5 s. The maximum and 
minimum time step was chosen automatically by the program. The energy error was originally set to 0.1. 
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5. RESULTS 

Time-step of a calculation was selected by the program 1.7·10-8 s. Thus the results are interpreted in the time 
at 2·10-3 s, or after 24 hours of counting on an ordinary PC. If the computing time values would be extrapolated, 
we would get the total calculation takes about 80 days. The calculation was terminated prematurely. Fig. 12 
shows the results HMH equivalent stress and displacement. 

 

Fig. 12  Results of the HMH equivalent stress (left side) and the total displacement (right side) 

Energy conservation is a measure of the quality of an explicit dynamic simulation. Bad energy conservation 
usually implies a less than optimal model definition. This parameter allows you to automatically stop the 
solution if the energy conservation becomes poor. Enter a fraction of the total system energy at the reference 
cycle at which you want the simulation to stop. For example, the default value of 0.1 will  cause the simulation 
to stop if the energy error exceeds 10% of the energy at the reference cycle.        

Reference Energy Cycle is the cycle at which you want the solver to calculate the reference energy, against 
which it will calculate the energy error. Usually this will be the start cycle (cycle = 0) 

When performing an explicit dynamics analysis with reduced integration elements, it is always important to 
determine whether hourglassing effects have significantly degraded the results. As a general guideline, the 
hourglassing energy should not exceed 10% of the internal energy. Hourglass energy is dependent on the 
deformation of the mesh during a calculation. 

The global energy is accounted as follows: 

Reference Energy = [Internal Energy + Kinetic Energy + Hourglass Energy] at the reference cycle       

Current Energy = [Internal Energy + Kinetic Energy + Hourglass Energy] at the current cycle 

Work Done = Work done by constraints + Work done by loads + Work done by body forces + Energy removed 
from system by element erosion + Work done by contact penalty forces 

Energy error = (|Current Energy - Reference Energy - Work Done|) / (max (|Current Energy|, |Reference 
Energy|, |Kinetic Energy|) 

The Total Energy is ideally must be equal to the Work Done, then Error Energy shall be zero. 

Fig. 13  shows the curve of the total energy (violet), the work done (green), energy error (red) and reference 
energy (blue). The total energy overlaps with the work done. At time 2·10-3 s value of the work done is 83 mJ. 
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Fig. 13  Energy conservation 

6. CONCLUSION 

Six castings (metal foams) of aluminum alloy AlSi10MgMn (CSN 42 4331) with a regular arrangement of 
internal voids spherical shape were made. These castings (resp. Samples from them) were tested on 
mechanical properties. One of the important properties of this material is the ability to absorb energy, which 
can be evaluated on the basis of the course of the stress - strain curve. For these reasons, the pressure tests 
were conducted on the prepared samples. The maximal value of energy absorption was 2197 J, which can be 
defined as the maximum deformation work. 

A mathematical model was calculated using explicit dynamics, which is suitable for extreme deformation with 
a small increment of time, such as crash tests. The final value has not yet been achieved due to high demands 
on hardware and associated high time demands. 

If we compare the computational time and the time needed to produce an experimental model, we find that it 
still pays to measure an experiment casts. If we used a super computer to solve these computationally 
intensive tasks, we would be able to choose the option mathematical and thus monetary less demanding. 
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Abstract   

Platinum have become a metal, which is today necessary for every new car production due to its catalytic role, 
mainly reduction of toxic gases. Prices and demand for platinum are shown as well as the possibilities of 
recovery this metal from secondary materials, especially spent auto catalyst. Paper presents the short review 
of platinum production from primary materials - the kind of ores, places where platinum is mined. However, 
resources of primary platinum are limited and quickly depleted. Platinum is also received from by-product 
obtained from the treatment process of other metals such as copper or nickel and these methods are also 
shortly shown. Finally, to meet the future demand and protect the platinum resources the hydrometallurgical, 
pyrometallurgical and even biometallurgical processes of platinum recovery from different waste e.g. electronic 
scrap, spent catalyst are counted and briefly characterized. The main focus was given on the spent auto 
catalyst - the general way of platinum recovery was given in more detail. 

Keywords: Platinum, production, recovery, spent catalyst 

1. INTRODUCTION 

Platinum was brought form America to Europe in 1750. In those times people regarded this metal as a poor 
variety of silver. What is more interesting also the price of platinum was very low comparing to present days - 
see Table 1 ).  

Table 1 Prices of platinum [1, 2] 

Year 1880 1900 1930 1960 1990 2000 2010 2011 2012 2013 2014 

Price (US$ / kg) 129 193 1415 2675 15013 17491 51730 55359 49881 47805 44551 

It is not possible to imagine the today’s world without the platinum. The main application of this metal is in car 
industry. All newly produced cars should be equipped with the catalyst in which the catalytic role plays, among 
other metals such as palladium and rhodium, platinum. There are many platinum-base catalyst e.g. Pt-Rh or 
Pt-Pd-Rh alloys for catalytic oxidation of ammonia to nitrogen oxide by air, Pt gauze catalyst for oxidation of 
ammonia to produce nitric acid, Pt/Rh bimetallic catalyst for catalytic reforming to upgrade the low octane 
naphtha to higher octane aromatic hydrocarbons, bimetallic Pt-Cu catalyst for nitrate reduction, Pt-Co catalyst 
for Fischer-Tropsch process to produce hydrocarbons from synthesis gas [3]. Apart from catalytic application 
platinum is also used in electric and chemical industry, jewellery, glass and also as investments - see Table 2 .  

Table 2 Demand for platinum in Mg taking into account the application [4]  

Year Catalyst Chemical industry Electric industry Glass Investments Jewellery Others Total sum 

2010 95.6 13.7 7.2 12.0 20.4 75.3 21.8 246.0 

2011 99.1 14.6 7.2 16.0 14.3 77.0 23.7 251.9 

2012 99.2 14.0 5.1 5.0 14.2 86.5 25.8 249.8 

2013 97.2 16.8 6.4 7.3 23.8 85.2 25.2 261.9 

Platinum is mainly produced in South Africa in the amount of 130,000,000 kg, which provides 70% of this metal 
production, the second place belongs to Russia (20,000,000 kg), whereas the third and other places to 
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Zimbabwe, USA and Canada (several thousand hundreds of kg). Table 3  shows the classification of PGM 
(platinum group metals) ores. Different platinum deposits or ores should be treated using different methods of 
receiving taking into account their mineralogical features and many other factors. Generally, platinum ores are 
divided into those which are prone to gravity separation, flotation and those where platinum is by-products of 
base metal sulphides (Cu or Ni). Small amount of platinum (some grams in 1,000 kg of ore) and the big depth, 
from which this ore should be mined cause that the average cost of mining is really high [6]. 

Table 3 Classification of PGM (platinum group metals) ores types and their characteristics [5]  

Ore  Types / class Characteristics 

PGM 
dominant 

Type: Merensky, placer, 
chromite, dunite pipes 

Exploited mainly for their PGMs content due to economic importance; 
associated metals such as Cu, Ni and Co are produced as by-products. 

Ni-Cu 
dominant 

Class: I to IV and other Mined mainly for the value of Ni and Cu; PGMs are recovered as by-
products; the economic importance of PGMs in these ores is minor. 

Miscellaneous 
ore 

Porphyry Cu ore, Cu-Mo 
ore carbonatite ore, Ni 
laterites, black shales 

Contain low level of PGMs compared to the previous two types of ores; 
the value of PGMs is little or no economic advantage compared to the 
primary product. 

Platinum can be also obtained as a by-product from copper, nickel and sometimes lead production. In the 
electrorefining process of copper the platinum and other precious metals go to the slime. After many 
technological stages it is possible to obtain silver from this slime, then gold and at the end also Pt-Pd slime 
(Table 4 ); which in this form is sold (in Poland in KGHM) or purified to separate palladium and platinum. 

Table 4 The chemical composition of Pt-Pd slime coming from copper electrorefining process [7] 

Element Pt Pd Au Bi Se Te Sb H2O 

Content (wt.%) 25-40 15-30 2-12 2-20 2-15 3-7 0.2-0.4 1-5 

The prices of platinum and its limited resources cause that very often, if it is possible, platinum in cars is 
replaced by cheaper palladium (this can be observed in the case of cars with petrol engine). However, platinum 
in the nearest some years and even some decades will be still playing catalytic function in cars. Thus, the 
more and more important have become platinum recovery from waste. Although, analyzing the data from 
Table 5  it can be stated that the amount of recovered platinum is still too low comparing to market demand. 
Therefore, in the nearest years the new methods for platinum recovery should be appeared and many 
companies will be encouraged to this recovery. In the article the most important methods, which are known 
and applied, are shortly presented and characterized.  

Table 5 Comparison of platinum recovery from spent auto catalyst and the demand for this metal needed for  
   catalyst production in year 2009-2013 [4]  

Year 2009 2010 2011 2012 2013 

Demand for the production of the auto catalyst (kg) 68,000 95,600 99,100 99,200 97,200 

Recovery from spent auto catalyst (kg) 25,800 33,700 38,600 35,100 39,700 

2. RECOVERY OF PALTINUM FROM SPENT CATALYST 

Table 6 presents the methods of treating spent catalyst to recovery platinum. Firstly, the material should be 
homogenized to estimate the level of platinum. When the level of platinum is lower than 30%, the material 
should be concentrated. The choice of method depends on the chemical composition of treated material. After 
concentration, platinum is dissolved and then isolated and separated from other precious metals. 
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Table 6 Processes of spent catalysts treatment to recover platinum [3, 8, 9] 

Catalyst Characteristics 

Catalyst from fuels 
reforming:  

Pt/Re/Al2O3  

Pt/Ir/Al2O3  

Fe/Pt/Re/Al2O3  

Fe/Pt/Ir/Al2O3  

Pt/Al2O3 

 

Catalyst carriers are dissolved in oxalic acid with ammonium oxalate as a buffered solution 
(pH=3).  

Catalyst carriers are dissolved in aqua regia and NH4Cl, then (NH4)2PtCl6 is precipitated, 
which is further decomposed in the temperature 1073 - 1173 K into platinum black. 

Catalyst carriers are dissolved in aqua regia, concentrated solution is treated with NaCl 
saturated solution to obtain pH = 1-1.4 and to conduct ion exchange; obtained solution is 
treated with 25% NH4OH solution (pH=9) to get ammonia salts, which are reduced by 
hydrated hydrazine; after filtration powder Pt-Rh is washed by water and dried in the 
temperature 383 K. 

Pt/Re/Al2O3 catalyst carriers are roasted, then dissolved in hot H2SO4 to separate Re and 
the majority of Al2O3; obtained solution with Pt is purified. 

Catalyst carriers containing Fe are leached by chlorides solution with addition of HNO3, then 
reduced with powdered iron; obtained precious metals are dissolved in HCl and chosen 
oxidative compound (Cl2, H2O2, O2); Pt is extracted from the solution using 
tributylphosphate. 

Pt gauze dust Catalyst carriers with 13.7% Pt are refluxed with aqua regia for 1.5 hour to solubilize Pt; Pt 
is separated using trioctylamine and recovered by precipitation, 95.5% of Pt is achieved. 

Pt/Rh bimetallic 
reforming catalyst 

Catalyst carriers are refluxed with aqua regia at liquid to solid ratio 5; process is conducted 
during 2.5 hours; more than 95% of Pt and Rh is recovered. 

Fischer-Tropsch catalyst Catalyst carriers are dissolved in acidic and alkaline solutions and aqua regia; calcinations 
is conducted in 1073 K to remove wax; then different leaching agents are used to recover 
Co, Al and Pt; 89% Al is dissolved in NaOH; Co and Pt is then leached by acid-aqua regia 
or alkali pressure leaching-aqua regia; the solution could be used for production of Pt 
sponge or Pt salt. 

Catalyst from production 
of hydroxylamine sulfate 

Pt-C 

Catalyst carrier are incinerated by the current of 2500 W power; the ash is dissolved in aqua 
regia during 1 hour in the temperature 353 K; the obtained platinum is again used for the 
production of Pt-C catalysts, the recovery level is higher than 95% of platinum. 

Catalysts from naphtha 
reforming 

Platinum is extracted by blowing the catalyst carriers with vapours of carbon chloride using 
air or nitrogen as a protection, the recovery level is 95% of platinum. 

3. RECOVERY OF PLATINUM FROM ELECTRONIC WASTE 

Electronic waste (like cell phones, calculators, printed circuit board scraps, e.g.) has become more and more 
interesting material due to the fact of containing many precious metals such as gold, silver, platinum and 
palladium. Today there are many methods available worldwide to recover all these metals - see Table 7 .  
Pyrometallurgical processes are based on: incineration, smelting in blast furnace, drossing, sintering, melting 
at high temperatures. Generally, the crushed scrap is melted in furnace to separate alloys containing all 
precious metals from slag with all impurities. Ceramic parts of the scrap increase the amount of creating slag 
and as a consequence the loss of precious metals from the scrap. It is possible to use the organic substitutes 
such as plastic to reduce the energy cost, but only at the beginning. The pyrometallurgy is applied only for 
separating precious metals and metal collector from ceramic parts; then electrochemical or hydrometallurgical 
processes are needed. Hydrometallurgical processes are based on a series of acid or caustic leaching of solid 
material. The obtained solutions are then separated and purified in order to get the platinum and other precious 
metals by means of precipitation of impurities, solvent extraction, adsorption and ion-exchange to isolate and 
concentrate the metals of interest. Applying biotechnologies to recover metals from waste has become at 
present the most promising technologies. Two main methods are applied: bioleaching and biosorption. 
Bioleaching is used to recover metals from metallic sulfides. However, this method is today used only for 
recovery copper and gold for the industrial scale. Biosorption is based on interaction between the groups of 
microorganisms such as algae, bacteria, yeasts, fungi and ions in solution. Living as well as dead organisms 
can be used. The main advantages of the process are low operating costs and minimization of the chemical 
and/or biological sludge volume.  
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Table 7 Processes of electronic waste treatment to recover platinum [10-11] 

Method / process Characteristics 

Pyrometallurgical methods 

Noranda process 
(Quebec, Canada) 

Process used for simultaneous treatment of copper concentrates and electronic waste (about 
100,000,000 kg per year - 14% of total throughput); materials, which enter the furnace, are 
immersed in molten metal (1523 K) and blown by air (enriched with oxygen - 39%); combustion 
of plastics and other flammable materials helps to reduce energy cost; impurities such as Fe, 
Pb, Zn are converted into oxides creating slag; Cu matte contains precious metals including Pt, 
then it is transported to the converters; obtained blister copper (99.1 % Cu and 0.9 % Pt, Pd, Au, 
Ag, Se, Te, Ni) is electrorefined; Pt goes to the slime, from which is separated. 

Boliden technology 
(Rönnskår, 
Sweden) 

Possibilities of processing 100,000,000 kg of scrap (including electronic) every year; scrap 
containing high level of copper is introduced directly into converting process; whereas low grade 
e-waste goes into Kaldo furnace; charge with electronic waste and lead concentrates is 
introduced into the Kaldo furnace, everything is blown by oxygen, as a consequence the alloy of 
copper (which is then converted to recover metals like Cu, Ag, Au, Pd, Pt, Ni, Se, Zn) and the 
dusts (which is then processing to recover Pb, Sb, In and Cd) are obtained. 

Umicore 
technology 
(Hoboken, 
Belgium) 

In this technology it is possible to process waste such as: by-products from nonferrous industries 
(e.g. drosses, mattes, speiss, anode slimes), precious metals bullions, spent industrial and auto 
catalysts, printed circuit boards; the plant treats 250,000,000 kg of different waste every year 
(including 10% of electronic waste); the first stage is smelting in IsaSmelt furnace; plastics or 
other organic substances from the charge allow to reduce the energy costs; precious metals 
including Pt go to the copper alloy, which then is leached and electrorefined; other metals go to 
the lead slag, which further is treated in the lead refinery (Harris process). 

F.G. Day’s patent  
Patent for treating refractory ceramic precious metals scraps; scrap is melted in the plasma arc 
furnace at the temperature higher than 1673 K; as a result the alloy containing metal collector 
(mainly Cu or Ag) and precious metals is obtained as well as slag containing ceramic residues. 

S. Aleksandrovich, 
E. Nicolaevich, E. 
Ivanovich`s patent 

Patent for recovery of precious group metals and gold from electronic scraps - scrap is fused 
together with carbon as a reducing agent; the melted materials is then settled and cooled, 
solidified and finally precious metals and gold separated. 

Hydrometallurgical methods 

Cyanide  
leaching 

Maximum dissolution of gold, silver, palladium and platinum in cyanide solution can be obtained 
when pH equals 10-10.5; the order of activity for noble metals is the following: Au>Ag>Pd>Pt; 
because of the negative effect on environment some substitute are used instead of cyanide, the 
most effective are thiourea and thiosulfate. 

Halide  
leaching 

From halide only chlorine/chloride is used industrially on a big scale; the process is optimal at: 
low pH, high chloride and chlorine levels, increased temperatures, high surface areas; the main 
medium for dissolving Au and Pt is aqua regia; chloride leaching is more difficult to apply than 
cyanide extraction, because chlorine is poisonous and must be controlled to avoid health risk. 

Thiourea  
leaching 

Thiourea (NH2)2CS dissolves metals in the form of cationic complex; reaction in acidic conditions 
is rather rapid; results are promising, however it is more expensive than cyanide and additionally 
thiourea consumption is high. 

Thiosulfate  
leaching 

Thiosulfate  S2O32- dissolves metals in the presence of cupric ions as a catalyst; pH of 9-10 is 
generally preferred; the main disadvantages of the process are: high consumption of reagent 
during extraction, slow process, problem with separation precious metals. 

Recovery of metals 
from solutions 
obtained as a 

results of leaching 

• By cementation - mainly Zn is used at pH = 8-11. 
• By solvent extraction - organophosphorus derivatives, guanidine derivations and mixture of 

aminesorganophosphorous derivatives (TBP, DBBP, Cyanex 921, LX 79) are used as an 
extractants; Cyanex 921 is the most common used to recover gold, silver or platinum. 

• By activated carbon - 2 methods are used: CIP (carbon-in-pulp) and CIL (carbon-in-leach). 
• By ion exchange - using ion exchange resins such as: IEX, Dowex G51, Dowex 21K and 

amberlite IRA-410, these resins contain small amount of ammonium, two methods are applied: 
RIP (resin-in-pulp) or RIL (resin-in-leach). 

Biometallurgical methods 

Biosorption 
Biosorbents are prepared from the naturally abundant and/or waste biomass of algae, fungi or 
bacteria; biosorption by chitosan derivatives provides an alternative for recovery of precious 
metals from solution  - relatively higher adsorption capacities was obtained for Au3+, Pt4+, Pd2+; 
different adsorbents are used for platinum recovery: bacteria Desulfovibrio desulfuricans 
(pH=2.0), Desulfovibrio fructosivorans (pH=2.0), Desulfovibrio vulgaris (pH=2.0); proteins 
Lysozyme, Bovine serum albumin (BSA), Ovalbumin; others Bayberry tannin immobilized 
collagen fiber (BTICF) membrane (pH=3.0), Thiourea derivative of chitosan (TGC) (pH=2), 
Glutaraldehyde crosslinked chitosan (GC) (pH=2), Chitosan derivatives (pH=2.0). 
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4. RECOVERY OF PLATINUM FROM SPENT AUTO CATALYST 

Because the lifetime of catalyst is limited; so it should be periodically regenerated and after some working time, 
changed. As a consequence all spent auto catalysts are treated using pyro- or hydrometallurgical methods to 
recover precious metals, especially platinum. The first step is to collect and dismantle catalyst, and then it is 
necessary to know the chemical composition in order to determine the level of platinum. Some catalyst carriers 
contain high level of platinum; they can be used as a complete unit in some methods. Catalyst carriers with 
medium or small platinum level can be milled and homogenized. If platinum level is lower than 30%, the 
thickening operation is applied. There are many pyrometallurgical, hydrometallurgical and mixed methods - 
see Table 8 . All of the applied methods have some advantages and disadvantages. In hydrometallurgical 
method catalyst carrier is dissolved in water solution of chlorides, chlorates, chlorine, hydrogen peroxide, 
bromates, nitrates and aqua regia - as a result platinum and other precious metals go into chloride complexes 
(MCl62-). The concentration of platinum and other PGM metals in such solutions is small. Thus, the process of 
concentration of the solution is needed and then PGM metals extraction and separation. The main 
disadvantage of these methods is creating many liquid wastes which become the potential threat to the natural 
environment. In pyrometallurgial methods catalyst carrier is grinded and melted with the addition of other metal 
in solid or vapour state which is treated as a metal collector - see Fig. 1 . As a consequence platinum and other 
PGM metals go to the alloy, whereas a ceramic part of the carrier creates slag, which is separated and 
becomes a waste. These methods are really interesting, because there is no liquid waste and obtained alloy 
contains high concentration of platinum and other precious metals. However, to obtain pure platinum still 
hydrometallurgical method is needed.  

Table 8 Processes of spent auto catalysts treatment to recover platinum [8, 12, 13] 

Method Characteristics 
Rose method Grinded catalyst is melted with CuO, FeO, coke, lime and silica in electric furnace; PGM 

metals including Pt are extracted from molten Cu, ceramic carrier goes to the slag; obtained 
product contains 75% of metals and goes to refining process. 

Melting method Catalysts are melted with iron in temperature higher than 2273 K, slag from metallic phase 
is separated due to the difference between its density; obtained metallic phase is leached in 
H2SO4; consequently iron is removed from the platinum solution; in lower temperature other 
metals can be used to collect Pt; then the obtained slag is less aggressive. 

Methods based on 
blowing metal vapours 

Grinded or whole catalyst is blown by gaseous vapours of Cu, Mg, Ca; as a result alloy of 
metal collector with PGM metals and slag are obtained and separated; obtained alloy should 
be purified to obtain pure Pt. 

Metal collector method Grinded or whole catalyst is melted with metal collector such as copper, magnesium, calcium; 
as a result alloy of metal collector (Cu, Mg, Ca) with PGM metals and slag are obtained and 
easily separated; the obtained alloy can be refined electrolytically,  Pt goes to the slime, 
whereas copper splits on cathode. 

Aqua regia method Catalyst is dissolved in aqua regia; H2PtCl6 is obtained and precipitated by Al/Zn powder; 
additionally a lot of liquid waste is produced; platinum should be separated from the solution 
by purification process. 

Chlorination Catalyst is chlorinated in high temperature (higher than 1473 K) to evaporate the metallic 
fraction; a lot of waste is created - chlorine is dangerous to environment. 

Cyanide extraction Expensive method, which is based on leaching catalyst using sodium cyanide under 
pressure at temperature 393-453 K; cyanides are dangerous to environment. 

Segregation method Grinding process used the small addition of KCl and NaCl, then heating is applied to 
concentrate the solution; as a consequence a part of solution is evaporated; during the Pt 
extraction oxygen blow is used; a lot of liquid waste is produced, solution has relatively low 
level of Pt concentration, so it must be concentrated. 

5. SUMMARY 

Today almost half of produced platinum is used for the production of catalyst, especially auto catalyst. Natural 
resources of platinum are rather limited and not sufficient taking into account increasing demand. Additionally, 
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the process of obtaining platinum from ores is very complicated, costly and during it a lot of solid and liquid 
waste is created. Platinum can be also obtained as a by-product from copper, nickel and lead production. 
However, the most promising have become recovery of platinum from spent materials such as industrial and 
auto catalyst and electronic waste. The process is very beneficial because it limits the amount of disposed 
wastes, saves the natural resources and limits the energy consumption. Additionally, pollution emitted during 
recycling is lower than during production from primary raw material. High purity of recovered metal allows use 
it again and does not cause any financial problems. 
 

a. b.   c.  

Fig. 1 Recovery of platinum from spent auto catalyst: a) metal collector method, b) electrorefining process of 
copper alloy with platinum, c) scheme of purification/separation of particular PGM metals [12, 14-16] 
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Abstract 

Mechanical alloying (MA) of light metal powders with addition of other metal-oxides is a very promising method 
for production of high strength metallic composites. Of particular interest are the aluminum matrix composites 
reinforced by heavy metal oxides (MeO), which cannot be produced by means of common metallurgical 
processes due to the high reactivity of components.  In this work, mechanical alloying and hot extrusion method 
was used to manufacture Al-based composite reinforced by 12.8 wt.% addition of AgO. Structure observations 
of as extruded Al-AgO composite revealed well-consolidated material having nanoscale structure. Annealing 
experiments were performed to test the material thermal stability and to analyze the effect of chemical reaction 
between components on the material structure. The annealing of as extruded samples at 773 K results in the 
reduction of the materials hardness from 178 HV to 120 HV for as-extruded material and sample annealed for 
7 days, respectively. Received results are discussed on the basis of SEM and TEM observations, which have 
revealed specific structural processes responsible for the material hardness vs. annealing time reduction.  

Keywords: Mechanical alloying, aluminum composite, powder metallurgy, powder’s consolidation    

1. INTRODUCTION  

Manufacture of light metal-based composites is a competitive method for the production of high-strength 
materials with respect to common metallurgy technologies. The properties of composite materials such as: 
electrical conductivity, thermal expansion, mechanical properties, abrasion resistance, can be controlled by 
appropriate selection and refining of structural components resulting from used conditions of processing 
procedures. These materials are in wide demand of aviation and car industry [1]. Mechanical alloying (MA) 
gives the possibility of successful production of composites based on light-metal matrix such as aluminum, 
which are strengthened with fine metal-oxides particles. It is worth stressing that similar composites reinforced 
with heavy metal-oxide particles cannot be manufactured by means of a common metallurgy method because 
of high reactivity of their components. The light-metal matrix assures relatively low density and high strength 
of the product [2-8]. Technique of consolidation allows obtain solid material from different kinds of materials 
like powders, RS ribbons and metal chips [9-12]. Studies of structural and mechanical properties of 
mechanically alloyed Al-CeO2 and AlMg-CeO2 composites confirmed high strengthening effects and relatively 
high structural stability of the composite structure at 773K, in particular, for Al-CeO2 composite [2, 3]. Al-CeO2 
characterized by thermal stability during annealing at 773K. Development of Ce7O12 particles in as annealed 
samples was ascribed to the effect of chemical reaction in aluminum matrix. Material properties, which are 
related to the structural components morphology, depend on both heat treatment conditions and the composite 
system. Therefore, consecutive experiments, described below, were performed on mechanically alloyed Al-
AgO composite.  

2. EXPERIMENT 

Experiments were performed on mechanically alloyed aluminum-matrix composite reinforced with addition of 
12.8 wt.% silver oxide (AgO). The mixture of air-atomized powder of aluminum and high-purity AgO powders 
were milled using an Attritor ball mill with addition of methanol as the process control agent (PCA). The 
powders were milled under argon atmosphere in order to avoid the oxidation of powders and reduce the risk 
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of self-induced explosive reactions. Mechanically alloyed powders were then consolidated by cold pressing 
and vacuum degassing, followed by the hot extrusion at ~ 673. As a result, rods of 7 mm in diameter were 
received. Microstructural analyses were performed using Hitachi SU-70 scanning electron microscope (SEM) 
and JEOL JEM2010 transmission electron microscopy (TEM) equipped with X-ray energy disperse  analysis 
system (EDS). Samples for SEM were prepared by means of common metallographic technique. Thin foils for 
TEM were prepared using mechanical grinding and final ion-thinning with Gatan PIPS 691 machine. Hardness 
measurements were performed using Shimadzu hardness tester and an indenter load of 19,6N. Average 
hardness value was calculated for at least 10 measurement results. X-ray diffraction phase analysis (XRD) 
was carried out by means of Rigaku MiniFlex II diffractometer and Cu Kα1 radiation. 

3. RESULTS AND DISCUSSION 

SEM microstructure, of as extruded Al-AgO composite is shown in Fig. 1a to present a uniform distribution of 
reinforcements. Very-fined-grained material did not practically contain any voids or cracks.     

   

 

Fig. 1  Microstructure of as-extruded Al-AgO composite revealed by means of (a) SEM, (b) STEM and (c) 
TEM. EDS line analysis across the intermetallic particles is shown in (b). Results of EDS point analysis, 

performed at A and B, are shown in Table 1 . 

Table 1 Results of EDS analysis performed at particles marked A and B in Fig. 1c 
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Particle: 

Al Ag O 

wt.% at.% wt.% at.% wt.% at.% 

A 24.8 56.9 75.2 43.1 0 0 

B 14.6 40.7 85.4 59.3 0 0 

Low porosity of the composite resulted from well-performed mechanical consolidation of MA-powders at 
applied processing method. Preliminary identification of structural components in tested composite was 
performed by means of TEM/EDS analysis (Fig. 1b  and Fig. 1c ). The distribution of aluminum, silver and 
oxygen along the line marked on STEM image is shown Fig. 1b . Relatively dark particles revealed in Fig. 1b  
are enriched with silver and aluminum. More detailed analysis of such particles is based on EDS point analysis. 
The results of chemical analysis of the particles are shown in Table 1 . Particles marked A and B in the Fig. 1c  
were found to be a binary intermetallic compounds that consist of aluminum and silver that suggest the 
aluminum-silver phase development. Further identification of structural components is based on X-ray phase 
analysis as shown in Fig. 2 . The intensity peaks ascribed to Ag2Al phase are marked in this Fig. 2 . 

 

Fig. 2  X-ray diffraction analysis results for as extruded Al-AgO composite. Identified peaks of the 
intermetallic phase Ag2Al-type are marked in the figure. 

X-ray results revealed also typical peaks for aluminum matrix, however characteristic peaks for Ag-oxides were 
not detected (Fig. 2 ). Results described above lead to the conclusion that mechanical alloying and/or hot 
extrusion of the material at elevated temperature have induced chemical reaction between aluminum matrix 
and Ag-oxides. As a result, intermetallic Ag2Al-type grains at the stage of the composite manufacturing are 
observed. Similar effects are reported for composites reinforced with addition of CuO or Fe2O3 oxides [13]. 
Thermal stability of MeO-reinforcements significantly depends on the standard free energy of the component 

formation (∆Go). Metal oxides such as CuO, Fe2O3 are characterized by low ∆Go value, hence they are unstable 
in aluminum matrix. Formation of Me-aluminide as well as very-fine aluminum oxides due to solid state 
chemical reaction during and after mechanical alloying can also be detected.    

In order to determine the effect of temperature on the microstructure and the composite hardness, annealing 
tests at 773 K were performed. The effect of annealing time on the material hardness is shown in Fig. 3 . Initial 
hardness of as extruded composite is also marked in the figure for comparison. High hardness of the material 
results from fine-grained structure of the material. It is worth stressing that grain coarsening is practically 
retarded and very-fine structure of the sample annealed 7 days at 873 K is still retained (Fig. 4 ). A so, one 
may conclude that the hardness reduction during annealing can mostly depend on structural softening process 
such as recovery and local recrystallization of the matrix. Manufacturing conditions were favor for the 
development of chemical reaction between aluminum matrix and silver oxides. Therefore, intermetallic grains 
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Ag2Al were grown. However, fine intermetallic grains are less than 1 µm in diameter in spite of prolonged 
annealing time. It is worth mentioning that similar annealing conditions for Al-V2O5 MA composite were found 

to result in enormous coarsening of needle like Al10V grains up to ~80 µm in length [7].  

   

Fig. 3  Effect of annealing time on hardness of Al-AgO composite annealed at 773 K  

 

Fig. 4  SEM microstructure of Al-AgO sample annealed at 873 K for 7 days and element map distribution of 
silver, oxygen and aluminum 

0.2  1.2 
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CONCLUSIONS 

1) Hot extrusion of mechanically alloyed Al-AgO composite was found to be very convenient method for 
manufacturing of well-consolidated material. Very low porosity and highly refined structure resulted in 
high hardness of as extruded material (HV 178).  

2) Chemical reaction between AgO particles and aluminum matrix that was initiated during manufacturing 
procedures was found to result in a formation of aluminide intermetallic phase. Therefore, vey-fine Ag2Al 
particles were observed for both as extruded and annealed samples.  

3) Material hardness was found to decrease during annealing at 773 K. In spite of prolonged annealing 
time coarsening of the intermetallic phase was limited. Therefore, the material softening was ascribed 
to recovery of Al-matrix rather than Ag2Al particles coarsening. 
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Abstract 

Iron aluminides are one of the most attractive intermetallics for commercial applications due to their excellent 
corrosion resistance in combination with high specific strength. Proper design of thermomechanical 
parameters and precise control of the microstructural evolution are essential for successful processing of these 
alloys. This research evaluates the deformation behavior of P/M iron aluminide and discusses the importance 
of the processing parameters. Iron aluminide alloy powder was consolidated to full density by hot pressing. 
Cylindrical compression specimens were machined from the compacts and subjected to hot compression tests 
in order to characterize the material behavior under various thermomechanical conditions. Moreover, 
numerical simulations of the investigated alloy forging were performed. The boundary conditions for the 
simulations were prepared on the base of the experimental tests. Chosen results of the simulations were 
compared with the results of forging the investigated alloy performed in industrial conditions. The study showed 
good agreement of the experimental and numerical modeling results, what confirmed a proper design of the 
boundary conditions used in this study. 

Keywords: Iron aluminide, deformation behavior, microstructure, numerical modeling 

1. INTRODUCTION 

Iron aluminides have been of great interest over the last several decades for possible use as moderate to high 
temperature structural materials. These alloys are especially attractive, because they combine low density with 
good strength, excellent corrosion and oxidation resistance at elevated temperatures, a wide range of chemical 
stability, and relatively low costs [1]. The densities of these materials, ranging from about 5.4 - 6.7 g/cm3, are 
roughly 30 % lower than those of most commercial high-temperature structural materials such as superalloys 
and stainless steels offering better strength to weight ratios than these more conventional materials. Moreover, 
iron aluminides show strong resistance to catalytic coking, carburization, sulfidation, and wear. Despite the 
desirable properties mentioned above, FeAl alloys, like aluminide compounds in general, are known to have 
relatively high ductile-to-brittle transition temperatures (DBTT), on the order of half their melting point. This 
results in the limited ductility and toughness of these materials as one approaches ambient temperatures. 
Such limited ductility in the case of iron aluminides is thought to be the result of environmental embrittlement 
caused by the presence of moisture which, when it reacts with aluminum on the surface, causes the release 
of hydrogen. These limitations in ductility have greatly restricted the low-to-moderate temperature processing 
of these materials and subsequently, their general use to date. Thermal vacancies as well as yield anomaly of 
FeAl are also the reasons of such limited ductility of these alloys. Fracture behavior of hot processed cast 
FeAl-based intermetallic alloys have also been studied recently [2].  

The deformation behavior of cast FeAl alloy has recently been investigated [3]. The flow stress was found to 
be strongly dependent on temperature and strain rate. Moreover, considerable strain rate sensitivity of the 
investigated alloy has been reported in [4]. Powder metallurgy (P/M) processing of low density alloys provides 
many advantages over more traditional casting techniques [5, 6]. The room temperature mechanical properties 
of these alloys, particularly ductility and strength, are microstructure sensitive. In this respect, powder 
metallurgy methods are very promising, since much finer microstructures can be produced. Recent studies 
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have pointed out the importance of starting powder particle nature (particle shape, size or powder surface 
oxide content) in relation to the processing of P/M FeAl alloys [7, 8]. This research evaluates the possibility of 
FeAl alloys forging, with a special emphasis on the processing parameters. 

2. EXPERIMENTAL PROCEDURE 

-100/+325 mesh water atomized FeAl alloy powder (PM FeAl alloy) was used in this research. The chemical 
composition of FeAl powder is shown in Table 1. 

Table 1 Chemical composition (at.%) of FeAl alloy powder 

Al Zr Mo Si B C O Fe 

39.3 0.05 0.19 0.31 0.02 0.22 0.85 Bal. 

FeAl alloy powder was compacted to full density by hot pressing under an argon atmosphere at the 
temperature of 1100 °C. The density of the compacts was determined according to Archimedes method. Fig. 1  
shows FeAl alloy powder and the microstructure of powder compact. 

Cylindrical specimens with a height of 12 mm and a diameter of 8 mm were machined from powder compacts 
and used for compression tests at strain rates of 0.1 s-1 and 10 s-1 at 100 °C intervals over the temperature 
range of 700-1100 °C. Gleeble thermomechanical simulator was used for compression testing. The load vs. 
displacement data obtained from the experiments were converted into experimental true stress-true strain 
curves. The nature of the microstructure of the compact (Fig. 1b ), reflecting only the powder particle shape 
and size distribution, shows that hot compacting resulted only in densification without any further 
microstructural evolution.  

 

Fig. 1 FeAl alloy powder (a) and microstructure of FeAl alloy powder compact (b). 

Microstructures of the hot processed samples were observed at the center of longitudinally sectioned 
specimens (parallel to the axis of compression). Figures 2  and 3 below show respectively the microstructures 
of fully dense FeAl alloy powder compacts, deformed to a total true strain of 1, at a strain rate of 0.1 s-1 and  
10 s-1. 

As can be seen in Figs. 2b and 2c as well as in Figs. 3b and 3c, the microstructure of powder material 
samples, deformed at the temperature lower than 900 °C consists of elongated grains, characteristic of highly 
deformed and un-recrystallized material. Regardless of the processing strain rate, compression at the 
temperatures higher than 900 °C resulted in dynamic recrystallization with subsequent grain growth, more 
evident in the case of the samples deformed at lower strain rate. 
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Fig. 2 Evolution of the microstructure of PM FeAl alloy: powder compact (a) and powder compacts deformed 
in compression to a true strain of 1 at a strain rate of 0.1 s-1 at the temperature of: 700 °C (b), 800 °C (c), 900 

°C (d), 1000 °C (e), and 1100 °C (f) 

 

Fig. 3 Evolution of the microstructure of PM FeAl alloy: powder compact (a) and powder compacts deformed 
in compression to a true strain of 1 at a strain rate of 10 s-1 at the temperature of: 700 °C (b), 800 °C (c), 900 

°C (d), 1000 °C (e), and 1100 °C (f) 

3. INVERSE CALCULATIONS 

Identification of rheological parameters is based on the results of plastometric tests, such as axisymmetrical 
compression or plane strain compression. Loads measured and monitored during the tests as a function of the 
tool displacement are the input data for the inverse model described in detail in [9]. In this study the inverse 
method was applied to interpret the results of the axisymmetrical compression tests performed for FeAl alloy 
samples on a Gleeble 3800 thermomechanical simulator. Calculated by the inverse method true stress - true 
strain curves for PM FeAl are shown in Fig. 4 .  

 

Fig. 4 True stress - true strain curves for FeAl alloy powder compacts deformed in compression at a strain 
rate of 0.1 s-1 (a), and 10 s-1 (b) 
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All flow stress curves indicate a rapid increase in true stress at the very beginning of deformation. After 
reaching the peak flow stress, softening starts, indicating the development of the microstructure of the 
deformed materials. Microstructural observations confirmed that in the case of the investigated materials 
softening was connected with recovery (lower processing temperatures: 700 °C, 800 °C) and dynamic 
recrystallization (higher processing temperatures). 

Validation of the inverse analysis was performed next. Flow stress data in a tabular form were implemented in 
the FE code and all compression tests were simulated. Selected example of comparison of measured and 
calculated load is shown in Fig. 5 . Very good agreement between measurements and calculations was 
obtained for all the tests. 

 

Fig. 5 Load - displacement curves for PM FeAl alloy deformed in compression at a strain rate of 0.1 s-1 

4. NUMERICAL MODELING 

Numerical modeling of the investigated forging process was performed using Simufact.forming 8.0 software. 
Calculated by inverse method flow stress curves were applied to numerical simulations as one of the boundary 
conditions. Fig. 6  shows the geometry of the dies and forged workpiece. 

 

Fig. 6 Model of the forging dies and forged part 

The simulations revealed local increases of the effective strain rate in certain parts of the material forged at 
1100 °C (Fig. 7a ), which can cause local gradients of stresses leading to surface cracking of the forgings at 
certain stages of deformation. This observation was confirmed during forging tests in industrial conditions 
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performed at ATI ZKM in Stalowa Wola. The forging was performed on 1000 t crank press. P/M FeAl alloy 
billets were forged. An average ram speed of the forging press was 1 m/s. The billet was heated up to 1100 
°C in induction furnace, transferred from the furnace into the die cavity and then forged. The temperature of 
the dies and P/M FeAl alloy billet was constantly monitored using optical pyrometers. After processing, the 
forged part was cooled down to room temperature with forced air.  

Due to the characteristics of the crank press, the forging process was performed with relatively high strain rate, 
which caused surface cracks at certain areas of the forged at 1100 °C materials (Fig. 7b ). These areas - the 
areas of most intense material flow - were confirmed in the numerical simulations, what proved a proper 
selection of boundary conditions used in the simulations. 

 

Fig. 7 Strain rate distribution obtained from the simulation with revealed area of strain rate gradient (a) and 
surface crack in FeAl alloy part forged at 1100 °C (b) 

Further simulations were performed to determine proper thermomechanical parameters of FeAl alloy forging. 
The simulations showed, that for obtaining good quality part the temperature of forging for the assumed strain-
strain rate conditions should be lower. These observations were applied in industrial conditions and P/M FeAl 
alloy was successfully forged at 900 °C (Fig. 8 ).   

 

Fig. 8 P/M FeAl alloy part forged at 900 °C 

5. CONCLUSIONS 

Basing on experimentally designed parameters of thermomechanical processing of P/M FeAl alloys, numerical 
simulations of forging process and on experiments performed in industrial conditions, the following conclusions 
can be drawn:  

• The investigations showed that proper design of thermomechanical parameters and precise control of 
the microstructural evolution are essential for successful processing of P/M FeAl alloys. 

• Numerical simulations of P/M FeAl alloy forging showed, that high strain rate and high temperature 
processing of such alloy could lead to local increases of the effective strain rate in certain parts of the 

 

  

b 
a 

a 
b 
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forged material. Such strain rate gradients can cause local gradients of stresses leading to surface 
cracking of the forgings. 

• Forging P/M FeAl alloy performed in industrial conditions confirmed, that processing with high strain 
rates (1 m/s ram speed of the forging press) at relatively high processing temperatures (1100 °C) can 
lead to surface cracking of the forgings. 

• Moreover, the performed research on FeAl alloys forging showed good agreement of the experimental 
and numerical modeling results, what confirmed a proper design of the boundary conditions used in this 
study. 
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Abstract   

In the present work the corrosion resistance of candidate lead-free solder alloys in simulated seawater 
conditions was investigated. Four different alloys were studied: Sn-0.7Cu, Sn-3.5Ag, Sn-0.3Ag-0.7Cu and Sn-
3.5Ag-0.7Cu (composition in wt.%). The alloys were prepared by induction melting from high purity Sn, Ag and 
Cu lumps. Each alloy was heterogeneous as it was found to consist of β-Sn and different binary intermetallic 
compounds. The alloys were corrosion-monitored in 3.5 wt.% NaCl aqueous solution at 21 °C. The 
electrochemical polarization was conducted in a standard 3-electrode cell provided by Sensortechnik 
Meinsberg Ltd. The potential-current density curves were measured by using a PGU 10V-1A-IMP-S 
potentiostat/galvanostat (Jaissle Electronic Ltd., Germany). The corresponding corrosion potentials and 
corrosion rates were determined by Tafel extrapolation of the experimental polarization curves. The effects of 
chemical composition and sample microstructure have been evaluated. Conclusions for the solder alloy 
corrosion resistance in humid environments are provided. The local nobility of individual IMCs is discussed. 
The results can be used as a guideline for selecting the proper lead-free solder composition for microelectronic 
applications. 

Keywords: Solder, corrosion, intermetallic compound. 

1. INTRODUCTION 

Soldering is a metallurgical joining technique that uses a filler metal - the solder - to join two metal substrates. 
Solder is a crucial component of electronic assembly. It provides the electrical, thermal and mechanical 
continuity [1]. The traditional solders used for decades have been Sn-Pb eutectic and near eutectic 
compositions. These lead-based alloys have several advantages, including low melting point of the binary 
eutectic and low surface tension facilitating substrate wetting [1]. Nevertheless, health and environmental 
concerns with lead limit their practical use [2]. Lead is a toxic element that is known to produce various adverse 
health effects. Its accumulation in human body may lead to disorders in nervous and reproductive systems 
and result in a serious retardation of neurological and physical development. Lead also causes cognitive and 
behavioral changes and reduces the production of hemoglobin resulting in anemia and hypertension. To avoid 
these serious health problems, a European Union directive 2011/65/EU Restriction of the use of hazardous 
substances in electrical and electronic equipment (RoHS EEE) has been launched [3]. This directive is 
designed to restrict the use of lead in industry and promote the use of green environmentally friendly materials. 

Eutectic and near-eutectic Sn-Ag-Cu (SAC) alloys are candidate lead-free solder alloys. These materials are 
attractive alloys for soldering since they have a high strength, high fracture toughness and high electrical 
conductivity. A number of experimental studies have been devoted to the description of the phase equilibria of 
these systems [4-6]. The ternary eutectic has a composition close to 3.5 wt.% Ag, 0.9 wt.% Cu, 95.6 wt.% Sn. 
The corresponding invariant reaction can be given by the following equation [4]: 

Liquid → β-Sn + Cu6Sn5 + Ag3Sn         (1) 

Upon cooling below the eutectic temperature, the beta phase of tin and two intermetallic compounds, Cu6Sn5 
and Ag3Sn, are formed. 

In many industrial applications, the electronic equipment is exposed to corrosive environment such as moisture 
or aggressive chemicals. The ability to withstand these conditions is crucial for the electronic device reliability 
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and long term performance. The electrical connection of solder with metallic substrate creates a potential for 
galvanically induced corrosion. Furthermore, the alloy degradation may also occur due to an electrical potential 
difference between different alloy phases. Intermetallic compounds (IMCs) are introduced in lead-free solder 
alloys either as a result of their chemical composition or due to specific solder-substrate interactions [7]. The 
local nobility of IMC may result in an anodic dissolution of the surrounding metal matrix during exposure to 
humid environments (soil, underground water, seawater). 

In the present work, 4 different lead-free solder alloys have been tested - Sn-0.7Cu, Sn-3.5Ag, Sn-0.3Ag-
0.7Cu and Sn-3.5Ag-0.7Cu (composition in wt.%). These alloys are candidate materials for lead-free soldering. 
The corrosion performance of the alloys was investigated in a simulated sea water environment (3.5 wt.% 
sodium chloride solution). The results can serve as a guideline for choosing the proper solder composition for 
underwater and marine electronic devices. 

2. MATERIAL AND METHODS 

The alloys were prepared by controlled melting of Ag, Cu and Sn lumps (purity of 99.99 wt.%). Chemical 
compositions of the alloys are provided in Table 1 . The weighed amounts of the metals were placed in a 
ceramic crucible and positioned inside a vacuum induction furnace. The furnace chamber was evacuated and 
purged with argon (purity of 6N). The melting was conducted at ~ 700 °C. The molten alloys were homogenized 
by mechanical stirring with quartz-glass rod. The melting was repeated several times. After solidification, 
cylindrical samples (30 mm diameter, 10 mm height) were made. The samples were mechanically polished 
with 1 micron diamond paste.  

Table 1 Chemical compositions of lead-free solder alloys 

Alloys Sn (wt.%) Ag (wt.%) Cu (wt.%) 

Sn 99.99 - - 

Sn-0.7Cu 99.32 - 0.68 

Sn-3.5Ag 96.92 3.08 - 

Sn-0.3Ag-0.7Cu 99.01 0.41 0.58 

Sn-3.5Ag-0.7Cu 96.36 3.05 0.59 

The corrosion behavior of lead-free solder alloys was investigated by potentiodynamic polarization at room 
temperature (21±2 °C) [8]. The polished sample surfaces were subjected to an electrochemical polarization in 
a standard 3-electrode corrosion cell. The working electrode was the solder alloy with an exposed surface area 
of approximately 536 mm2. Platinum foil (400 mm2) was used as the counter electrode. A saturated silver 
chloride electrode (Ag/AgCl) served as the reference electrode during measurements. The scheme of the 
corrosion cell is provided in Fig. 1.  

The corrosion experiments were carried out in an aqueous NaCl solution (0.6 mol·dm-3) at room temperature. 
The electrolyte was prepared by dissolving a weighed amount of NaCl in de-ionized water. A PGU 10V-1A-
IMP-S potentiostat/galvanostat (Jaissle Electronic Ltd., Germany) was used to polarize the working electrode 
and monitor the progress of the reaction. The open circuit potential (OCP) of each alloy was measured first, 
after 20 minutes of sample immersion in the electrolyte. 

The polarization experiments were carried out in a positive direction at potentials between -1000 and +1000 
mV (Ag/AgCl). A constant scan rate of 2 mV/s was employed during measurements. Each experiment was 
repeated twice to check for the reproducibility.  
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The sample microstructures before and after 
corrosion testing were investigated by an optical 
microscope (Zeiss NEOPHOT 2).  

The phase occurrence after corrosion was 
investigated by X-ray Panalytical Empyrean 
PIXCel 3D diffractometer with Bragg-Brentano 
geometry (XRD). The instrument was working with 
a CoKα1,2 radiation beam. The X-ray radiation 
beam was generated at 40 kV and 40 mA. The 
sample diffraction patterns were measured 
between 20° and 140° (2-theta) at room 
temperature. The phases were assigned by using 
the PDF database ICSD FIZ Karlsruhe 2011-1. 

3. RESULTS AND DISCUSSION 

The microstructures of the alloys are presented in 
Figs. 2 and 3.  

 

Fig. 2 The microstructure of lead-free solder alloys (a) Sn0.7Cu, (b) Sn3.5Ag 

  
Fig. 3 The microstructure of lead-free solder alloys (a) Sn0.3Ag0.7Cu, (b) Sn3.5Ag0.7Cu. 

 

Fig. 1 Corrosion cell for potentiodynamic 
measurements: 1 - Glass container, 2 - Lid,                   

3 - Sample holder, 4 - Haber-Luggin capillary,                 
5 - Counter electrode Pt, 6 - Working electrode,             

7 - Salt bridge, 8 - Reference electrode  
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In these figures the light regions represent the β-Sn grains. The dark regions represent the eutectic. The Sn-
0.7Cu alloy is composed of β-Sn and a binary eutectic (Fig. 2a ). The binary eutectic of the Sn-0.7Cu alloy is 
composed of Cu6Sn5 and β-Sn. The microstructure of the alloy Sn-3.5Ag is composed of Sn-rich dendrites and 
a eutectic (Fig. 2b ). The binary eutectic of the Sn-3.5Ag alloy is composed of Ag3Sn and β-Sn. The ternary 
Sn-0.3Ag-0.7Cu and Sn-3.5Ag-0.7Cu alloys are composed of β-Sn and a ternary eutectic (Fig. 3 ). The ternary 
eutectic is composed of β-Sn and Cu6Sn5 and Ag3Sn intermetallic phases. 

Corrosion resistance of the solders was tested in a NaCl solution to simulate real environmental conditions the 
solder may experience during service or storage. An open circuit potential was measured first, immediately 
after sample immersion in the electrolyte. The OCP values are shown in Fig. 4 . 

 

Fig. 4 Open circuit potential (OCP) of lead-free solders 

The OCP of the samples was relatively stable over time (Fig. 4 ). In some cases, an intermediate decrease or 
an increase was observed which was, however, followed by stabilization within 10 min of sample immersion 
in the electrolyte. The OCP values, measured after 20 minutes of alloy stabilization in corrosion medium, 
increase in the following order:  

Sn < Sn-0.7Cu < Sn0.3Ag0.7Cu < Sn3.5Ag0.7Cu < Sn3.5Ag      (2) 

These results indicate that the solder corrosion resistance increases with increasing transition metal 
concentration. The highest OCP is observed for Sn-3.5Ag and Sn-3.5Ag-0.7Cu alloys respectively. The lowest 
OCP is observed for Sn. The alloys corrosion resistance increases with increasing Ag concentration. This 
observation is in accordance with the higher standard electrode potential of Ag compared to Sn. 

Ag and Cu are cathodic with respect to Sn. As such, these elements may promote the anodic dissolution of 
the solder matrix. The difference in electro-motoric forces between Sn and Ag3Sn is large [9]. Therefore, the 
Sn corrosion is likely to take place because of the electrochemical coupling between these two phases. In 
order to investigate the corrosion resistance of the alloys further, the samples were subjected to 
potentiodynamic polarization. The experimental polarization curves are presented in Fig. 5 . The results of 
Tafel extrapolation are collected in Table 2 . 

The polarization curves of the alloys show a similar behavior for potentials between -1000 and -200 mV 
(Ag/AgCl). The alloys corrosion is observed at potentials close to -830 mV(Ag/AgCl, Table 2 ). The corrosion 
is followed by passivation at potentials between -800 and -500 mV(Ag/AgCl) where the potential-current 
density curves are characterized by stabilization of current density (Fig. 5 ). The passive region of the alloys 
disappears at breakdown potential (Ebd) - see Table 2 , where a sharp increase of anodic current density is 
observed. This sharp current density increase is indicative of the breakdown of the passive film [10-13]. On 
further scanning in the anodic direction the current density eventually peaks to a maximum. This maximum is 
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known as the critical current density, icrit (Table 2 ). On further scanning in the anodic direction the current 
density is seen to slowly decrease (Fig. 5 ). At a certain point in the far-anodic region the current density 
eventually becomes independent of the potential. This current density value is referred to as the pseudo-
passivation current density, ip since it is indicative of the pseudo-passivation processes attributable to a 
formation of a corrosion product films [9-13].  

 

Fig. 5 Potentiodynamic polarization curves of lead-free solders in 3.5 wt.% NaCl solution 

Table 2 Summary of corrosion parameters of lead-free solders with scanning rate at 2 mV/s  

Alloys Ecorr (mV) Ebd (mV) icorr (µA/cm2) icrit (mA/cm2) ip (mA/cm2) 

Sn -828 -413 1.38 45.71 1.29 

Sn-0.7Cu -856 -486 0.79 40.74 3.89 

Sn-3.5Ag -843 -408 0.80 39.81 4.79 

Sn-0.3Ag-0.7Cu -840 -570 0.83 39.81 3.16 

Sn-3.5Ag-0.7Cu -837 -397 1.03 41.69 5.25 

Ecorr - corrosion potential, icorr - corrosion current density, icrit - critical passivation density, ip - passivation current density, 
Ebd - breakdown potential 

After corrosion, the sample surfaces were subjected to ivestigation by confocal laser scanning microscopy. 
The surface topographies are presented in Fig. 6. The intermetallic particles were found as isolated islands in 
the corroded sample landscape (Fig. 6b, c ). The β-Sn grains were preferentially dissolved. It can be suggested 
that, in the course of the alloys corrosion, the intermetallic particles (Ag3Sn and Cu6Sn5) served as artificial 
cathodes promoting the tin dissolution.  

The anodic reaction is the tin dissolution. Our XRD results of the samples after corrosion experiments indicate 
that the oxidation product was tin oxyhydroxychloride. This corrosion product has also been observed by other 
authors previously [12, 14]. Therefore, the anodic reaction can be given by the following scheme 
3Sn + 4OH- + 2Cl- → Sn3O(OH)2Cl2 + H2O + 6e-       (3) 

The cathodic reaction is oxygen reduction [14] 
O2 + 4e- + 2H2O → 4 OH-          (4) 

The overall corrosion reaction can be given by the following scheme 
6Sn + 3O2 + 4H2O + 4Cl- → 2Sn3O(OH)2Cl2 + 4OH-       (5) 
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Fig. 6 Microstructures of lead-free solder alloys after corrosion test: a) Sn0.7Cu b) Sn3.5Ag                           
c) Sn3.5Ag0.7Cu d) Sn0.3Ag0.7Cu. 

4. CONCLUSION 

In the present work, the microstructure and corrosion behavior of four near-eutectic tin-based alloys were 
investigated. Sn-0.7Cu, Sn-3.5Ag, Sn-0.3Ag-0.7Cu and Sn-3.5Ag-0.7Cu (composition in wt.%) alloys were 
prepared by induction melting from high purity Sn, Ag and Cu lumps. Each alloy was heterogeneous. The 
microstructure of the Sn-0.7Cu alloy was found to be composed of β-Sn and a binary eutectic. The 
microstructure of the Sn-3.5Ag alloy was composed of β-Sn and a eutectic. The microstructures of ternary Sn-
0.3Ag-0.7Cu and Sn-3.5Ag-0.7Cu alloys consisted of β-Sn and a ternary eutectic. The binary eutectic of the 
Sn-0.7Cu alloy was composed of Cu6Sn5 and β-Sn phases. The binary eutectic of the Sn-3.5Ag alloy consisted 
of Ag3Sn and β-Sn. The ternary eutectic of the Sn-0.3Ag-0.7Cu and Sn-3.5Ag-0.7Cu alloys were composed of 
β-Sn and Cu6Sn5 and Ag3Sn intermetallic phases. 

The corrosion resistance of the alloys was studied by potentiodynamic polarization. Corrosion currents and 
corrosion potentials were obtained by Tafel extrapolation of the experimental polarization curves. The lowest 
corrosion currents were found for the Sn-3.5Ag and Sn-0.7Cu alloys.  

After corrosion, the sample surfaces were investigated by confocal laser scanning microscopy. The 
intermetallic particles were found as isolated islands on the corroded sample surface. In the course of alloys 
corrosion, the intermetallic particles (Ag3Sn and Cu6Sn5) probably served as artificial cathodes promoting the 
tin dissolution.  
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ALUMINIDES 
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Abstract   

The iron aluminides seem to be very perspective materials for use in high-temperature structural applications. 
They are promising materials for a possible replacement of high alloyed steels of P91 or P92 type. But it is 
very important to know the coefficient of thermal expansion (CTE) of iron aluminides for use as structural 
materials at high temperatures. It can also be determined phase transformations in the alloy from CTE 
measurement.  

In this paper there were studied the differences in CTE-curves between Fe3Al (D03 structure) and FeAl (B2 
structure) type iron aluminides. It was investigated the coefficients of thermal expansion and phase structure 
of three samples in temperature range 440 - 1200 °C. 

Keywords: Coefficient of thermal expansion, Fe 3 Al, FeAl, iron aluminides, dilatation 

1. INTRODUCTION 

Iron aluminides are alloys of iron and aluminum and they belong into the group of intermetallic materials. These 
materials are characterized by a wide range of positive properties - for example good strength up to 600 °C, 
lower density in comparison with the same corrosion-resistant stainless steels, excellent corrosion resistance 
and also low price of raw materials. All these properties predetermine iron aluminides as structural materials 
for use in high-temperature applications and aggressive environments. Unfortunately, also some negative 
properties are by iron aluminides - for example sharp drop in strength above 600 °C or limited ductility at room 
temperature [1-3]. These disadvantages still make impossible wider use of iron aluminides. Therefore, it is 
looking ways for improvement of these properties. One possibility is alloying of binary iron aluminides by 
ternary elements [4-5]. 

It is needed to take into account beside mechanical properties also the coefficient of thermal expansion (CTE) 
when material is used for structural applications. The methods for measuring of thermal expansion can be 
divided into two basic groups - the methods of absolute and relative measurement. The direct measurement 
of dilatation, X-ray method and interference method are the most frequently used methods from the group of 
absolute measurement methods. Among the relative methods of dilatation measurement belongs the tube-
method, interference or strain-gauge method [6]. 

The dilatometer-machines can be divided into horizontal and vertical types according to the structural design. 
Both types of machines have advantages and disadvantages. The horizontal dilatometers have minimal 
thermal effect on the sample itself. The disadvantage of this arrangement is the friction that occurs between 
the sample and the holder [6, 7]. 

The medium coefficient αmed is determined from the relationship (1):  

00

0 1

lTT

llT
med ⋅

−
−

=α
           (1) 

lT - length of the sample at the given temperature; l0  - length of the sample at the room temperature (20 °C); 
T - given applied temperature; T0 - room temperature (20 °C) 
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Recently expansion tests of iron aluminides were describe in [8, 9]. 

2. MATERIALS AND EXPERIMENTAL METHODS 

All samples of iron aluminide alloys were prepared by vacuum induction melting and casting. The nominal 
chemical composition of the investigated samples is given in Table 1 . For dilatation measuring the prismatic 
specimens (of approximately 15 x 7 x 7 mm) were cut on the precise saw Isomet 1000. Thermal expansion 
was measured by means of horizontal dilatometer. Applied temperature cycle for dilatation measurement is 
given in Table 2 . Repeatedly reached deviation was from 5 to 7 % in the temperature range 25 - 600 °C, 2 - 4 
% in range 600 - 1000 °C and 0.5 - 1 % in range 1000 - 1200 °C. The microstructure was observed after oxide-
polishing by suspension OP-S by the light optical microscope (LOM) Nikon Epiphot 200 (with use Nomarski 
Differential interference contrast - DIC) and by scanning electron microscope (SEM) Zeiss Ultra Plus. The 
phase composition was studied by SEM equipped with Oxford 20 mm2 detector for energy dispersive analysis 
(EDX) and with EBSD. 

Table 1  The nominal chemical composition of the investigated samples (at.%) 

Sample Fe Al  Cr Zr  C B 

Fe30Al3.7Cr0.3Zr0.2C (alloy 1) [10] balance 29.7 3.7 0.3 0.2 - 

Fe30Al (alloy 2) balance 29.9 - - - - 
Fe40Al0.1ZrBC (alloy 3) balance 40.3 0.03 0.09 0.04 0.04 

Table 2  The applied temperature cycle for dilatation measurement 

step  conditions  

1 25 - 250 °C → heating rate 7 °C / min 

2 250 - 1200 °C → heating rate 4 °C / min 

3 1200 °C → stamina at temperature 15 min 

4 1200 - 700 °C → cooling rate 4 °C / min 
5 700 - 25 °C → cooled at a rate less than 4 °C / min 

3. RESULTS AND DISCUSSION 

3.1.  Microstructure and phase identification 

The structure of alloy 1 (Fe30Al3.7Cr0.3Zr0.2C) is shown in Fig. 1 . The grains of alloy are coarse with 
dimensions in order of hundreds micrometers. In the structure there are observed particles of Laves phase, 
sometimes with ZrC core. These particles are distributed on grain boundaries and also inside the grains. 
Unfortunately their distribution is inhomogeneous, in some places they coalesce into clusters. Chromium was 
completely dissolved in the matrix. It is consistent with Fe-Al-Cr ternary diagram [10]. 

Fig. 2 shows the structure of binary alloy 2 (Fe30Al). The matrix is very coarse-grained with the grains 
dimensions in order of hundreds micrometers. No particles are presented in the structure in accordance with 
binary diagram [1].   

The grains of alloy 3 (Fe40Al0.1ZrBC) are very similar to the previous alloys. They are coarse and their 
dimensions are in order of hundreds micrometers. The structure of alloy 3 is shown in Fig. 3 . In the structure 
there are distributed very homogeneously small needles of secondary phase particles. These particles were 
identified by EDX and EBSD as perovskite-type Fe3AlCx. 
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Fig. 1  The structure of alloy 1 
(Fe30Al3.7Cr0.3Zr0.2C) [10] 

Fig. 2  The structure of alloy 2 
(Fe30Al) 

Fig. 3  The structure of alloy 3 
(Fe40Al0.1ZrBC) 

3.2  Coefficient of thermal expansion (CTE) 

In the case of Fe3Al-type alloys (alloy 1 and 2) is seen the transitions D03 ↔ B2 ↔ α(Fe) very well from CTE 
curves. In both cases D03 matrix exists up to approximately 540 °C. B2 matrix is presented in temperature 
range 540 - 980 °C and above 980 °C α (Fe) forms the matrix (see Fig. 4 ). These temperatures of transitions 
are in agreement with binary diagram in Fig. 5 . No temperature shifts of transitions were observed in the case 
of alloyed sample Fe30Al3.7Cr0.3Zr0.2C. It can be assumed that addition of chromium and small amount of 
zirconium and carbon has no influence on transformations temperatures. 
 
 

 

Fig. 4  The CTE chart of investigated alloys  
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Fig. 5  The binary Fe - Al diagram with marked composition of investigated alloys  

From CTE curve of FeAl-type alloy (alloy 3) is clearly seen that there have been no transformations (from 
Fig. 5  is obvious that only one phase transformation for Fe40Al alloy occurs at approximately 1200 °C - B2 ↔ 
α (Fe)). From the chart it is also visible that the slopes of CTE curves in B2 areas are parallel for the Fe3Al and 
FeAl-type alloy. This means that the expansion rate is the same for the same type of matrix. 

The maximum CTE in whole investigated temperature range shows alloy 3. It is due to its chemical 
composition, because this alloy contents 40 at. % of Al and has B2 structure from room temperature up to 
1200 °C. With increasing aluminum content increase CTE values, because thermal expansion for aluminum is 
twice in comparison to iron. The CTE curves for both Fe3Al-type alloys are parallel. The values of CTE for alloy 
1 are about 2.5·10-6 K-1 higher than in the case of alloy 2. It can be caused by addition of chromium. Chromium 
is dissolved into the matrix and expands it. 

4. CONCLUSIONS 

• The coefficient of thermal expansion of Fe3Al and FeAl - type iron aluminides was investigated on three 
samples. Alloy with 40 at. % of aluminum (with B2 matrix) exhibits the highest CTE values from all 
investigated samples. The CTE increases with increasing aluminum content. 

• The addition of chromium into Fe30Al-type iron aluminides causes increasing of thermal expansion 

• The slopes of CTE curves in B2 areas are parallel for all alloys. The expansion rate is the same for the 
same type of matrix. 

• From CTE records they were determined transformations temperatures for Fe30Al-type alloys: 
o D03 matrix up to 540 °C 
o B2 matrix from 540 to 980 °C 
o α (Fe) matrix above 980 °C 
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CHARACTERIZATION OF TRANSIENT LIQUID-PHASE BONDING BETWEEN TITANIUM AND 
STAILESS STEEL USING NICKEL INTERLAYER 

SZWED Bartłomiej, KONIECZNY Marek, MOLA Renata  

Kielce University of Technology, Faculty of Mechatronics and Mechanical Engineering, Kielce, Poland, EU, 
bartlomiej_szwed@o2.pl 

Abstract   

In the present investigation, transient liquid-phase bonding was performed between pure titanium (Grade 2) 
and stainless steel (X5CrNi 18-10) using 0.1 mm thick nickel foil as an intermediate material. The process was 
carried out at the temperatures of: 850, 875, 900, 925, 950 and 1000 °C for 60 minutes under the compressive 
stress of 2 MPa in a vacuum. The effects of temperature on the microstructure diffusion brazed joints were 
characterized in the optical and scanning electron microscopes. The inter diffusion of chemical species across 
the diffusion interface was evaluated by electron probe microanalysis. The structural examinations have shown 
that temperature is critical factor to control the microstructure. The diffusion zone on the borders of the joined 
materials becomes wider with the increase in temperature. The structure of the joints from the titanium site 
was composed of the eutectoid mixture αTi + Ti2Ni and layers of intermetallic phases Ti2Ni, TiNi and TiNi3. The 
stainless steel-nickel interface is free from any reaction layer up to 875 °C, above this temperature thin layer 
of reaction appears. The microhardness measured across the joints reaches of values from 320 to 528 HV 
that indicates higher values than in the case of titanium or stainless steel. 

Keywords: Transient liquid-phase bonding, diffusion brazing, titanium, stainless steel, nickel  

1. INTRODUCTION 

In the recent years, there is a strong interest to produce joints between different dissimilar materials to satisfy 
require of modern industries. Titanium and stainless steel have satisfactory specific strength, high melting point 
and excellent corrosion resistance. Because of that aerospace, chemical and nuclear industries strongly 
demand joints between titanium and stainless steel [1-3]. Many titanium joining methods, including the 
commonly employed joining processes, such as welding, brazing and soldering, all face the reactive nature of 
titanium. Joining by the conventional techniques also results in segregation of chemical species, stress 
concentration sites and formation of intermetallics at interfaces due to very low solubility of Ti and Fe [1, 4]. 
Diffusion brazing is one of the viable solutions that allows combine dissimilar materials without gross 
microscopic distortion and with minimum dimensional tolerance [1, 5]. Authors in [6, 7] reported that joints 
produced by direct bonding between titanium and stainless steel (Ti-SS) showed the formation of intermetallic 
products based on Fe, Cr, Ni and Ti. The formation of an intermetallic phase also causes the problem of 
residual stresses resulting from thermal expansion mismatch [8]. The use of appropriate intermediate materials 
can minimise thermal expansion mismatch, reduce joining temperature and pressure, inhibit diffusion of 
undesired elements and reduce or avoid the formation of brittle intermetallic phases [9]. It was found in [10, 
11] that the copper layer of 0.1 mm thickness effectively blocked the diffusion of titanium to stainless steel up 
to 900 °C if the bonding time was no longer than 30 minutes. In previous attempt of diffusion bonding [12, 13] 
was shown that copper did not form any intermetallic phase with iron, but the formation of the Fe-Ti phases 
was observed due to the process time of 60 minutes. It was reported in [14-16] that pure nickel and nickel 
alloys can be considered as a useful filler material between Ti and SS due to satisfactory corrosion resistance 
for application at high temperature as compared to copper as an intermediate material. Nickel has substantial 
solid solubility in iron and Kamat et al. [17] have reported that nickel-stainless steel (Ni-SS) diffusion couple is 
free from intermetallic compounds. However, Kundu and Chatterjee [18, 19] have shown that the Ni-SS 
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diffusion interface is free from intermetallic compounds up to 850 °C. The present investigation deals with 
transient liquid-phase bonding of titanium and stainless steel using nickel as an interlayer, with a special focus 
on the interface microstructure of the diffusion brazed joints. 

2. EXPERIMENTAL PROCEDURE 

2.1. Specimen preparation 

In the present investigation pure titanium (Grade 2) and stainless steel (X5CrNi 18-10) were used in the form 
of cylindrical rods having 8 mm diameter and 2000 mm length and nickel foil of 0.1 mm thickness. From the 
titanium and stainless steel (SS) rods the cylindrical specimens of 8 mm diameter and 10 mm length were 
machined. The nominal chemical composition and room temperature mechanical properties of these materials 
are given in Table 1 . 

Table 1 Chemical compositions and mechanical properties of the base materials (accordingly to certificates) 

Material 
Chemical composition 

(wt. %) 

Mechanical properties 

YS (MPa) UTS (MPa) A (%) 

Titanium (Grade 2) 
Ti: 99.654; Fe: 0.171; C: 0.024;  

N: 0.008; O: 0.142; H: 0.001 
350 420 38 

Stainless steel  

(X5CrNi 18-10) 

Fe: 71.495; C: 0.025; Mn: 1.46;  

Si: 0.39; P: 0.038; S: 0.012;  

Cr: 18.15 ; Ni: 8.050; Mo: 0.38 

480 945 26 

Nickel (Ni 99,6) 
Ni: 99.57; Cu: 0.11; Co: 0.09; Si: 0.08; 

Mg: 0.07; Fe: 0.07; Al: 0.01 146 448 43 

The faces of the cylinders were prepared by conventional grinding and polishing techniques. The final polishing 
was made with 0.5 μm alumina suspension. The circular profiles having 8 mm diameter were cut from the 
nickel foil. To remove oxide layers from the base material, the samples were etched in acid solutions: titanium 
in an aqueous 5% solution of HF, stainless steel in an aqueous 10% solution of HCl, nickel in an aqueous 10% 
solution of HNO3. The mating surfaces of the samples were kept in contact with steel clamp and inserted in a 
vacuum chamber. The compressive stress of 2 MPa along the longitudinal direction was applied at room 
temperature. Diffusion brazing was carried out in vacuum furnace Czylok PRC 77/1150 in the temperature 

range from 850 to 1000 °C for 60 minutes with a vacuum of 10-3 Pa. The samples were cooled in the furnace. 

2.2. Microstructural characterization and microhard ness measurements 

In order to metallographic study, the specimens were cut longitudinally and the surfaces were prepared using 
conventional metallographic techniques. The titanium side was etched in an aqueous solution of 95 ml H2O 
and 5 ml HF. The stainless steel substrate was etched with a mixture of 90 ml C2H5OH, 10 ml HCl and 3 g 
FeCl3. A solution consisting of 50 ml C2H4O2 and 50 ml HNO3 was used for etching nickel interlayer. The 
samples were observed by means of an optical microscope Nikon Eclipse MA200 to reveal the structural 
changes due to diffusion. The polished surfaces of the brazed couples were examined using a scanning 
electron microscope (SEM) JEOL JMS-5400 to obtain finer structural details in the diffusion zone. The 
composition of the reaction layers was determined in atomic percent using an Oxford Instruments ISIS energy 
dispersive X-ray spectrometer (EDS). The results of the microprobe analysis were compared with the binary 
phase diagrams of basic components. The Matsuzawa MMT microhardness tester was used to determine the 
hardness along the cross-section of the joints. 
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3. RESULTS AND DISCUSSION 

3.1. Influence of diffusion brazing temperature on the microstructure of the joint 

Brazed joints were successfully formed for all temperatures. The optical micrographs of the brazed assemblies 
are shown in Fig. 1 .  

  

  

  

Fig. 1 Optical micrograph of the joints prepared at a) 850, b) 875, c) 900, d) 925, e) 950 f) 1000 °C  for 60 
minutes 

From the micrographs, it can be seen that the diffusion interfaces are free from cracks and interface lines are 
clearly visible. However, at the borders of materials Kirkendall voids were observed. The width of the diffusion 
zone at the boundaries with joined materials was growing with increasing temperature of bonding. The 
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titanium-nickel side was characterized by the α-β Ti phases. Because nickel is a β stabilizing element it lowers 
the eutectoid transformation temperature of Ti [20] and the acicular α-β Ti occurs from the decomposition of β 
Ti during cooling in vacuum furnace. Three distinct reaction layers have been observed at the Ti-Ni interface. 
The thickness of the reaction products at the Ti-Ni side increases with increase in the brazing temperature. 
The diffusion zone at the stainless steel-nickel interface is smaller than that at Ti-Ni side. At the SS-Ni interface 
at brazing temperature from 850 to 875 °C planar and very thin diffusion layer was received. The presence of 
significant layer was revealed when the brazing temperature exceeded 900 °C. In order to further characterize 
the reaction layers of the joint, a SEM image of the transition joints was performed on the reaction layers. 
Scanning electron microscopic images of the diffusion brazed joints are shown in Fig. 2 .  

 

Fig. 2 SEM images of transition joints processed at a) 850, b) 925, c) and d) 1000 °C for 60 minutes 

At the Ti-Ni interface three distinct reaction layers have been observed for 850-950 °C processing temperature. 
The first reaction layer neighboring to titanium side consists of Ti (69.4-70.9 at.%) and Ni (bal.). According to 
the Ti-Ni binary phase diagram it is Ti2Ni intermetallic compound. The brightest layer at the nickel side consists 
of Ni (73.1-75.9 at.%) and Ti (bal.). The composition indicates the presence of TiNi3 intermetallic phase. In 
between those two intermetallic compounds, another reaction layer consisting of Ti (50.5-51.3 at.%) and Ni 
(bal.) is present,  this is the TiNi phase. Titanium form a combinations of bright and dark areas containing of 
Ti (89-92.4 at.%) and Ni (bal.), while nickel is enriched with a small quantity of titanium (0.5 at.%). At 1000 °C 
brazing temperature, a significant change has been observed. The deeply shaded islands (shown in Fig. 2d ) 
are composed of Ti (93.4 at.%) and Ni (5.6 at.%) with additions of Fe (1 at.%) which is a mixture of αTi+Ti2Ni. 
The bright area is Ti2Ni intermetallic phase with small amount of Fe (1.2 at.%). At SS-Ni side up to the brazing 
temperature of 900 °C, reaction products were not observed in the diffusion zone. The presence of Fe (10 
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at.%), Cr (0.4 at.%) and Mn (0.6 at.%) in nickel indicates the substantial interdiffusion of those elements. Above 
processing temperature of 875 °C a presence of a solid solutions γFe+Ni can be observed between nickel and 
stainless steel, until the appearance of the liquid phase. At the stainless steel interface four distinct reaction 
layers have been observed for brazing temperature of 1000 °C (Fig. 2d ). According to previous studies the 
first layer neighboring to the steel was identified as a phase mixture of λ + χ + αFe. In accordance with Kundu 
and Chatterjee [18, 19] nickel concentration in this area is too low to form any nickel-based intermetallic 
compound. The brightest layer has been recognized as a combination of λ + αFe phases. The next to the λ + 
αFe region, a light shaded reaction layer formed of a phase mixture of λ + FeTi + Ti was observed. The fourth 
layer was identified as a combination of FeTi+Ti. 

3.2. Influence of diffusion brazing temperature on the microhardness of the joints 

Microhardness analyses of the brazed joints showed that the maximum values in the range of 320 to 528 HV 

were achieved at the Ti-Ni interface due to the presence of the Ti2Ni, TiNi and TiNi3 intermetallic phases. At 
the SS-Ni side microhardness ranged from 170 to 177 HV. In the middle of the joints the microhardness 
reached of values in the range of 89 to 94 HV. The microhardness values increased with increasing 
temperature of brazing. 

4. CONCLUSIONS 

The transient liquid-phase bonding of titanium Grade 2 to stainless steel X5CrNi 18-10 using 0.1 mm nickel 
interlayer has been performed in the temperature range from 850 to 1000 °C for 60 minutes under 2 MPa 
uniaxial load in vacuum furnace. The characterization of the diffusion brazed joints revealed the following:  

1) Diffusion brazing temperature is critical factor in the microstructure controlling. The diffusion zone at the 
titanium side of the joint becomes enlarged with the increase in temperature while at the stainless steel 
side remains planar and very thin. 

2) The intermetallic layers Ti2Ni, TiNi, TiNi3, were observed at the titanium-nickel side of the diffusion joint, 
however the presence of TiNi, TiNi3 were not found at 1000 °C. There were only islands of αTi + Ti2Ni 
phases in Ti2Ni matrix. The thickness of the Ti2Ni, TiNi and TiNi3 intermetallic layers increases with 
increase in the brazing temperature. 

3) The stainless steel-nickel interface is free from any reaction layer up to 875 °C. Above this temperature 
thin layer of γFe + Ni solid solutions appears between nickel and stainless steel. At 1000 °C divers 
phase mixtures consisting of λ + FeTi + Ti, FeTi + Ti, λ + αFe or  λ + χ + αFe are formed. 

4) The nickel interlayer of 0.1 mm thickness can completely block the diffusion of titanium to stainless steel 
side up to 950 °C. During the appearance of a liquid phase titanium atoms can cross to the stainless 
steel and form the FeTi intermetallic phase. 

5) The microhardness values measured across the joints range from 320 to 528 HV and indicate the higher 
values for the interfaces than for titanium and stainless steel. 
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Abstract   

Complex study of alloys based on FeAl aluminide was leading in the fifties of the last century to the proposal 
of. The composition of the binary Fe-Al alloy was modified by C and Si. This alloy with excellent corrosion and 
heat resistant properties was used to replace the high chromium and nickel alloyed cast iron. 

The investigations performed recently on Fe-40 at.% Al type alloys with carbon contents 1.9 ÷ 3.8 at.% and 
aluminum up to 43 at.% were designed to explain in more detail the origin of the structure and mechanical 
properties of the mentioned material.  

It is the purpose of this contribution describes the effect of Al and C on the structure of iron aluminides with the 
composition of Pyroferal©. The appearing and morphology of carbide Al4C3 and of graphite is described in the 
as cast and annealed state.  

Keywords: Intermetallic alloys, iron aluminides, Pyroferal 

1. INTRODUCTION 

A possible method for improvement of creep resistant FeAl-type aluminides is the strengthening by second 
phase particles. One possibility is the addition of carbon. The strengthening is due to the formation of carbide 
particles, for example Fe3AlCn perovskite-type carbide or Al4C3 carbide. 

On the same basis the alloy Pyroferal© (44.6 ÷ 46.5 at.% Al and 3.4 ÷ 4.0 at.% C) was prepared in Czech 
republic as replacement of expensive nickel and chromium steels in the fifties of last century, analogous to 
Thermagal© in France or Tchugal© in Soviet Union. There are available very important results, which were 
achieved during the research between 1950 and 1962, based on the numerous research reports of Prof. 
J. Pluhař, Ing. M. Vyklický and Ing. H. Tůma, the scientists, who initiated and completed the research leading 
to the development of Pyroferal© (members of the VÚMT Prague - the predecessor of the present SVÚM 
Běchovice a.s.).  

Pyroferal© offered quite impressive results in high temperature corrosion resistance. It was tested against air 
atmosphere, vanadium pentoxide, molten glass, carburization, nitration and the atmosphere of the natural gas 
cracking generators. Good results were also described in wear resistance and hardness due to appearance 
of hard and brittle aluminum carbide Al4C3 [1, 2].  

The recent attention was given to FeAl based alloys with composition similar to Pyroferal©. The effect of carbon 
addition on the phase composition and morphology [3, 4] and the effect on the high-temperature deformation 
properties [5] were discussed.  

The present paper completes structural studies of alloys with composition within range of Al and C close and 
identical as Pyroferal©. The main task was to find the effect of deviations of Al and C content compared to 
Pyroferal©. 
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2. MATERIALS AND EXPERIMENTAL METHODS 

The research was performed with alloys of the composition given in Table 1. Compositions are also given in 
ternary diagram in Fig. 1 a, b . 

Table 1  The chemical composition of the alloys (at.%) 

Alloy Fe Al C Si Denoted 
FA 3.7C Si balance 45.1 3.7 0.8 P 

FA 3.8C Si balance 43.3 3.8 0.8 N 
FA 4.0C Si balance 44.7 4.0 0.8 R 

FA 4.9C Si balance 43.0 4.9 0.7 O 

 

 

All alloys were prepared by vacuum melting in the induction furnace. The cast slabs (cross section 19.5x 40 
mm, length 200 mm) were rolled at 1230 °C in the five steps on the laboratory rolling-mill  K350. 

The chemical composition of all alloys was determined using spectral analysis by optical emission 
spectrometer LECO GDS 750a. 

The morphology of phases was studied by light optical microscopy (LOM) with Nomarski-contrast application 
and scanning electron microscopy (SEM). The phases were determined by energy dispersive X-ray 
spectroscopy and X-ray diffraction analysis (XRD). 

The heat treatment with different temperature, time and cooling was used: 

• annealing at 800 °C 8 h, quenching into the mineral oil, 

• annealing at 1100 °C 24 h, quenching into the mineral oil, 

• long-time annealing at 1150 °C 200 h, cooling in air. 

Fig.  1a Ternary Fe-Al-C phase diagram [6] for 800 °C 
with concentrations within this paper and 

corresponding to [4] 

Fig.  1b Isothermal section of ternary phase diagram 

via Ohtani for 1200°C with composition point 
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3. RESULTS AND DISCUSSION 

The composition of alloys P and R is very similar with respect to carbon and aluminum contents; the content 
of silicon is almost identical. To see the effect of Al content on the morphology and structure of phases these 
two alloys can be compared with alloy N containing less Al. To observe the effect of C content on phase 
structure, the alloy N is compared with alloy O. 

3.1.  The effect of Al content on the phase structu re (the comparing of alloys P and R to N) 

The increasing Al content has no effect on the phase composition of alloys in as cast state - it is identical in all 

alloys. Three phases (Fig. 2 , XRD in Fig. 3 ) are present - eutectic mixture of the solid solution α (bright area 

in Fig. 2 ) and fine needle-like Al4C3 phase, and clumps of coarse graphite lamellae (size 50-200 µm) - see 
detail in Fig. 2 . 
 

  

Fig. 2  Alloy P, as cast state (bright matrix, fine 
lamellae of Al4C3 carbide and black graphite 

lamellae), LOM 

Fig. 3  The diffraction curve of as cast (lower curve) 
and annealed state (upper) of alloy N 

The differences appear in the structure after high-temperature heat treatment (annealing at 1100 °C and 
1150 °C): graphite lamellae are totally dissolved in alloys R and P, whereas graphite flakes remain in the 
structure of alloy N - compare Figs. 4  and 5. EDX and XRD analyse were used for verification of graphite and 
carbide phase. A small volume fraction of needle-like carbide phase is conserved in the structures of all alloys 
after annealing 1100 °C /24 h/ oil, long time annealing leads to gradual solution needle-like carbide phase - 
see Figs. 4, 5 . It is obvious that bigger carbide needles are getting coarsen during annealing - Fig. 5 . 

Higher amount of coarse carbide lamellae are present in the structures of alloys R and P (higher Al content) 
than in the structure of alloy N (lower Al content) - compare Figs. 4  and 5.  

Higher Al content (more than 44 at.%) for Pyroferal© type alloys may be recommended on the basis of the 
comparison of structure: the higher Al content leads to conservation of carbide Al4C3 after annealing, whereas 
lower Al content leads to conservation of the graphite phase. The structure with higher quantity fine needle-
like Al4C3 phase is advantageous for high - temperature properties of iron aluminides [5] as well as absence of 
the soft graphite phase. 
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3.2.  The effect of C content on the phase structur e (the comparing of alloys N and O) 
 

 

The alloy N and O have comparable Al content, but marked difference of carbon content - alloy O has higher 
C content than alloy N. Phase composition of alloy O is the same as of  N alloy: solid solution FeAl, Al4C3 
carbide and graphite (verified by XRD) - but morphology of phases is very different. The carbide Al4C3 occurs 
only as fine needle-like phase in the as cast structure of alloy N with lower C, whereas coarse carbide plates 
and fine needle-like carbide are present in the structure of alloy O with high C (Fig. 6 ). Graphite is present as 
lamellae and flakes in both alloys. 

Differences are much more pronounced after heat treatment: the fine needle-like Al4C3 dissolves gradually, 
but flakes of graphite remain in alloy N (lower C). In the structure of alloy O (high C) fine needle-like phase 
dissolves gradually too, but coarse carbide plates are coarsening even more (compare Figs. 6  and 7). Small 
amount of graphite flakes remain in the structure of alloy O too.  

  
Fig.  6 Alloy O, as received, Al4C3 as plates and fine 

needle-like phase, BSE image 
Fig.  7 Alloy O, after annealing 1150 °C/200 h, Al4C3 
as plates and coarse needle, graphite, BSE image 

 

Fig.  4 Alloy N, after annealing  1150 °C /200 h/ air, 
Al4C3 lamellae, graphite in flakes, LOM 

Fig.  5 Alloy R, after annealing  1150°C /200h/ air, 
Al4C3 lamellae, LOM 
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Fig.  8a Alloy O, after annealing  1150 °C/200 h, 

BSE image - small black particles are graphite, dark 
grey Al4C3 

Fig.  8b Alloy O, after annealing  1150 °C/200 h, 
EDX map image - phase verification: small blue 

particles are graphite flakes, red particles are Al4C3 

The morphology of graphite particles can be similar to the morphology of Al4C3 carbide (lamellae or oval-
shaped particles of different sizes) after high-temperature annealing, and differentiation of both phases is very 
difficult for this reason. Energy Dispersive X-ray analysis was used for phase verification - see Fig. 8a, 8b. 

The high C content leads to the formation of carbide plates in as cast state and to further coarsening during 
heat treatment. These brittle carbide plates introduce into the matrix internal stresses and decrease brittle 
fracture resistivity. Their high hardness increases wear resistance of alloys. 

3.3.  The phases in the investigated alloys 

The main problem of phase composition is presence Al4C3 carbide. It is given in older version of Fe-Al-C 
diagram by Vogel and Mader [7] - they indicated this carbide at concentration about 44 at.% Al and 1 at.% C. 
It is in agreement with older experiments of Vyklický and Tůma [1]. This phase is not mentioned for such 
concentrations later by Nishida [8] and recently by Palm and Inden [9]. The addition of silicon is supposed to 
support the formation of Al4C3 carbide [4].   

The summary of the phase composition of the alloys after heat treatment is given in Table 2 .  The presence 
of phases is compared to ternary diagram of Ohtani et al. [6] (800 °C and 1200 °C), see Figs. 1a  and 1b.  

Table 2  The summary of the phase composition of the alloys after heat treatment 

Alloy 

 

Ohtani  
800 °C 

 

Present paper  
800 °C 

 

Ohtani  
1200 °C 

 

Present paper 
1150 °C 

N FeAl + Al4C3 FeAl+Al4C3+(CF) FeAl + Al4C3 FeAl+Al4C3+(CF) 

P FeAl + Al4C3 FeAl+Al4C3+(CL) FeAl + Al4C3 FeAl + Al4C3 

R FeAl + Al4C3 FeAl+Al4C3+(CL) FeAl + Al4C3 FeAl + Al4C3 

O FeAl + Al4C3 FeAl+Al4C3+(CF) FeAl+Al4C3+(C) FeAl+Al4C3+(CF) 

(C) …minority phase, CF….graphite in flakes form, CL.…graphite in lamellae form 

It is obvious, that graphite is present in the structure an extra phase if compared to Ohtani diagrams. Its 
presence in the structure is reported by Palm and Inden [9].  
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The annealing at 800 °C/8 h induced refinement of structure for all alloys, i.e. the solution of coarse graphite 
lamellae compared to as cast. The residual graphite in the structure of all alloy as lamellae (alloys P and R) or 
flakes (alloys N and O) was observed - see Table 2 . 

The long-time annealing at 1150 °C /200 h induces redistribution of Al4C3 needles (alloy N). Very pronounced 
coarsening of Al4C3 plates is observed in alloy O. Little graphite flakes were conserved in both alloys with lower 
Al content (N, O). The graphite was totally dissolved in alloys with higher Al content (P, R). The coarsening of 
needle-like phase Al4C3 was noticed in these alloys (Fig. 5 ). 

CONCLUSIONS 
• reduction of Al content below 44 at.% leads to the presence of the soft graphite phase in the structure 

after high-temperature (both 800 and 1150 °C) heat treatment,                

• increase of C content over 4 at.% leads to the formation of very coarse and brittle phase - Al4C3 plates, 
which is disadvantageous for deformation properties,  

• annealing at 800 °C contributes to dissolution or to refinement of coarse graphite phase in alloys  P,R 
and N, 

• the presence of Al4C3 carbide corresponds to the ternary diagram of Ohtani [6], 

• the presence of the residual graphite is in agreement with the ternary diagram of Palm and Inden [9]. 
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Abstract 

Plastic consolidation offers good alternative for traditional scrap recycling, especially for the highly fragmented 
forms of materials obtained from machining process. In this method aluminum chips were pre-compacted into 
a form of solid billets and then hot extruded at elevated temperature. Present work describes influence of the 
temperature and extrusion speed on the mechanical properties of flat 6060 aluminum alloy bars. In order to 
test different materials morphology, profiles were extruded from two distinctive types of scraps: large chips 
produced by means of turning process and fine ones produced by CNC machining. Before plastic consolidation 
chips were pre-compacted to the form of billets with a diameter of 40 mm. Cold compacted billets were then 
extruded at temperatures of 400 °C and 450 °C with a press ram speed of 3 mm/s. Extrusion ratio of 25 was 
kept constant during all experiments.  

Results revealed that mechanical properties of fine chips extrudates exhibit similar properties to those obtained 
by casting and extrusion procedure. On the other hand, samples prepared from large chips are characterized 
by lower mechanical properties. Density measurements combined with microstructure observations revealed 
a very well consolidated material without any porosity, which suggests good quality of chips bonding.  

Keywords: Recycling, plastic consolidation, hot extruded, aluminum chips 

1. INTRODUCTION 

Although aluminum recycling history dates back to the early twentieth century, this process became more 
important in the years following World War II as a result of increased demand for this product. Nowadays, 
scrap as an aluminum supply still has a powerful interest since production of aluminum from secondary 
(recycled) sources requires much smaller energy than the known Bayer process [1]. Furthermore,  
the efficient production of aluminum recycling benefits the environment by preserving natural bauxite ores. 

Actually, the recycling process of aluminum is mostly focused on commercially grade 3000, 5000 and 6000 
aluminum alloys because of higher tolerance for impurities. However, in the case of special alloys, e.g. 7475, 
7055 etc., where the chemical composition is strictly specified, even a small amount of impurities  
are unacceptable. The particular difficulty is made by iron inclusions. Many commercial alloy specifications 
require low iron content, unfortunately subsequent melting operations result in continuous increasing of iron 
impurity because of the direct contact of scarp with the recycling separation systems [2].            

The advantages of aluminum recycling make it very attractive, thus the usage of aluminum scraps is constantly 
growing, however there are still some issues which needs to be overcome. Firstly, waste segregation. There 
have been a lot of work done in this area, however requirements for an easy and effective segregation process 
of Al wastes is still valid. The second problem is irreversible metal losses during re-melting process. Intensive 
oxidation, contraction cavities, risers etc., can cause even 55 % losses of initial aluminum charge. Therefore, 
new methods of aluminum recycling are especially welcome [3]. Plastic consolidation were found to be very 
promising method for aluminum recycling. The idea of plastic consolidation (PC) was established by M. Stern 
in 1945 and is based on preliminary compaction of fine material followed by hot extrusion. The main advantage 
of the plastic consolidation over traditional recycling techniques is elimination of melting process, which in turn 
results in significant reduction of material losses during processing. Further potential advantages are: 
minimization of energy usage, no requirement for special equipment and manufacturing of the high quality 
products at the lowest possible cost [4]. PC has been already successfully employed in a production process 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1675 

of rapidly solidified materials [5-7] as well as mechanically alloyed composites [8]. Application of this 
consolidation technique results in improved mechanical properties of materials. In this paper, two fractions of 
chips produced from 6060 aluminum alloy were subjected to plastic consolidation at different extrusion 
conditions. Effectiveness of plastic consolidation is discussed based on fracture surface observations 
combined with the mechanical properties results.   

2. EXPERIMENT 

The chemical composition of tested alloy is given in Table 1 . Material in the form of ingots was processed by 
machining and as a result two fractions of chips were obtained, i.e. large and fine. Large chips, characterized 
by slightly curved shape (Fig. 1 ) were obtained by turning process realized with the cutting tool feed rate of 
0.2 mm/s and rotation speed of 315 rev./min.  

 

Fig. 1  Initial morphology of as machined and as compressed billets of (a, b) large and (c, d) fine chips 

The average size of large chips was determined to be 97.4 x 3.1 x 0.72 mm. Fine, rectangular shape chips 
were produced by milling CNC machine operated with the cutting speed of 28 000 rpm. The average size of 
fine chips determined by sieve analysis was estimated to be in the range of 0.40 - 0.315 mm. As-machined 
chips were preliminary compacted by cold pressing under the pressure of 240 MPa. As a result billets, 70 mm 
in height, 40 mm in diameter, weight of 25 g were produced. Density measurements were performed for as-
compressed billets and the density of 1.81 g/cm3 and 1.78 g/cm3 were obtained for large and fine chips, 
respectively. Billets were then hot extruded at the temperatures of 400 °C and 450 °C with the ram speed of 3 
mm/s. Billets before extrusion were pre-heated for 20 minutes in the press container in order to obtain uniform 
temperature distribution. As a result of extrusion process rectangular shape extrudates were received. Profiles 
were water quenched immediately after extrusion process. In this condition series of tensile samples of gauge 
length 2 x 8 x 45 mm were machined. The specimens were tested by using Zwick Z050 machine under uniaxial 
tension at room temperature, at a constant strain rate of 8·10-3 s-1. The tensile axis was parallel to the extrusion 
direction. For comparison purposes, as cast material produced under the same temperature and ram speed 
condition was studied as well. Hitachi SU-70 SEM was used to study fracture surfaces and microstructure of 
tested materials. Samples for microstructural observations were prepared by grinding and polishing of 
longitudinal cross-sections of tested materials.  

Table 1  Chemical composition of 6060 alloy (wt.%) 

Si Mg Fe Cu Mn Cr Ni Zn Ti Zr Al 

0.49 0.4 0.22 0.02 0.03 0.009 0.003 0.04 0.011 0.011 Bal. 

3. CHIPS MORFOLOGY 

Figures 1  and 2 show comparison of the initial morphology of large and fine chips with their internal 
microstructures.  One can observe that both kind of chips exhibit highly deformed microstructure as a results 
of high, local shear stresses generated during machining processes. It was found that the degree  
of deformation (γ) strongly depends on the shear angle φ and the tool back-rake angle α. High deformation 
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introduced during machining process (γ >>1) allows consider the machining process as a severe plastic 
deformation (SPD) technique.    

 

Fig. 2  SEM microstructure of as machined (a, b) large and (c, d) fine chips 

As machined chips differ from each other by sizes and outer surfaces (Fig. 1 ). Moreover, fine chips exhibit 
characteristic serrated segments (Fig. 2 c, d ) which are not observed for large chips (Fig. 2 a, b ). It has been 
already recognized that formation of serrated chips is a result of high cutting speed typical for high-speed 
machining processes (HSM) [9]. The mechanism by which serrated chips are formed is explained by two 
different theories. One is adiabatic shear theory, which suggests that the serrated chips are caused by the 
periodic thermoplastic shear instability occurring within the primary shear zone [9]. The second theory  
is based on periodic cracks formation from the free surface of the chip and its propagation to the tool tip [9].              

Cracking process is initiated for both chips, however large chips exhibit peripheral cracking character while for 
fine chips cracking penetrate to material (Fig. 2 ). White particles visible in the microstructure (Fig. 2 b, d ) were 
found to be iron-rich phases. The size of these particles is not affected by machining process.         

4. SURFACE ANALYSIS 

Fig. 3  shows macro-
observations of as extruded rods. 
It can be seen that independently 
of chips size as well as 
temperature and ram speed 
conditions, extruded profiles 
exhibit good surface quality. Any 
cracks, inclusions, pores or 
discontinuity are not visible on 
the surface. One can observe 
formation of “transition zone” at 
the beginning of extruded profile 
(Fig. 3b) , which is a 
consequence of partial chips 
bonding due to lower strain and 
temperature conditions at the 
beginning of the extrusion 
process. These defects are more 
pronounced for materials 
extruded at lower temperature, thus increasing of extrusion temperature results in improved quality of plastic 
consolidation. Furthermore, using die with the pre-chamber stabilizes flow of metal, which in turn results in 
reduction of “transition zone” in extruded profiles [10].               

Fig. 3  a) Surfaces of as-extruded profiles b) “transition zone” 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1677 

5. MECHANICAL PROPERTIES 

Fig. 4  shows engineering stress-strain curves recorded during tensile tests for all tested materials. The 
average values of Yield Stress (YS), Ultimate Tensile Strength (UTS) and Elongation (E) for all testes materials 
are shown in Table 2 . One can observe that independently of extrusion temperature the mechanical properties 
of materials received from fine chips are higher than those obtained for large chips or solid materials (Fig. 4 , 
Table 2 ). Furthermore, for given chips morphology the effect of extrusion temperature on mechanical 
properties is negligible. However, there is a difference between properties of cast material extruded at 400 °C 
and 450 °C (Fig. 4 , Table 2 ). Higher properties of extrudates at 450 °C can be attributed to solid solution 
strengthening effect. It is assumed that higher temperature increases solubility of Mg in the aluminum matrix, 
thus enhancement of properties can be expected. This effect can be difficult to observe in the case of chips, 
because mechanical properties are a result of superposition of different phenomena, such as solution 
strengthening, work hardening prior extrusion and chips bonding quality.         

 

Fig. 4  Engineering stress-strain curves for exemplary samples extruded from  
a) large chips, b) fine chips  

Table 2  Mechanical properties of as extruded 6060 profiles 

Material Temperature [°C] YS [MPa] UTS [MPa] E [%] 

Fine chips 

400 

77 138 19 

Large chips 45 109 18 

Solid material 36 109 18 

Fine chips 

450 

71 146 20 

Large chips 35 110 19 

Solid material 47 128 17 

6. FRACTURE SURFACE OBSERVATIONS 

Fig. 5  shows SEM observations of the fracture surfaces of tested alloys deformed in tension. It is seen that 
the fracture surfaces of all samples exhibits predominantly ductile character with a high density of micro-voids 
visible on the surface. Samples extruded from large chips show characteristic delaminations  
(Fig. 5 c ), which occur along the boundary of single chips. This suggests weaker cohesion and poor bonding 
between chips. Profiles extruded from fine chips show well compacted fracture surface (Fig. 5 a, b ) with high 
density of dimple-like features. Occasionally, fine micro-cracks are detected for samples extruded at 400 °C 
(Fig. 5 c ), however increasing of extrusion temperature results in micro-cracks elimination, which indicates 
sound bonding between chips.    
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Fig. 5  SEM observations of the fracture surface of tested materials deformed under tension 

CONCLUSION 

1) Parameters of machining process strongly affect the morphology of chip free surface, size and its 
internal structure. 

2) Macro observations of as extruded profiles reveal good surface quality without any visible defects.  
3) Tensile test results reveal that material extruded from fine chips exhibits higher mechanical properties 

in comparison with large chips and solid material.  
4) Fracture surface observations show effective process of plastic consolidation, particularly for materials 

extruded from fine chips. Large chips based profiles exhibit micro-cracks and delaminations.   
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Abstract   

The paper outlines the history of development of magnets, from magnetite ore, through to the production of 
steel, Alnico, ferrite, samarium and neodymium magnets. The directions of further research on the 
improvement of the magnetic properties of magnets in the future are also discussed. 

Keywords: Magnets, magnetic materials, magnetic properties 

1. INTRODUCTION 

Magnetic materials can be divided into two main types: so called soft magnetic materials (with coercivity Hc 

below 0.4 A⋅m-1) and hard magnetic materials, characterized by a high coercivity value. The latter are used for 
the construction of permanent magnets, which are important elements of instruments and devices commonly 
used both in everyday life and in many branches of industry, as well as in scientific research.  For example, 
magnets can be found both in telecommunications and information technology equipment and measuring and 
control instrumentation, as well as in current generators and electric motors. They are also a basis for electro-
acoustic devices and different types of sensors. The scale and variety of uses of magnets can be evidenced 
by their world's production volume, which amounts to several hundred thousand tons a year. The manufacture 
of hard disk drives alone is at a level of about 300 million items per year, while considering the fact that a 
contemporary motor car is equipped, on average, with 35 electric motors, at an annual global car production 
of about 70 million this is tantamount to 2 billion motors with magnets a year. 

Therefore it is extremely important, not only from the scientific, but also from the economic point of view, to 
search for new magnet materials with increasingly better service parameters (i.e. having both high remanence 
Br and coercivity HcB and magnetic energy density (BH)max values, as well as good temperature stability of 
these values), with maintained availability of raw-materials and their relatively low price. The present paper 
has made a review of the development of magnetic materials over centuries, starting from prehistoric times, 

through the present time, up to the materials of the future. 

2. THE MAGNETITE ERA   

The magnetite (Fe3O4) ore was the first natural magnet, known already in antiquity (China, Greece). At that 
time (in about 2500 BC), the phenomenon of attraction of iron pieces by forces coming out of magnetite ore 
was observed [1, 2]. Ancient legends say, among other things, about pulling out to a distance of iron parts from 
hulls the ships sailing past the islands situated between Ceylon and Sumatra, as described by e.g. Ptolemy 
(in about 100-178 BC). There were also stories about nails pulled out from shepherds' sandals, disarming and 
immobilizing of knights, or about means enhancing the magnet action force (e.g., by rubbing the magnet with 
iron filings), as well as inhibiting it (such as garlic, onion, or a time of the day).  

At different times and different places, where magnetite ore was found, it was called, either: the Magnesia 
stone, the stone of Lydia, Horus' bone in ancient Egypt; loadstone in England; aimant ("loving stone") in 
France; or ts'u she in China.  
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According to Chinese sources, as early as in about 3000-2500 BC [3], one of the first applications of magnetite 
ore was in the compass, as the indicator of the North-South direction of the Earth's field. Fig. 1  shows 
compasses in the form of a balancing spoon made of magnetic ore, lying on a smooth copper or bronze plate 
(Fig. 1a ), a floating fish (Fig. 1b ), and a turtle rotating around the vertical axis (Fig. 1c ). At that time, as the 
indicator of the position of the Earth's magnetic poles, magnetic ore was used primarily for magnetizing by 
rubbing of iron needles intended to be used in a compass.  

 

Fig. 1  A model of the first in the world Chinese Si Nan compass from the period of the Han dynasty (around 
the 3rd century BC) in the shape of a spoon made of magnetic ore, lying on a smooth bronze plate (a), a 

floating fish (b), and a turtle rotating around the vertical axis (c) 

In Europe, on the other hand, as the beginning of the history of development of the study of magnets, the 
information about Thales of Miletus (approx.  624-546 BC), as reported by Aristotle (approx. 384-322 BC) in 
his treatise "De anima", should be regarded. According to this information, "the magnet has a soul, because it 
attracts iron". A similar view is also expressed by Plato (427-347 BC) in his dialogues Ion and Timaeus. 
Unfortunately, these are not quite correct attempts to interpret the observed phenomena.  

Also Roman poet an philosopher Titus Lucretius Caro (97-55 BC), in his wok „De rerum natura”, gives a fairly 
large coverage to the phenomena of attraction of iron by the magnet (called therein a stone).  The magnetic 
stone and its "liking" for iron is also written by Plinius the Elder (23-79 AD) in his Natural History (Book XXXVII). 
Saint Augustine, on the other hand,  in his work entitled "De civitate dei" written in the years 413-426 AD 
described the experience of attracting iron rings by magnet stone. These were the first interesting experiences 
leading to the discovery of the phenomenon of magnetic induction. An important period in the history of 
research on magnets were the centuries from 13th to 17th. Associated with this period are names, such as 
Petrus Peregrinus (the second half of the 13th century, likely to be identified as Peter of Maricourt [4]), 
Giambattista della Porta (1535-1615) [5] and William Gilbert (1544-1603) [6]. 

In his letter "On the magnet" sent in August 1269 to his friend,  he introduced, among other things, the term 
"magnet poles" and gave a description of the compass. Also Giambattista della Porta in his work entitled  
„Magiae naturalis” gave much coverage to magnets, e.g. the sources of magnetic interactions, the division of 
a magnet (magnet ore) into parts, the description of scales as used for the measurement of the forces acting 
between magnets, or the use of fine iron filings for the observation of the magnetic field around a magnet. 

William Gibert of Colchester, an English physicist and Queen Elizabeth I's own physician, achieved the world's 
fame after publication of his work „De magnete…” in 1600 in London. An important achievement of Gilbert was 
the development of a theory based on performed experiments with a magnetic needle placed on the surface 

a) b) 
 

c) 
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of a sphere cut out from magnetic ore, called the terrella, saying that the Earth is a large spherical magnet 
(Fig. 2 ). Gilbert also discussed to a little greater extent the methods of permanent magnetizing of iron bars 
intended, inter alia, for compass needles. In particular, he described the method of unidirectional rubbing of 
an iron specimen surface with magnetite, and the forging of thin iron wire positioned in the Earth's magnetic 
field in the Nord-South direction followed by prolonged magnetizing it in the Earth's magnetic field (without 
plastic deformation). He also recommended the use of the hardening of iron, in today's sense, which had a 
martensitic structure after this treatment, resulting in a slight increase in coercivity. The first magnetic 
measurements of magnetic ore were made by H. Du Bois and E.T. Jones [7] in 1896. They only measured the 

coercivity HcJ and remanence Jr, which amounted to, respectively: 4.0 kA⋅m-1 and 0.44 T. 

                                 

Fig. 2 William Gilbert's terrella - a scale model of the magnetic Earth made from a loadstone 

3. THE STEEL ERA 

The double touch method of making magnets from iron bars, as described by Gilbert, was continued in England 
in the 30s of the 18th century by Servington Savery [8]. This method involved touching a surface being 
magnetized with one pole of magnetite ore, and then repeated rubbing along the whole needle length. This 
activity was repeated many times until complete magnetization. 

A further significant progress in making artificial magnets was achieved by Gowin Knight (1713-1772), who 
was a well-known British manufacturer of magnets of hardened steel. In this method, two inclined magnets 
were placed with the opposite poles in the middle of a steel plate being magnetized. The magnets were then 
shifted away from each other. This operation was repeated many times, while only changing the plate surface. 
This method of producing magnets was called the method of divided touch.  

In 1750, John Michell (1727-1793), an English physicist and astronomer [9], developed a method of making 
magnets from steel by using a modification of the method of divided touch (the method of variety of double 
touch). In this method, a hardened steel plate to be magnetized is placed between two non-magnetized bars. 
Magnetizing is done with two inclined magnets, as in the method proposed by John Canton, by repeated 
rubbing the hardened steel surfaces to and fro. 

As John Michell noted, the developed method enabled magnets to be produced not only from soft iron, but 
also from hardened steel, which retained magnetization considerably longer. 

Equally important and interesting work on magnet production was conducted not only in England, but also in 
France (H. L. Du Hamel (1700-1782) and in Russia (F. U. T. Aepinus (1724-1802). 

A significant progress was made in England in the 18th century with the development of magnets from carbon 
steel containing 1.0 to 1.5 wt.% C. Unfortunately, no good magnetic properties were achieved (a coercivity of 
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HcB = 3.8 kA⋅m-1). Whereas, as reported by G. Hannack [10], Remy in Germany and Böhler in Austria 
demonstrated in the years 1883-1885 that the best magnet steels contained  0.6 % of carbon and from 5 % to 

5.5 % (w/w) of tungsten (HcB = 5.6 kA⋅m-1, Br = 1.03 T, (BH)max = 3.1 kJ⋅m-3). 

Also Maria Skłodowska-Curie (the two-time Nobel Prize winner: in physics in 1903 and in chemistry in 1911), 
better known for the discovery of polonium and radium and research on radioactivity, devoted her first scientific 
studies in 1898 to the measurements of the magnetic properties of tungsten steel [11]. 

In 1885, Hopkinson [12] first gave the magnetic properties of hardened chromium steel (6.0 wt.% Cr). He 

achieved HcB = 4.8 kA⋅m-1, Br = 0.95 T, (BH)max = 3.0 kJ⋅m-3. Whereas, in 1892 Hadfield [13] stated that with a 
chromium content of up to 28 % (w/w) the magnetic properties of steel increased, while above this value, 
decreased. 

In this group of martensitic magnet steels, steels of a cobalt content from 3 to 30 wt.% were developed in the 
20s of the 20th century. Magnets of a cobalt content of 30 % had the following magnetic properties: HcB = 19.9 

kA⋅m-1, Br = 0.9 T, (BH)max = 7.5 kJ⋅m-3. 

4. MULTICOMPONENT ALLOYS - THE ERA OF ALNICO MAGNET S 

The understanding of the microstructural bases of precipitation hardening enabled Köster [14] in 1932 to 
develop alloys not containing carbon, namely: Fe-Co-W and Fe-Co-Mo. Work was also conducted on the 
technology enabling the making of magnets with a low cobalt content (Fe-Cr-Co alloys with 8-12 wt.% Co) or 
not containing this element (Mn-Al-C alloys and Fe-Al-C alloys) having good magnetic properties. 

Studies carried out in the years 1935-1939 showed that a good material for magnets were the alloys of iron 
with platinum, iron with palladium and cobalt with platinum [15]. Thus, we quote here as an example, that the 

Fe-Pt alloy has a coercivity of HcB = 390 kA⋅m-1, a remanence of Br = 1.04 T, and (BH)max = 160 kJ⋅m-3. While 
magnets of poorer magnetic properties, but well plastically deformable are provided by the following alloys: 
Cu-Ni-Fe (Cunife), Cu-Ni-Co (Cunico) and Fe-V-Co (Vicalloy) [16]. 

The history of modern magnets started in 1932, when Mishima [17] demonstrated that the carbon-free ternary 
alloy  25 at.%  Ni, 10 at.% Al and the balance of Fe exhibited a higher coercivity and did not require hardening. 

The coercivity of these alloys amounted to above 50 kA⋅m-1, and the energy product, 10 kJ⋅m-3. These magnets 
were improved in the years 1932-1968 by adding cobalt, which substituted for part of the iron, and the addition 

of copper, whereby a coercivity of HcB = 110-140 kA⋅m-1, a remanence of Br = 1.0-1.1 T and (BH)max = 60-75 

kJ⋅m-3 were obtained. A significant achievement in the production of Alnico magnets was the application of 
heat treatment in a magnetic field by Oliver and Shedden [18]. Thus, anisotropic magnets of better properties 
in the direction of magnetic field action were made. Alnico magnets were also made by sintering powdered 
alloys (which is a method frequently used in the production of complex shape and small-sized magnets). Also 
powders bonded with a plastic and then pressed were used for magnets. 

A high interest of industry was also aroused by the alloys of platinum with iron and cobalt thanks to their high 

coercivity value of HcB = 125 kA⋅m-1, remanence of Br = 0.58 T and (BH)max = 24.4 kJ⋅m-3. An extensive 
discussion of research on the crystalline structure and magnetic properties of Alnico alloys is provided in the 
study by McCurrie [19]. 

5.  THE ERA OF MAGNETICALLY HARD FERRITES  

Introduced in the 50s of the last century, despite their poorer service parameters (but a simpler manufacturing 
technology) compared to Alnico magnets, ferrite magnets, mainly barium (BaFe12O19) or strontium ferrite 
oxides, in terms of the number of tons produced yearly, have become the basic materials used in industry. On 
an industrial scale, barium ferrite is produced by the synthesis of barium oxide and ferric oxide, followed by 
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pressing and preliminary sintering and then grinding again in ball mills down to a particle size of approx. 1 µm, 
pressing and final sintering. Whereas, magnets with anisotropic properties are pressed in a magnetic field 

before sintering. The anisotropic properties of barium ferrite are as follows: HcB = 250 kA⋅m-1, remanence up 

to 30 T, and the energy product (BH)max up to 340 kJ⋅m-3. 

In 1954, the world's production of ferrite magnets amounted to about 6000 tons, while in 1985, over 200 000 
tons. A reasonably complete review of the basic properties of ferrites is provided in the study by Stäblein [20]. 

6.  THE LAST HALF CENTURY - SAMARIUM AND NEODYMIUM MAGNETS  

According to the view taken by Livingston [2] in his research on rare-earth magnets, which was initiated by 
Strnat [21], three periods should be distinguished:  

• the first period encompassing rare-earth (R) elements with 3d transition metals (Fe, Ni, Co);   

• the second development period involving magnets of rare-earth elements with cobalt (so called 2-17 
compounds); and 

• the third period initiated in 1984 with the development of Nd-Fe-B magnets. 

In the first group of magnets, the rare-earth metal Sm forms the SmCo5 compound with cobalt [22]. The second 
group includes magnets (with a higher cobalt content) of a rare-earth element - transition metal type, i.e. 

Sm2Co17 [23]. The basic magnetic properties are as follows: the coercivity of SmCo5 equals 1.5 MA⋅m-1 and 

(BH)max = 160 kJ⋅m-3; whereas for Sm2Co17, HcB = 1.7 MA⋅m-1, while (BH)max is much higher, amounting to 215 

kJ⋅m-3. Sm-Co magnets are manufactured by the powder sintering method. The third group includes Nd2Fe14B 
magnets [24, 25]. An important advantage of these magnets, from the practical point of view, are high magnetic 

parameters: HcB = 1.25 MA⋅m-1, Br = 1.22 T and (BH)max = 450 kJ⋅m-3. Comprehensive information on these 
magnets are provided, e.g., in the study of Livingston [2]. 

Also, an important group is made up by Sm-Fe-N magnets, and in particular Sm2Fe17N3 ones [26]. Introducing 
nitrogen atoms to the Sm2Fe17 compound considerably increased the saturation magnetization, i.e. from 1.09 
T to 1.52 T. A further improvement was possible by introducing a second phase with a high saturation 
magnetization value (e.g. α-Fe , for which Bs = 2.15 T) to the magnet. Thus, magnets were obtained, which 
had two phases: the magnetically hard phase Sm2Fe17N3 and the soft phase α-Fe. 

A discussion of the hitherto existing state of research on Sm-Fe-N magnets is provided in the study of Katter 
[27]. In view of the fact that forming more perfect Nd2Fe14B and Sm2Fe17N3 phases is a difficult (or even 
impossible) task, the further studies were geared towards improving the microstructure. Thus, magnets of a 
nanocrystalline structure (with grains in one of the nanometric directions) were formed. So, single-phase and 
diphase (nanocomposite) [28, 29] and, a little later, anisotropic diphase nanocrystalline [28] magnets were 
produced. Contemporary magnets, such as Sm-Co or Nd-Fe-B, are manufactured in the sintering process. 
Whereas, nanocrystalline-structure magnets are obtained in the process of prolonged grinding of a mixture of 
powders of elements (mechanical alloying, MA) or a ready-made alloy (mechanical milling MM), by rapid 
cooling from the liquid state, by the hydrogenation, disproportionation, desorption and recombination (HDDR) 
method, the great plastic deformation of the solid material (serve plastic deformation, SPD) and, in the next 
stage, the controlled crystallization of phases enabling a structure of nanocrystalline grains to be formed. 

7. CONCLUSIONS  

Currently, we know and manufacture magnets of various types and different properties (Fig. 3 ). The question 
that arises is: do we have to search for new materials for magnets? The response to this question is neither 
easy nor simple, as we still do not know many materials that we need or will need. For example, we do not 

currently know a magnet that retains its properties up to a temperature of 500 °C. Also, there is no magnet 
with a saturation induction above 2.7 T. New applications of magnets are likely to emerge, when they are 
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associated with mechanical or electrical properties. We are also of the opinion that the development of 
magnets in the future should involve a further reduction of the crystalline structure grain size. Interesting is and 
will be the magnetism of carbon, which has been intensively studied in recent years. 

 

Fig. 3 Examples of the permanent magnets manufactured on an industrial scale over the last century with 
the increasing value of the magnetic energy density (BH)max, as the measure of their magnetic quality 

The economic factor, too, is not without significance here. It is due to the low manufacturing prices (raw-
material and production costs) that ferrite magnets have still played the leading role, despite the 50 years that 
have passed since they were first introduced and many new materials that have been developed during this 
time. Although they do not have record high magnetic properties, the price of their unit magnetic energy is by 
approx. 10 times lower compared with Nd-Fe-B magnets. The role of Sm-Co magnets is also decreasing, since 
Nd-Fe-B magnets are considerably cheaper than they, with comparable magnetic properties.  
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Abstract    

High entropy alloys are a new material class with promising structural and mechanical properties in wide range 
of applications. In principle they consist of five or more elements in equimolar concentrations resulting basically 
in single phase microstructure. TaNbHfZrTi alloy was developed by Senkov for high temperature applications.  

Since all of these elements are biocompatible the TaNbHfZrTi alloy can be investigated as a prospective bio 
implant material. The alloy was prepared by vacuum arc melting, no annealing treatment was applied. Tensile 
test and hardness test at room temperature were performed with very good results: yield strength 1155 MPa, 
rupture strength 1212 MPa, Vickers hardness 359 HV30. Microstructure and fracture morphology was also 
investigated. 

Keywords: High entropy alloys, microstructure, mechanical properties, tensile test 

1. INTRODUCTION 

First publication regarding high entropy alloys (HEAs) was published in [1]. Since then many research and 
review article has been published e.g. [2, 3]. High entropy alloys consist in principle of 5 or more principal 
elements in (near) equimolar proportion. Such alloy posses high configuration entropy which should stabilize 
solid solution structure of the alloy. Nevertheless many such systems contain intermetallic phases, but they 
are also called high entropy alloys [3]. 

Such a new group of materials became very attractive to scientists and researchers. Reason was their good 
properties and large space for experimental variations. Mechanical, microstructure, corrosion and other 
properties has been investigated in many alloy systems. Recently most investigated systems are based on Cr, 
Fr, Cu, Ni, Al. Other group of HEAs is based on elements with high melting temperature such as Ti, Nb, Ta, 
Zr, Hf, Mo, W, V [3, 4, 5]. These are investigated mainly for their promising high temperature properties [4]. 
Since some of these elements are considered biocompatible [6, 7], such alloy could be used for bio implant 
production. Therefore TaNbHfZrTi was chosen for trial casting. This alloy was investigated already by Senkov 
[5] and others. But to the authors knowledge published mechanical properties were measured only in pressure. 
Pressure tests are very common in case of HEAs. Therefore tensile test at room temperature was performed, 
together with microstructure and fractographic investigations. 

2. EXPERIMENTAL 

Experimental alloy was prepared by vacuum arc melting in water cooled copper crucible. Titanium, niobium 
and hafnium were in the form of bars with 10 mm in diameter. Tantalum and zirconium were in the form of 
1 mm thick plates. Chemical purity of inserted elements was 99.9 %. Each element was added in equimolar 
proportion.  
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Final casting had approximately 100 mm in length, 30 mm in width, 10 mm in height and 400 g in weight. 
Casting was performed 6 times and flipped for each melt to mix the elements thoroughly and suppress 
chemical heterogenity. 

Nor HIP, nor other heat treatment was applied to the casting. Tensile test body with 5 mm in diameter and 25 
mm of measured length were stressed in deformation rate of 2·10-4 s-1 using 1185 Instron test machine 
equipped with video-extensometer.  

Metallographic sections perpendicular to the length of the casting were prepared. Vickers hardness HV30 was 
measured on that section using Zwick ZHU 250 Topline universal testing machine. Microstructure was 
examined by light (Nikon Epiphot 300) and scanning electron microscopy (JEOL JSM 7600F) on etched 
samples. Etching was performed in mixture of nitric acid (1.40) 30 ml, hydrofluoric acid (40 %) 10 ml and water 
60 ml for approx. 10 seconds. 

In order to determine the existing phase structures of the alloy, powder X-ray diffraction (PXRD) analysis was 
performed. D8 Discover diffractometer, CuKα radiation and 1D detector was used. Rietveld analysis was 
performed in TOPAS 4.2 with strain-related profiles’ broadening modelled by Gaussian function and size-
related by Lorentzian function.  

Existing phase structure was also examined by EBSD (HKL NordlysS). EDS analysis of chemical composition 
was also performed by Oxford X-Max. The fractography analysis of broken specimen was performed on 
scanning electron microscope Jeol LV 5510. 

3. RESULTS AND DISCUSSION 

3.1. Mechanical properties 

Table 1 Mechanical properties of as-cast TaNbHfZrTi alloy 

Specimen Rp0.2 [MPa] Rm [MPa] A [%] E [GPa] HV30 

TaNbHfZrTi 1155 1212 12.3 59 359 

 

Fig. 1 Engineering stress strain diagram of as-cast TaNbHfZrTi alloy  

Mechanical properties of as-cast TaNbHfZrTi alloy are given in Table 1 . Diagram of engineering stress vs. 
engineering strain is depicted in Fig. 1 . Necking starts rather early but is followed by large elongation. 
Measured yield strength 1155 MPa is larger than yield strength in compression 929 MPa measured previously 
on the same nominal composition alloy [5]. Hardness values are high, but not too much, therefore machining 
is possible. 
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3.2. Chemical composition  

Table 2 Chemical composition of as-cast TaNbHfZrTi alloy in at.% 

Ti Zr Nb Hf Ta 

18.16 20.55 20.96 20.65 19.68 

    

    

    

Fig. 2 SEM picture and EDS mapping of as-cast TaNbHfZrTi alloy  

Chemical composition of the final casting was verified by EDS chemical analysis (see Table 2 ). No important 
difference from ideal equimolar composition has been found. Slightly smaller titanium content could be caused 
by evaporation during remelting since titanium has the lowest melting point. 
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Etching reveals dendritic microstructure of the alloy (see Fig. 2 ). EDS mapping analysis was also performed. 
Only minor chemical heterogeneity was found. It seems that interdendritic space is slightly rich on zirconium 
and slightly poor of tantalum. That is probably the cause of the origin of the etching relief. 

3.3. Microstructure  

TaNbHfZrTi alloy exhibits dendritic microstructure with grain size in the range of 100-200 μm (see Fig. 3 ). 
Grain size was estimated from EBSD analysis to 160 μm (see Fig. 5 ). The EBSD phase analysis identified 
only BCC titanium from the phase library of the analysis system. 

    

Fig. 3 Dendritic microstructure of as-cast TaNbHfZrTi alloy - light microscopy 

In the obtained PXRD pattern (see Fig. 4 ), reflections of BCC phase are observed. According to the Rietveld 
refinement, the lattice parameter of this phase was 0.34089 nm. This value confirms values measured before 
340.4 pm [5]. Taking advantage of whole powder pattern modeling (WPPM) [8], the average size of coherently 
scattering domains lies in the vicinity 300 nm, which means that the so-called size broadening effect is 
negligible in comparison with the micro-strain broadening which was computed to be  
εmicro = (0.881 ± 0.009)·10-3.  

 

Fig. 4 PXRD pattern obtained on the surface of the as-cast TaNbHfZrTi alloy  

3.4. Fractography 

Fracture surfaces of the broken test specimen were analyzed. Fracture surface is inclined to tensile direction 
(see Fig. 6 ). Two different areas were found on the fracture surface. Large ductile shallow dimples in the 

0.34089 ± 0.00001 nm 
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middle of the fracture surface and small shallow ductile dimples in the surrounding (see Fig. 7 ). No signs of 
brittle fracture were found.  

    

Fig. 6 Fracture surface of the broken tensile 
specimen of as-cast TaNbHfZrTi alloy (right) 

 

    

Fig. 7 Large ductile dimples in the centre (left) and small ductile dimples in the periphery (right of the fracture 
surface) of the broken tensile specimen of as-cast TaNbHfZrTi alloy 

4. CONCLUSION   

TaNbHfZrTi alloy was successfully prepared by vacuum arc melting from individual elements. Tensile tests at 
room temperature confirmed good mechanical (yield strength 1155 MPa, rupture strength 1212 MPa, Vickers 
hardness 359 HV30) and deformation properties (A = 12.3 %). Microstructure of the alloy consists of dendritic 
grains with grain size 100-200 μm. EBSD and powder X-Ray Diffraction detected only BCC phase with lattice 
parameter of this phase 0.34089 nm. Fractography analysis revealed indications of ductile fracture only. 
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Abstract 

The effect of low-temperature treatment on the structure and hysteretic properties of sintered Nd-Fe-B 
magnets, which were prepared using strip-casting alloy (wt.%) Nd - 24%, Pr - 6.5%, Dy - 0.5%, B - 1%, Al - 
0.2%, Fe - balance and 2 wt.% DyH2 addition, was studied. Hysteretic properties of the magnets subjected to 
the optimum heat treatment (1-h holding at 500 ˚C followed by quenching in gaseous nitrogen) are Br = 1.29 

T, jHc = 1309 kA⋅m-1, Hk = 1220 kA⋅m-1, (BH)max = 322 kJ⋅m-3. The subsequent combined heat treatment in 
vacuum or inert atmosphere, which includes the stepped or progressive heating from 250 to 500 ˚C (the total 
heating time is to 20 h), does not change hysteretic properties of magnets upon heating within this temperature 
range, whereas magnets of the same composition, but prepared by traditional technology, demonstrate the 
abrupt decrease of hysteretic properties (jHc and Hk) upon heating in a temperature range of 350 to 400 ˚C. 

The degradation of magnetic properties (decrease in jHc and Hk to 1105 and 960 kA⋅m-1, respectively) of 
magnets prepared from hydride-containing powder mixtures is observed only after the repeated annealing at 
550 ˚C. The hysteretic properties of the magnets can be restored completely by heat treatment 1050 ˚C (1 h) 
+ 500 ˚C (2 h). X-ray diffraction analysis and scanning electron microscopy were used to demonstrate the 
evolution of microstructure and phase composition of magnets in the course of annealings. 

Keywords: Nd-Fe-B-based magnets, coercivity, dysprosium hydride, low-temperature annealing, grain  
          boundaries 

1. INTRODUCTION 

Sintered Nd-Fe-B magnets find wide applications for technology owing to the high maximum energy product 
((BH)max), residual inductance (Br), and magnetization coercive force (jHc). Nd-Fe-B permanent magnets are 
used in many fields of industry. One of problems of preparation of permanent magnets based on the Nd2Fe14B 
compound is related to the decrease in the content of nonmagnetic phases via the optimization of the rare-
earth metals contents [1]. 

The coercivity of Nd-Fe-B magnets is structure sensitive and dependent on the continuity and composition of 
RE-rich phases, grain-boundary defects, average grain size, exchange interaction between Nd2Fe14B hard 
magnetic grains, etc. The coercivity of sintered magnets is reached by post-sintering annealing at the optimum 

temperature (around 500 °C) determined by the composition of Nd-Fe-B-based alloys. The role of the low-
temperature heat treatment (LTHT) consists in the formation of continuous non-magnetic RE-rich layers 
between (Nd,R)2(Fe,M)14B grains [2]. 
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According to [1, 3], the addition of heavy rare earths of Dy or Tb is effective to enhance the coercivity and 
consequent thermal stability of the Nd-Fe-B magnets, because Dy or Tb increases the magnetic anisotropy 
field of the 2-14-1 Nd-Fe-B compound, but this method simultaneously results in considerable degradation of 
the remanence of the magnets. Recently, techniques for enhancement of coercivity of sintered Nd-Fe-B 
magnets by diffusing a continuous layer of Dy or Tb onto the surface of the Nd2Fe14B matrix grains without 
obvious reduction of the remanence have been developed by different researchers.  

The experiments with Dy and Tb additions are carried out to achieve the optimum microstructure, which 
involves confining the Dy distribution to the grain boundary regions. If the Dy can be confined in the grain 
boundary regions, then: 
(1) It should be possible to increase locally the coercivity and hence reduce the probability of reverse 

domains forming at the grain boundaries. 
(2) Limit the substitution of Nd by Dy in the matrix phase and thus limit the reduction of the magnetization 

and hence the remanence. 
(3) Reduce the amount of Dy required to achieve a particular increase in the coercivity and hence reduce 

the overall cost of the alloy. 

The magnetic and microstructural modification of the Nd-Fe-B sintered magnet by mixed DyF3/DyHx powder 
doping was studied in [4]. 

According to [5], magnets based on Nd16Fe76B8 with DyH3 additions have been sintered at different 
temperatures. The magnetic properties, microstructure and compositions have been examined. Details of 
progress of Dy entering the hard matrix phase are considered and an evolution mode of the relevant sintering 
process is proposed. Hydrogen absorption and desorption of the magnets were examined by HDTA. The 
optimum sintering temperature for these magnets has been established. Microstructural and EDX 
examinations have revealed that a relatively Dy-rich phase formed in the Nd-rich grain boundary phase and 
this slowed down the substitution of Nd by Dy in the Nd2Fe14B matrix phase, possibly enhancing local coercivity 
without excessive attenuation of the remanence.  

The effect of DyH3 additions on the magnetic properties of magnets was studied in [6]. The use of DyHx powder 
along with DyGa, Dy3Co powders allows the authors to increase the coercive force by 0.4 to 0.6 T without 
substantial decrease in the residual magnetization. The DyHx powder was prepared by hydrogenation of 
metallic Dy at 500 ˚C at a hydrogen pressure of 500 kPa. The powder was applied on the Nd-Fe-B magnet 
surface and annealed in a vacuum at 550 ˚C for 0.5 h.  

The possibility of application of dysprosium hydride nanoparticles for wastes processing is discussed in [7]. 

The properties of prepared magnets are: Br = 1.296 T, jHc = 1360 kA⋅m-1, (BH)max = 292.3 kJ⋅m-3. 

The present work is aimed at the study of peculiarities of both the formation high-coercivity state of Nd-Fe-B 
magnets prepared from DyH2 hydride-containing powder mixtures and the evolution of hysteretic properties of 
the magnets in the course of low-temperature annealings. 

2. EXPERIMENTAL 

Nd-Fe-B magnets were prepared using Nd - 24 wt.%, Pr - 6.5 wt.%, Dy - 0.5 wt.%, B - 1 wt.%, Al - 0.2 wt.%, 
Fe - 65.8 wt.% strip-casting alloy. The preparation procedure includes the hydrogen decrepitation of flakes in 
dry hydrogen (at 100 °C for 1 h) and subsequent passivation in gaseous nitrogen atmosphere. Dysprosium 
hydride (2 wt.%) was added after cooling the powder to room temperature. The mixture was subjected to fine 
milling for 40 min to an average particle size of 3 μm using a vibratory mill and isopropyl alcohol medium. 
Samples were compacted in a magnetic field and sintered at Т = 1070 °C (for 2 h). The sintered blanks were 
subjected to the following heat treatments (HTs): 

• HT-1 (optimum): 500 °C (1 h) + quenching in gaseous nitrogen (Sample No.1); 
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• HT-2: 500 °C (1 h) + quenching + 500 °C (2h) + quenching + 500 °C + cooling for 2 h to 400 °C + 400 
°C (6 h) + furnace cooling (in this case, the properties are almost unchanged, although the earlier 
experiments performed for similar magnets demonstrates the decrease in magnetic properties jHc and 
Hk) (Sample No.2); 

• HT-3: 500 °C (1 h) + quenching + 500 °C (2h) + quenching + 500 °C + cooling for 2 h to 400 °C + 400 
°C (6 h) + furnace cooling + 550 °C (1h) + quenching (properties decreases substantially) (Sample 
No.3); 

• HT-4: HT-1 + HT-2 + HT-3 + 1050°C + 500 °C (2 h) + quenching in gaseous nitrogen (hysteretic 
properties of the magnets restored completely) (Sample No.4). 

Measurements of magnetic characteristics were performed at room temperature using a closed circuit of 
hysteresisgraph and samples 40 mm in diameter and 8 mm thick, which were subjected to HT-1, HT-2, HT-3 
and HT-4. 

The X-ray diffraction analysis of “strip-casting” alloy and sintered magnets was performed using a Difrei 401 
diffractometer and CrKα radiation. The structural studies were carried out using samples demagnetized in a 
vacuum at 775 K to recovery the initial state.  

X-ray diffraction patterns were processed using PowerCell software. This program allows one to simulate X-
ray diffraction patterns using crystal structure parameters of a compound, crystal lattice sizes, atomic positions 
in the crystal lattice and X-ray wavelength. 

The complex microstructure and phase composition of samples were investigated by SEM/EDX using a 
Quanta 450 FEG microscope. 

3. RESULTS AND DISCUSSION 

3.1. Magnetic properties 

Hysteretic properties of the studied magnets are given in Table 1  and Fig. 1 . The temperature of the optimum 

HT equal to 500 °C is likely to be determined by the maximum wettability of grain-boundary Rrich [8] ensuring 
continuous 2-14-1-phase grain boundaries (sample No.1) (Fig. 1a ). The subsequent combined heat treatment 

in vacuum or inert atmosphere, which includes the stepped or progressive heating from 250 to 500 °C (the 
total heating time is to 20 h), does not change the hysteretic properties of magnets (sample No.2) (Fig. 1a). 
As was noted above, magnets of the same composition, but prepared by traditional technology, demonstrate 
the abrupt decrease of hysteretic properties (jHc and Hk) upon heating in a temperature range of 350 to 400 

°C. The degradation of magnetic properties (decrease in jHc and Hk to 1105 and 960 kA⋅m-1, respectively) of 
magnets prepared from hydride-containing powder mixtures is observed only after the repeated annealing at 

550 °C (sample No.3) (Fig. 1b ). The annealing at 970 °C for 1 h does not restore the hysteretic properties. 

The hysteretic properties of the magnets can be restored completely by heat treatment 1050 °C (1 h) + 500 

°C (2 h) (sample No.4) (Fig. 1a ). 

Table 1  Hysteretic properties of the studied magnets. 

Quantity Sample Nos.1, 2, 4 Sample No.3 

BR (T) 1.29 1.26 

HCM (kA⋅m-1) 1309 1105 

HCB (kA⋅m-1) 981 895  

HK (kA⋅m-1) 1262 888  

(BH)max (kJ⋅m-3) 322 303 
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The degradation and recovery of properties are discussed from the point of view of (1) formation and 
dissolution of impurity Nd1.1Fe4B4 phase at triple junctions of 2-14-1 magnetic phase, (2) changes of grain 
boundaries; (3) presence of oxide phases at triple junctions; and (4) existence of compositional nonuniformity 
of 2-14-1 magnetic phase grains. 

 
Fig. 1  Demagnetization curves for samples after (a) optimum (sample No.1), stepped (sample No.2) 

and restoring (sample No.4) HTs, (b) degrading HT (sample No.3) 

3.2. X-ray diffraction analysis 

The degradation and recovery of properties are discussed from the point of view of formation and dissolution 
of impurity Nd1.1Fe4B4 phase at triple junctions of 2-14-1 magnetic phase, changes of grain boundaries; 
presence of oxide phases at triple junctions; and existence of compositional nonuniformity of 2-14-1 magnetic 
phase grains. 

Fig. 2 (a, b, c) shows portions of X-ray diffraction patterns of samples subjected to optimum HT (sample No.1) 
(Fig. 2a ), degrading HT (sample No.3) (Fig. 2b ) and restoring HT (sample No.4) (Fig. 2c ), which demonstrate 
the evolution of the NdO, Nd2O3 and Nd1.1Fe4B4 phases in the magnets in the course of HTs.. Fig. 2 
demonstrates comparison of experimental X-ray diffraction pattern (black line) and pattern simulated for the 
Nd2Fe14B-type structure (space group P42/mnm) (red line). It is seen that main reflections simulated for the 
Nd2Fe14B coincide adequately with those in the experimental X-ray diffraction pattern; some reflections are 
likely to belong to other phases. These reflections are observed at 2Θ angles of 46.01; 46.42; 53.58 and 79.13 
deg. Subsequent analysis of experimental X-ray diffraction patterns was performed in detail using literature 
data and simulated X-ray diffraction patterns. It is known from literature that the presence of α-Fe phase can 
affect the properties of permanent magnets. However, we failed to detect the α-Fe phase at the background 
of reflections of the Nd2Fe14B phase. Based on the analysis of chemical composition and literature data, we 
assumed the presence of REM oxide phases in ternary junctions of samples under study. According to 
literature data, ternary junctions can contain different oxide phases. These are NdO with the NaCl-type 
structure (space group Fm-3m) (the oxygen content is 50 at.%), Nd2O3 with the La2O3-type structure (space 
group Pm-3m) (the oxygen content is 60 at.%), and NdO2 with the CaF2-type structure (space group Fm-3m) 
(the oxygen content is 67 at.%). 

Results of simulation of X-ray diffraction patterns are shown in Fig. 2  by red line. As is seen from these figures, 
patters simulated for the structures of the NdO and Nd2O3 oxides agree adequately with experimental patterns. 
A slight difference can be explained by the fact that the simulation was performed for the NdO and Nd2O3 
compounds, whereas, according to chemical analysis data, these compounds can contain Dy and Pr, i.e., can 
differ from the composition preset with the simulation program. 

The X-ray diffraction pattern for sample No.3 exhibits a small peak at 2Θ = 42.7 deg. along with the other 
aforementioned reflections. We assumed that this reflection corresponds to the Nd1,1Fe4B4 phase. The 
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evolution of the peak after restored annealing allows us to state the decomposition of the phase. 

 

Fig. 2  Part of the X-ray diffraction pattern for samples after (a) optimum (sample No.1), (b) degrading 
(sample No.3) and (c) restoring (sample No.4) HTs (λ = 0.22909 nm). Red line corresponds to simulated 

pattern for the Nd2Fe14B-type structure 

3.3. Study of grain boundaries 

Fig. 3  shows images taken with the magnification 20000x. To decrease the image blur, the scanning time was 
increased. These figures demonstrate transformations of grain boundaries during degrading and restoring 
HTs, which cause the formation of discontinuous and continuous boundaries, respectively. 

 

Fig. 3  SEM image of the surface of samples after (a) optimum (sample No.1), (b) stepped (sample 
No.2), (c) degrading (sample No.3) and (d) restoring (sample No.4) HTs 
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The absence of any changes in jНс and Hk after HTs at 250-500 ºC is likely can be related to the substantial 
decrease in the invar effect (anomalous temperature dependence of the lattice parameters), which is due to 
magnetic ordering [9,10] at the expense of 2-14-1 phase structuring (Fig. 3c ) [11]. 

As is evident from Fig. 3 , grain boundaries are seen clearly for samples nos. 1, 2 and 4. The structure of grain 
boundaries in sample No. 3 is discontinuous and in some areas, grain boundaries are almost vanishes (or 
invisible). In [12], the effect of annealing temperature on the state of grains boundaries and magnetic properties 
of Nd-Fe-B magnets was studied. It was shown that discontinuous grain boundaries lead to a decrease in the 
coercive force. As mentioned above, grain boundaries are formed by a paramagnetic R-rich phase.  

Layer R-rich phase provides magnetic isolation of grains. This increases the resistance to demagnetization 
grain. Therefore, if there are more smooth grain boundaries, the coercive force of the permanent magnets is 
increased. However, in our case, to conclude definitely the effect of state of grain boundaries on the coercive 
force, additional studies by high-resolution microscopy should be performed. 

4. CONCLUSION 

Samples of high-coercivity (Nd,Pr)-Fe-B magnets were prepared using powder mixtures containing DyH2. The 
effect of low-temperature treatments of the magnetic properties of developed magnets was studied by X-ray 
diffraction analysis and electron microscopy. Conditions of the optimum low-temperature heat treatment were 
determined. Compositions of paramagnetic phases formed at triple junctions of 2-14-1 phase grains were 
determined; the phases are (Nd,Pr,Dy)-O and Nd1.1Fe4B4. Evolution of the phases during low-temperature 
treatments and their effect on magnetic properties, in particular, on the coercive force of magnets is discussed. 
The used binary mixtures technology has allowed us to obtain the higher coercive force magnitude as 
compared to that of magnets prepared by traditional technology.  

The data obtained demonstrate the higher thermal stability of hysteretic properties of magnets prepared from 
hydride-containing powder mixtures. The observed effect is attributed to the formation of a non-uniform Dy 
distribution in (Nd, Pr, Dy)2Fe14B principal magnetic phase grains, which is formed during the preparation of 
material from hydride-containing powder mixtures and determines the specificity of diffusion processes 
occurred during low-temperature annealing. These data are of importance for deciding the optimum heat 
treatment of Nd-Fe-B-based magnets and the prediction of their service stability. 
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Abstract  

Intermetallic compounds based on Ti-Al, Ti-Ni, Fe-Al, Ni-Al and other systems require specific conditions 
during melting in a high-frequency vacuum induction furnace, especially material for melting crucibles and 
batch arrangement. The technology of casting plays an important role, too. The most common technology, 
very often used, is gravity casting. However, this method has certain disadvantages, namely frequent 
possibility of occurrence of cavities in the upper parts of the castings. Another possibility, currently often used, 
is technology of centrifugal casting. In this case several variants of arrangement of the device exist. With the 
combined vacuum-induction-centrifugal casting systems it is possible to realize the precision fine casting very 
economically with a compact system, also under vacuum and/or protective gas. As a melting crucible, oxide 
ceramic materials based are very often used, namely Al2O3, CaO, ZrO2, with addition of Cr2O3 and others. 
Next material, which is very often used for manufacturing of melting crucibles, is graphite of various quality. 
This article deals with examination of melting and centrifugal casting of Ti-Ni and Ti-Al-X alloys with use of 
graphite crucibles. Both types of alloys are very sensitive to carbon content. It is known, that alloys based on 
titanium are during melting very reactive with graphite crucible, so the carbon content determination was 
realized in all prepared alloys. Microstructures were evaluated by optical microscopy (OM) and SEM 
techniques. For fabrication of experimental material casting mould with the inner diameter of 20 mm and length 
of 225 mm was used.  

Keywords: Vacuum induction melting, centrifugal casting, Ti-Al alloy, Ti-Ni alloy 

1. INTRODUCTION 

The alloys based on intermetallic compounds TiNi and TiAl are used in technical practice for many years 
already. Technologies of their preparation are currently also considerably optimised. At present especially 
vacuum induction melting in ceramic [1] and graphite crucible [2, 3] of higher qualities (Ti-Ni iTi-Al), as well as 
ISM procedures,  particularly for Ti-Al [4], are currently used as key technologies for preparation of these 
materials. As it is well known, a martensitic transformation takes place in an TiNi intermetallic compound. 
Properties of materials based on Ti-Ni-X depend, in comparison with classical materials, much more on 
chemical composition, structure and thermal-mechanical treatment. Even very small deviation from 
composition is sufficient for changing the transformation temperature Ms (martensite start) by several °C. For 
example change of the Ni content by 0.1 at.% causes change of the temperature Ms by 10 - 15 °C. By changing 
the alloy composition within the interval from 49 to 51 at.% Ni it is thus possible to change the temperature Ms 

from -200 °C to +120 °C [5]. This dependence may be on the one hand a negative feature of material, from 
the perspective of reproducibility of experimental results, on the other hand it is favourable from the viewpoint 
of its influence on thermal stability of austenitic and martensitic phase in dependence on chemical composition 

and microstructure. Transformation temperature B2→B19′ can be significantly reduced for example by alloying 
of equiatomic TiNi with iron or copper, when Fe and Cu atoms substitute the Ni atoms. This means that the 
ordered phase B2 [6] gets stabilised at the same time. Alloying with Cu or Fe may also reduce the concentration 
dependence of transformation temperatures and influence favourably mechanical properties [7]. Shape 
memory behaviour is new specific type of properties of technical alloys, which find extensive applications both 
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as substitutes of conventional approaches, as well as in projects of completely new functional components. 
SMA materials also dump vibration very well, that provides a unique set of properties. It offers various multiple 
possibilities of applications, such as thermostatic switches, fire-fighting automatic circuit breakers, flexible 
antennas for mobile phones, air-conditioning regulators, active endoscopes in medical science, control 
elements in electrical engineering, physical measuring instruments, combat aeroplanes, micro-drives, 
automotive industry, solar technology, etc.  

Ti-Al based alloys represent a unique group of materials with comparatively low density (3.8 - 4.2 g.cm-3), high 
modulus of elasticity and wide temperature interval of usability. They show moreover for example good 
resistance to creep [8]. Such properties predetermine use of those alloys at the temperatures up to 800 °C, 
where they offer a possibility of their use as substitute of the existing Ni superalloys. However, at present a 
broader spectre of applications of these alloys is considerably limited by difficult methods of their preparation, 
by high prices of the prepared alloys, as well as not quite satisfactory formability under room temperatures. 

2. EXPERIMENTAL 

The medium-frequency melting and casting equipment “Supercast-Titan” was used for melting. From the Ti-
Ni system was chosen the alloy Ti-50.85Ni (at.%), and from the system Ti-Al system the alloy Ti-47Al-8Ta 
(at.%). The used equipment has been designed preferably from vacuum induction melting and casting of Ti-
alloys and γ-TiAl intermetallic compounds. This equipment represents in combination with vacuum induction 
melting and with centrifugal casting a compact unit. It is possible to work in vacuum or under atmosphere of 
inert gas (argon, nitrogen, mixed gas, etc.). This type of equipment makes it possible to prepare without bigger 
complications also other types of alloys -Co-Cr system, steel, stainless steel, Fe-Al alloys, Cu alloys, Ni alloys 
and Ni-Al, Ti-Ni based materials, as well as many others. It is also possible to apply method of investment 
casting. Fig. 1  [9] shows scheme of the equipment. The following materials were used for preparation of alloys: 
Ni - 99.99%, Ti - 99.99%, Al - 99.9%, Ta - 99.9%. Isostatically pressed graphite crucible with inside diameter 
of 66 mm and height of 135 mm was used for preparation of experimental material. After setting and rotation 
of the casting arm the melt was cast into a graphite mould. In this way a casting with diameter of 20 mm and 
length of 225 mm was cast. Fig. 2  shows prepared alloys. 

 

2.1. Characterisation of as-cast alloys 

After melting the prepared alloys were assessed from the perspective of observance of the required chemical 
composition by OM and SEM methods. Samples for metallographic observations were taken from the volume 
of materials by classical methods. Moreover metallographic polished sections were prepared with use of a SiC 

Fig. 1 Scheme of the Linn Supercast-Titan 
device [9] 

Fig. 2 Experimental alloys after VIM a 
centrifugal casting 

melting  
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abrasive material (grain fineness 80 - 2000) with subsequent polishing under water suspension of Al2O3 with 
particles size of 1 and 0.3 μm. Classical metallography was performed on the inverse metallographic 
microscope Olympus GX51 with camera DP12 and image processing system AnalSIS five.  

SEM observations were performed by scanning electron microscopy in the mode of back-scattered electrons 
(BSE) and secondary electrons (SEM) using microscope QUANTA FEG 450, equipped with an energy 
dispersive spectrometer EDAX (EDS). EDS analysis was performed on two transversal sections taken from 
the bottom and upper part (below the feeding head) of each cast bar.  

Average chemical composition of present phases of the bar was calculated from three independent 
measurements. Samples for measurements of oxygen and carbon content with dimensions of 5x5x5 mm were 
cut from the as-cast bars and wet grinded on SiC papers with grain size of 600. Oxygen content was measured 
by thermo-evolution method by analyser ELTRA ONH-2000. The measured sample was placed into a graphite 
crucible and heated in a resistance furnace under flowing helium. During melting oxygen reacts with the 
graphite, and oxygen content in the sample was analysed in the form of CO and CO2 by infrared detector. 
Carbon content was measured by thermo-evolution method by analyser ELTRA CS-2000. The measured 
sample was placed in a ceramic crucible and inductively heated with tungsten under flowing oxygen. Tungsten 
serves as burning accelerator and carbon content is measured in the form CO and CO2 by infrared detector. 
Average content of oxygen and carbon in each as-cast bar was calculated from three independent 
measurements. 

3. RESULTS AND DISCUSSION 

3.1. Ti-47Al-8Ta alloy 

The alloy was prepared from elementary materials and master alloy Ta-Al, described in [10] with the size of 
bits of input materials up to 30x15x10 mm. The crucible before the melting was not exposed to melting for 
creation of TiC layer on its surface - as it is recommended by some authors in the case of Ti-Ni-X alloys. Fig. 3 
[3] shows microstructure of the alloy Ti-47Al-8Ta in the as-cast condition.  

 

Typical dendritic micro-structure is illustrated in detail in Fig. 3b . After centrifugal casting the microstructure 
was characterised as lamellar α2 + γ with residual particles of the β phase. The lamellar α2(Ti3Al) + γ(TiAl) 
microstructure was identified within the dendrites and the γ phase was observed in the interdendritic region, 
as marked in Fig. 3b . The lamellar α2 + γ microstructure results from transformation of the primary β phase to 

Fig.  3 BSE micrographs showing microstructure of as-cast Ti-47Al-8Ta alloy: (a) dendritic microstructure; 
(b) remaining β phase within the dendrites, lamellar α2 + γ microstructure and interdendritic γ phase [3] 
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the α (Ti-based solid solution with hexagonal crystal structure) phase and precipitation of the γ lamellae within 
the α phase, which transforms to ordered α2 phase at lower temperatures [11]. Typical cubic symmetry of the 
dendrites was observed in as-cast alloy. This cubic symmetry of the dendrites is the typical feature of TiAl-
based alloys solidifying through β primary phase [11, 12]. White network of the remaining β phase in the 
microstructure also supports the solidification of the studied alloys through the β phase. Table 1  shows EDX 
chemical analysis of detected phases in the alloy Ti-47Al-8Ta. 

Table 1 Chemical analysis of phases present in Ti-47Al-8Ta alloy 

  

 

 

Table 2  shows measured contents of oxygen and carbon in the alloy Ti-47Al-8Ta. Generally, the alloys show 
a relatively low contamination by oxygen. This alloy contains up to 334 wt. ppm of oxygen. It can be seen that 
Ti-Al based alloy with satisfactory content of oxygen can be successfully prepared by melting in graphite 
crucibles and centrifugal casted into graphite moulds. The carbon content in the as-cast Ti-47Al-8Ta alloy was 
relatively low when compared to [13, 14], here 463 wt. ppm which corresponds to about 0.2 at.%. This amount 
of carbon is usually used in alloy design to improve high-temperature mechanical properties of TiAl-based 
alloys through solid solution and precipitation strengthening. 

Table 2 Oxygen and carbon content in Ti-47Al-8Ta alloy [3]  

 

 

3.2. Ti-55.85Ni alloy   

Melting in case of the alloy Ti-50.85Ni was performed in slightly different manner. Before preparation of the 
alloys from the Ti-Ni system it is sometimes recommended [2] to make the so called „flushing melting“ with 
use of the binary alloy Ti-50Ni, in order to create a TiC layer. This layer acts at the next melting process as a 
diffusion barrier, and this leads to smaller undesirable contamination of the prepared alloy with graphite from 
the used crucible. For melting of this alloy was used the same crucible as for preparation of the Ti-47Al-8Ta, 
however, material had different lumpiness and it was arranged in the crucible in a different manner (in 
conformity with [2]).  Fig. 4a  shows microstructure of the given alloy in the as-cast alloy, the micrograph was 
taken with use of an optical microscope. It is possible to see here columnar crystals, which are related to heat 
removal from the ingot during its cooling in the mould after casting. Optical microscopy (here in after OM) 
usually does not make it possible to see minuscule oxidic phases of the type Ti4Ni2O. For more detailed 
investigation of microstructural characteristics of investigated materials it was then necessary to use SEM and 
TEM techniques. Fig. 4b  presents a SEM micrograph of the Ti-50.85Ni alloy. It is formed by dominant TiNi 
matrix, in which particles of the Ti2Ni phase are visible. It is more difficult to observe carbidic particles with use 
of this method as their size is on average of approx. 0.2 - 2 μm. The alloys do not contain particles of the TiNi3 
phase. Table 3 shows EDX chemical analysis of detected phases in the alloy Ti-50.85Ni. 

 

Ti-47Al-8Ta  Ti (at.%) Ta (at.%) Al (at.%) 

β phase 42.65 14.63 42.72 

α2 + γ phase 42.26 9.28 48.46 

γ phase  39.80 2.51 57.69 

Contents of elements  (wt. ppm) 

Oxygen 334 

Carbon 463 
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Table 3 Chemical analysis of phases present in Ti-50.85Ni alloy 

Ti-50.85Ni  Ti (at.%) Ni (at.%) C (at.%) 

TiNi matrix 49.35 50.65 - 

Ti2Ni 63.95 36.05 - 

TiC 42.80 0.30 56.90 

Table 4 shows measured contents of oxygen and carbon in the alloy Ti-50.85Ni. In this case the contents of 
oxygen were very similar to alloy Ti-47Al-8Ta. It can be seen that shape memory Ti-Ni based alloy with 
satisfactory content of oxygen can be successfully prepared by melting in graphite crucibles and centrifugal 
casting into graphite moulds. The carbon content in the as-cast Ti-50.85Ni alloy is relatively higher when 
compared to [2].  

Table 4 Oxygen and carbon content in Ti-50.85Ni alloy 

Contents of elements  (wt. ppm) 

Oxygen 384 

Carbon 613 

Both alloys were after metallurgical process subjected to the radiographic examination by Vítkovice Testing 
Center, lab. No. 1036. Parameters of the examination were following: Film size / type: 10x30 cm / T200, source 
- surface distance 50 cm, material thickness: diameter 20 mm, exposition time / dose: 2.78 Ci.hod, sensitivity: 
W13, image quantity indicator: 10, source: 192Ir. By this testing method was found, that ingot contains no gas 
porosity, sand and slag, shrinkage, cracks, hot tears and inserts.  

4. CONCLUSION 

Two different types of experimental alloys were prepared in vacuum induction furnace in graphite crucible. The 
melting conditions and the crucibles were almost the same. Casting of material was performed by centrifugal 
casting into a non-preheated graphite mould. Prepared ingots were subjected to the radiographic examination. 
It was found, that no large casting defects were present in the material - castings were absolutely satisfactory. 
The Ti-Ni based alloy can be hot swaged. By determination of gas contents (oxygen) it was found, that the 
alloy Ti-47Al-8Ta was slightly cleaner when compared with the alloy Ti-50.85Ni. In case of carbon content 
determination, better results were obtained during preparation of Ti-47Al-8Ta. From the perspective it was 

(a) (b) 

Fig. 4  OM and SEM micrographs showing microstructure of as-cast Ti-50.85Ni alloy: (a) OM, 
(b) SEM, Ti2Ni and TiC carbide phases in TiNi matrix.  

Ti2Ni 
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found that microstructures of both alloys were in accordance with the current knowledge. It should be noted 
that this type of melting and casting of selected alloys can be characterized as suitable. 
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Abstract   

Quality is one of the basic elements influencing the final shape of the chosen logistic strategy. Low level of 
quality is one of the most visible indicators of efficiency of supply chain. The article presents the experience in 
documentation development of the logistic quality management system and use of quality assurance 
instruments in metallurgical industry. The process of quality and logistics management in metallurgical 
enterprise must be closely related. Quality management and logistic processes must interact with each other 
and mutually penetrate in order to ensure the effective implementation of logistic services. Presented results 
are based on analysis of Polish enterprises of metallurgical industry, as well as enterprises co-operating with 
this branch. 

Keywords: Logistic, quality, management, metallurgical industry  

1. INTRODUCTION 

The development of logistics systems is a consequence of the implementation of the system concept in 
logistics, which corresponds well with the process approach used in quality management systems. Presented 
assumption leads to the following statements [1, 2]:  

• The modern logistics system is a new quality due to the relationships that exist between the elements 
constituting the system.  

• The entire logistics system affects more on the functioning of the individual elements than vice-versa, 
with this assumption by the right combination of individual elements it is real to create a reliable 
continuity. It is assumed to be reasonable to isolate key areas, which have a decisive impact on the 
efficiency of the logistics system. These can be, for example, transport, and storage economy. We 
observe, however, the growing importance of the integration of logistics and quality assurance systems.  

Quality management and logistics processes must interact with each other and mutually do not permeate. The 
very high quality of the product and the same logistics service effectively realized, will not affect the final 
success. Only the interaction of these elements will allow the organization to function effectively in the market 
and attract new customers. An important factor in determining the final quality is the cooperation and similar 
understanding of quality for all participants in the supply chain. Quality management should be understood as 
a sequence of actions, which result in the continuous improvement of internal processes based on the 
requirements of internal and external customers.  

Analyzing the logistics system in terms of methodical procedures, it is necessary to specify the elements of 
which it is composed [3]:  

• Goal - focused on the activities of all subsystems,  

• Outputs - the results of system operation,  

• Transformation process - the sequence of basic processing steps,   

• Surroundings - created by customers, suppliers and widely understood market, 

• Equipment - machinery, buildings, means of transport, etc., 

• Human Resources - employment structure, qualifications and skills.  

Illustration (Fig. 1 ) for this type of analysis is D.M. Lambert, who indicated in system presentation the elements 
of the input and output of the logistics. This model was extended by the authors of the publication of feedback 
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between internal and external customers associated with the implementation of the quality assurance system 
(PN-EN ISO 9001:2009, ISO/TS 16949:2009) as well as the increasingly widespread safety assurance system 
(PN-EN 18001:2005 or BS OHSAS 18001:2007). Thanks to this solution has been preserved in this manner 
the convention of static and dynamic presentation of realized processes of the logistics system and quality 
assurance system.  

 

Fig. 1 Elements of the logistics system with implemented requirements of quality assurance system  

2.  ASSURANCE OF THE QUALITY OF THE SUPPLY CHAIN  

The issue of the functioning of the supply chain is analyzed for many years, but still there is not so far developed 
clear systematics, when it comes to creating the conditions for supply chains, their performance goals or 
benefits from the implementation of the requirements of ISO 9001 standards. These are difficult and complex 
issues, however, all participants in the supply chain are agreed that the premises of creating supply chains are 
the benefits that reach the companies making the chain. However, there is a certain problem with the loss of 
autonomy by suppliers or the need to comply with the requirements of quality standards or safety standards. 
Strong competition in the markets means that more and more companies appreciate the functioning of the 
integrated supply chains, despite having to bear many hardships, as well as costs related to the necessity of 
implementation of certification of quality assurance system and security. This happens because when joining 
the supply chain or tightening cooperation through its participation in the supply chain, the company expects 
that profit and loss statement in this respect will prove be favorable to it. M. Christopher and M. Ciesielski in 
their publications indicate that the primary objective of logistics management and the entire supply chain is to 
meet customer requirements in terms of quality of service, quality of supplied materials at the lowest cost 
possible [4, 5]. Continuing behind M. Ciesielkim [6] we can conclude that the quality of the logistics is combined 
in the following areas:  

• Adoption of the optimal level of product quality, which depends on the quality of raw materials. In the 
steel industry, the quality of pig iron, fluxes, or other additives such as frothers, etc.  
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• Determination of the quality standards relating to the coordination of the flow of raw materials, 
information, the required level of customer service, as well as the level of quality of raw materials as well 
as responsibility for derogation from the technological specification.  

Creating an optimal level of quality in the supply chain is dependent on the degree of involvement in this 
process of individual participants. The starting point is to establish common standard of quality it is usually 
quality assurance system based on ISO 9001 standard. However, in many cases, it is not sufficient, e.g. in the 
food industry HACCAP system requirements or whether BRC, and in the automotive industry ISO/ TS 16949 
or whether German VDA standard. In metallurgical industry we observe trends of shifting responsibility for the 
quality and risks associated with it to suppliers. An example can be requirements of use of selected records of 
ISO/TS 16949 standards (automotive standard) by suppliers of metallurgical additives for steel plants. 
Implementation of quality standard requirements, e.g. ISO 9001 causes greater commitment, focus on 
improving internal processes and conducting quality activities leading to continuous improvement in quality, 
taking into account the customer's requirements.  

3. STAGES OF IMPLEMENTATION OF QUALITY ASSURANCE SY STEM 

Total quality management in a company means the gradual improvement of the basic elements aimed at [7]: 

• the customer - so the external and internal, including marketing activities, 

• processes, 

• and at preventive behaviors. 

Quality management in the logistics system requires making purchases at the level free of defects and to 
extend this to the whole process of logistics management. 

Ensuring continuity and reliability of supply has a strategic importance for the company's activities [8]. 

Quality assurance process in logistics consists of six stages [9]: 

• Step 1: Involvement of the entire organization in actions aimed at quality. Particular importance has 
there the involvement of top management. 

• Step 2: Understanding of needs and requirements of internal and external customers. Identification of 
the customers' needs can be done with the involvement of the internal service business, or an external 
consultant who guarantees the objectivity of this information. 

• Step 3: Measurement of current results directly related to identified needs of internal and external 
customers. In this step there is detected the difference between the expected state 
(achieving customer satisfaction by meeting his needs) and the actual state (results achieved). 

• Step 4: Developing the quality strategy. Development of quality strategy should focus on understanding 
customer needs, appropriate methods of employee training, measurement of achieved results and 
monitoring of variability of the process of quality assurance. 

• Step 5: Formal implementation of the quality assurance process. 

• Step 6: Improvement of quality in logistics processes, e.g..: increasing the product availability, 
shortening order processing time, invoicing accuracy, timeliness of carrying out works, deliveries free 
from damage, as well as realization of purchasing and material and information flows. 

Improvement process requires from participants full involvement and knowledge of realized processes. 
Obstacles to improve quality in logistics include the most frequently [9]: 

• poor support by the IT department, 

• functional or organizational barriers inside the company, inter alia lack of understanding of the concept 
of process management, 

• lack of management commitment to improve the quality and efficiency in the area of logistics, 

• lack of training on how to improve the quality, 
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• lack of understanding of the actual needs of internal and external customers. 

The costs of quality logistics are an important economic factor. We define three groups of costs: the cost of 
failure, the inspection costs and the costs of prevention. And that's where the most frequently question arises 
how to reduce the costs at the macroeconomic level? In many cases, we can achieve this by: 

• reduction in the number of logistic activities, 

• or by optimal selection of logistical technologies (packaging, type of unit load, type of transport). 

Carried out pilot studies of logistics costs in the metallurgical industry have shown that logistics is in average 
from 18 to even 35 % of the total production costs. For this reason, there is a desire for the metallurgical sector 
to strengthen cooperation within the supply chain in order to increase the efficiency of logistics processes. 
Each company in supply chain, regardless of its size, whether this is steel mill, foundry or a small craft business 
can only exist thanks to the fact that there will be customers who want to buy their products. Time of producer 
markets is irrevocably over, therefore the customer has almost always more choice. If the customer fails to 
buy the product manufactured in the given supply chain, the companies in this supply chain will not generate 
profit what in the confrontation with the costs incurred will lead them to bankruptcy [10÷12]. In case of 
metallurgical industry, we have to deal with the integration of logistics processes with quality, where each 
participant in the process get the benefit the greater the closer the product is the end of the production and 
distribution process to the customer (Fig. 2 ). 

 

Fig. 2 Creating the value to the customer in the supply chain  

When analyzing example of the company providing anthracite to steel mills, one of the requirements for 
suppliers is to have a quality assurance system. With the passage of time and the tightening of the cooperation, 
requirements for suppliers increased significantly. The company processing and delivering anthracite had to 
implement Production Part Approval Process, as well as meet some of the requirements of ISO/TS 16949.  
When performing external audits by the steel mill it has proved necessary to have a safety management system 
OHSAS 18001 and PN-EN 18001. For reasons of image it is also expected to conduct pro-environmental 
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actions (implementation of ISO 14001 standards) and also energy use analysis system (PN-EN ISO 50001. 
The studies performed in the metal sector companies have shown, however, that many management and 
quality assurance tools are used to a small extent. The main factor determining the change in this approach 
are the requirements of supply chain participants and in particular the requirements of the end customer. Fig. 3 
shows a model of quality assurance system. 

 

Fig. 3 The model of the quality assurance system 

4. CONCLUSION 

Forming and quality assurance in logistics management should be based on shortening the order processing 
time with simultaneous increase in the importance of quality across the supply chain. Quality is in fact one of 
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the essential elements for the customer. It is important that quality formation was accompanied by the so-
called synergistic effect resulting from the shortening of time with simultaneous increasing quality. Continuous 
process of improvement is a requirement to increase the emphasis on quality, which is reflected in the concept 
of continuous improvement, according to which small accumulating improvements can with time make a much 
greater efficiency (Kaizen). To meet the qualitative standards is one of the most important factors in smooth 
functioning of the supply chain. Presented in this paper possibilities of connecting the concept of logistics with 
solutions in the area of quality management perform very well, which contributed to an increase in the efficiency 
of organization functioning as well as the entire supply chain. In the company providing anthracite (in which is 
already in force standard ISO 9001) has been implemented Production Part Approval Process as well as 
OHSAS 18001, which greatly contributed to improving the quality of realized processes, customer service, 
security as well as reducing the time of delivery of the material. In addition to the implemented requirements 
of the steel mills in order to improve processes and increase the efficiency, the plant on its own attempts to 
implement 5S elements, identifies areas in which there is waste and improves cash flows in accordance with 
the concept of Lean. The conclusion is that the design of the supply chain must take into account from the very 
beginning quality problems. 
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Abstract   

Article describes design of the model in terms of production scheduling continuously discrete manufacturing 
process. In terms of continuity, continuous changes in the chemical composition of sequences heats Al alloys, 
it is necessary to apply a specific approach. The production schedule is initially created for the workplace of a 
continuous nature, and it will create schedules for other devices and processes, as if it was applied the principle 
bottleneck. 

Keywords: Production scheduling, continuous-discreet process, Al alloys  

1. INTRODUCTION   

Each company is original from the point of production processes. Application of standard enterprise information 
system (SAP, proAlpha, Baan, etc.) needs difficult adaptation especially for conditions of small or medium 
enterprises (SMEs) and the price of that system is relatively high. Therefore, the proposed model of capacity 
planning and scheduling is much more suitable for the conditions, requires and demands of SMEs [1, 2, 3]. 
Specifics of production processes of RS Ltd. are combinations of discrete and continuous processes and the 
fact that this small company is connected to a supply chain (KANBAN) with its mother company, which defines 
the level of some chosen products in the expedition warehouse by the end of a month [6]. 

For the above mentioned reason it had to be designed the new original production logistic system [1]. This 
system starts with order evidence, it includes the model of capacity planning, which respects KANBAN and 
model for production scheduling and operation evidence after the finishing of manufacturing [4, 5, 6]. Both 
models are created on the heuristic approach i.e. there were analyzed rules and limitations, which were applied 
to algorithms of the models. By this approach applied in the model there were included all activities, knowhow, 
experience, knowledge of the experts and people, who works in the company for a long time [2, 9, 10]. 

2. MANUFACTURING PROCESS ANALYSES FOR SCHEDULING MO DEL DESIGN 

The enterprise RS Ltd. is producer of stator and rotors for industrial ventilation and air conditioning system and 
is conformed to German mother company. The basic production process starts at cutting of dynamo plates 
and their welding or riveting (PP1), melting of aluminum alloys (PP2), its casting at molding presses (PP3), 
finishing (PP4) and surface treatment (PP5), see Fig. 1 .  

The file of recorded orders (FRO) is continuously actualized by adding new incoming orders, while planner 
can open the file anytime but on mentioned date he will receive the file through e-mail. By this step the 
actualization of this file is finished and it is ready for planner to create new production plans.  

The capacity plan is created separately for these divisions: 

1) For cutting (CNC machines) - section U1 
2) For casting - section U2 
3) For finishing (CNC machines) - section U3, however this is not detailed plan given to a supervisor but it 

is a list of products and due dates and delivery dates 
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Fig. 1 Basic production processes and flows of RS Ltd. enterprise 

2.1.  PP1 - Cutting of shreds, riveting and welding  

Shreds are cut at the same, two cutting presses L1 and L2. Presses are equivalent in speed and quality. Tact 
of the presses is 180-220 beats per minute. Cutting has enough reserve capacity. Scheduling strategy is to 
minimize the exchange of cutting forms, because replacing the forms takes about 8 hours (one whole shift). 
Replacing of the coil, the input item with which the presses are working, takes about 15 minutes. Minimizing 
of exchange of forms is achieved by creating families (family product - FP), i.e. product group, which varies 
only by a part of the same form, with the same strip width [1]. 

Riveting. The shreds are weighed and sheets are stacked manually, before riveting. Weighing accuracy is ± 1 
of a shred. It is not possible to automate number of plates because of respecting the tolerance weight of shreds 
(the sheet thickness is varied). However it can be automated to a height of shred column. The riveting 
machines are the two, by side (not parallel), because they do not work from the same buffer. The servicing is 
individual considering the service processes and their relationship to the riveting operation. Riveting 
workplaces are specialized for large and small stators only. 

Welding . It is similar operation as riveting, but the shred connection is got by welding of shred column at its 
perimeter. Welding rotor shreds is a bottleneck that is why it is possible to buy these weldments also from 
external suppliers. 
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2.2.  PP2 - Production of Al alloys 

Aluminum melting furnace produces 6 kinds of Al alloys for casting needs. The maximum batch is 450 kg per 
one melting. The melting capacity is 350 kg per hour (see Fig. 2 ). The criterion for effectiveness is to minimize 
of alloy changeovers and so called flushing melting and maximizing of melting batch (service times). 

       

Fig. 2Time sequence of formation of aluminum alloys 

Minimizing of flushing melting requires minimization of number of alloy modifications needed for casting 
presses. It means that the planning of melting and their composition depends on the casting plan at injection 
molding machines. These plans of casting and melting are created by the interaction, taking into account the 
criteria of both production points. Minimum number of melting is 2 per shift, maximum 5, flushing melting takes 
at minimum 1 hour, its costs are inefficient costs (energy, metal loss, equipment depreciation, wages, loss of 
capacity). Because the melting furnace is the only one, it is a strategic device, by which the work of the whole 
company is influenced (see Fig. 3 ) [1, 5]. 

Melting furnace

Natural gas

Al alloy

Al 
compositions, 

additives 
 

Fig. 3 Material flow of Al alloys creation 

2.3.   PP 3 - Casting 

Casting of rotors and casting is carried out on five injection molding 
machines (see Fig. 4 ). Casting, in terms of process control, is a 
point, which combines the two flows - first flow of welded and riveted 
parts and second flow of Al alloys, cases and forms. It is optimal to 
cumulate such a number of units that will require n-times batches 
(melting) of the same alloy [11]. Scheduling has to also respect the 
size forms, contact force, speed, molding quality, environmental 
aspects [8]. It means that the injection molding machines are partly 
specialized in parts, i.e. not each assortment can be casted at each 
molding machine with normal (the same) efficiency. 

  Fig. 4 Material flow of casting process 

2.4.  PP 4 - Finishing, surfacing 

Currently, finishing of not controlled according to the operational plan of production, i.e., distribution of products 
to machines and workstations does not have its operational plan. Production manager assigns operational 
work to the machine workers according to the situation between the casting and surfacing. The surfacing (post-
processing) follows the finishing at the machining shop. The machining shop has 5 computer numerical control 
(CNC) centers. Center 1 and 2 processes castings, the small orders are planned at center 3 because of its 
fast reconfiguration, centers 4 and 5 processes larger orders due to their long reconfiguration (about 4 hours). 
There is also a criterion of smoothness change of processes at “large” centers, which can shorten the 
configuration. 
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3. THE PRODUCTION SCHEDULING MODEL DESIGN 

The dominant criterion is the continuity of changeovers in the casting process, as it was mentioned, because 
of the fixed relationship between the melting furnace and the casting injection molding presses. This criterion 
also plays a primary role at the creation of production schedules and all orders are cumulated first at this 
moment, at that place, where formed groups use the same or related aluminum alloy. 

Other manufacturing operations are not fixed, they use a buffer and it allows some freedom to secondary and 
further cumulating. Mentioned freedom is given by the fact that cutting has sufficient capacity, capacity of 
welding can be added by purchasing of welded parts and in front of surfacing is also some sequence through 
the in-process production. Under these conditions there is defined progress of plans creation for each 
operation in the following order: 

Schedule for press-molding has to respect the continuity of the chemical composition of Al alloys. Options 
transition among press-moldings without purification of the press are defined by "Transition matrix" (see 
Fig. 6 ). Followed by casting schedule creates a production schedule for induction furnace. From the schedule 
of casting is created schedule for welding (riveting), or purchase rotors and cutting schedule, as well as 
schedule for machining (see Fig. 5 ). 

 

Fig. 5 The sequence of the production scheduling models creation 

Further cumulating orders and generation of the sequence - the sequence of casting, production of alloys, 
cutting and welding, and finally the order castings are respected in particular schedule. The schedules are 
prepared for one week, on days. 

The rules for creating of models of scheduling: 

1) Creation of daily schedule at molding presses . There are some certain rules for all products which 
are produced on molding presses: not that each product is suitable to produce at any machine. The 
existing technological rules determine for which of a product is suitable certain molding press. Although 
ultimately any product can be produced at any molding press, but with a different efficiency. The main 
product should always be produced on the main technology, so at the most appropriate molding press. 
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If it is not possible to provide in terms of overlapping operations, then a product can be produced at an 
alternative technology. 

2) The daily schedule for the production of alloys . The daily plan is given mainly in accordance with 
casting requirements for molding presses and the alloy transition matrix. The biggest challenge is to 
ensure the continuous operation of the molding machines, but which are fed from the only one furnace 
and thus one and the same alloy. Therefore it is necessary to cumulate the first contract for molding 
presses. 

3) The daily schedule of cutting, welding and riveting . Each workplace is doubled, it means that there 
are two cutting machines, two welding machines and two riveting equipment. Plan for welding and 
welded parts is derived from plan of casting. Bought welded parts are ordered one week in advance for 
which a supplier is able to deliver them. The supplier is contractually bound to RS Ltd. company with an 
assortment, which is managed by the Supply Chain Management. There are two riveting machines, 
where stators are riveted. The first is for small stators, the second for big stators, while there is 
a conjunction of middle dimensions that can riveted on both machines [7]. The plan of cutting is derived 
from plans of welding and riveting on the basis of cumulating the orders. 

4) The daily schedule of surfacing . There are five machining CNC centers available. The first two centers 
are intended purely for castings and other three machining centers are designed for rotors that come 
directly from the casting. The newest CNC machine is determined for orders with a small number of 
products, because it is reconfigured fast. It is planned to include this CNC machine to produce the largest 
rotors in the future. Here again, any rotor can be processed on each machine, but there is optimal 
assignment of the rotors to the individual machines, i.e. specialization. To minimize setup times 
(configuration) of a machine it has to be minimized the change of rotors size. The larger is dimension 
jump, the longer time is needed for adjustment of machines. Another important fact to be calculated 
when daily plans reparation for surfacing that there is only one operator for two CNC machines in one 
shift. The daily plans are not created for subsequent operations such as washing, painting, packaging 
etc., there are only calculations of the total time of these operations and the finish time of the production 
is moved forward about this calculated time. 

5) The daily schedule for finishing.  Finishing in the current planning is not included i.e. finishing does 
not receive plan. There is only plan for casting and then subsequent operations of finishing are derived 
(known is only assortment, due date and quantity). Finishing is essentially used to as a time fulfilling, 
i.e. as a flexible reserve for the replenishment of stock levels. 

Production scheduling determines the order of products, volumes to days and changeovers for particular 
machines based on capacity plan for the week N and week N+1. 

The procedure starts at the section U2 - Casting 
1) The arrangement of orders by chemical composition, according to the number of products, the possibility 

of transition by transition matrix (see Fig. 6 ). 
2) Derivation of orders for components requiring a maximum of two batches. 
3) The order with the purest alloy is selected and it is assigned to the molding press - to the main technology 

for the certain product, a second batch, if it exists, is assigned to the alternate technology, if there is 
any. 

4) The other product of the same alloy is taken, if exists, and it is assigned to the main technology, if not 
occupied (and the procedure is repeated from the step 3). 

5) The other product with different alloy is taken, on which is the best transition and it is assigned to 
previously (in step 3, 4) not occupied molding press. 

6) This cycle is repeated until all products are assigned from plan capacity for N+1 week.  
7) When assigning a product to the molding press, it will reduce the capacity of the operating time required 

for a given order. If the capacity of the molding press runs out or there is no such order, which the 
capacity uses, the molding press is not further taken. 
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8) The plan of melting and the order of molding press supplies are calculated on the basis of this procedure. 
9) The sequence of orders (and number of pieces of products) for individual molding presses are created, 

from which daily and shift plans are calculated. 

  DIN 226 DIN 231 DIN 230 D 106 S 106 D 165 

DIN 226 Y Y N Y Y Y 

DIN 231 Y Y N Y Y Y 

DIN 230 Y Y Y Y Y Y 

D 106 N N N Y Y Y 

S 106 N N N Y Y Y 

D 165 N N N Y Y Y 

Fig. 6 The transition matrix for furnace and presses 

The scheduling model for the section U1 

Orders casted in week N+1 are produced at U1 in the week N. It is determined the order of cutting at the cutting 
machines L1 and L2 based on the capacity plan for a week N for U1 and schedule for the section U2 for the 
week N+1 as follows: 

The volume of orders cumulated in FP (family product) and individual orders are split into approximately two 
equal volumes: 

• 2 by ½ of the number of pieces (whole orders) for riveting 

• 2 by ½ of the number of pieces (whole orders) for welding 

The rules at cutting are: 

• To cut large size shreds at L1 for the riveting workplace NR1 - specialized in larger stators and 
weldments - workplace NR1 

• To cut small size shreds at L2 for the riveting workplace NR2 and welding workplace NR2 
• To determine order of cutting according to FP, from the most wide to the narrowest or vice versa 

The order of riveting, as it is the last operation, is not important. The order of welding is determined from the 
order of pressing. The order of the welding NR1 and NR2 is according to the sequence of the cutting. 

The scheduling model for the section U3 

There are five CNC centers O1 - O5. Orders casted in week N+1 are processed on the section U3 in the week 
N+2 as followed: 

The products are divided into: 

O1, O2 - small casts 
O3 - small rotors (approximately 1/3 of week volume) 
O4 - middle sized rotors (approximately 1/3 of week volume) 
O5 - big rotors (approximately 1/3 of week volume) 

The order of production to CNC machining centers is determined according to the criteria: from the minimum 
dimension to the maximum in even weeks and from maximum to minimum in odd weeks. Thereby it is achieved 
minimizing the number of changeovers. Or it is determined to assign those products (orders), which are the 
earliest due date to have enough time for finishing [1, 3]. 
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4. CONCLUSION 

The paper described the special approach to production scheduling problem solution, in the case when 
dominant production operation is continues and sequence of product of this operation is important from 
economic point of view. In this case don’t applied push or pull strategy, but strategy similar “bottle neck”. This 
approach was successful applied by authors in the project for RS Slovakia in the year 2013. 
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Abstract 

Production is concerned with short throughput times and high schedule reliability in order to on the one hand, 
fulfill customer demands and on the other hand, increase planning reliability. However, from the business 
perspective, it is preferred that the available production equipment is highly utilized and that there is the lowest 
possible WIP (Work in Process) level. For the evaluation system used in the study TPM method. The TPM 
method most commonly employs three indicators: MTTR, MTBF and most typically - OEE. The first two are 
associated exclusively with technical issues of the examined production line. The object of the study was the 
production plant of transformer sheets. The article presents parts of research OEE performance indicator for 
many production lines. In particular was examined the impact of modernization of the line on the efficiency. 

Keywords: Productivity, equipment modernization, efficiency indicator OEE 

1. INTRODUCTION 

One quality that characterizes the management of manufacturing enterprises is the constant search for ways 
to improve the productivity of production processes. It is production that causes the main stream of materials, 
components, and parts to flow through individual departments and structures of a company. The task of 
logistics is to ensure a buyer to obtain the proper quality and quantity of a product in due time and place on 
the minimal cost of delivery [1].  

The essence of lean approach is transformation of wastage (muda) into a value, thus determination of value 
is the first step during lean approach implementation. Main tools supporting the lean concept include [2]: VSM 
(Value Stream Mapping), Jidoka, Heijunka, TPM (Total Productive Maintenance). The main objectives for the 
implementation of the TPM method are: reducing the number of equipment failures, accelerating repair times 
of a unit or line, elimination of micro-stoppages, reduction of losses. The OEE (Overall Equipment 
Effectiveness) index is the primary measure for the TPM implementation effects [3]. The OEE is either overall 
equipment effectiveness or general equipment efficiency (machines, devices). This index shows what percent 
value of theoretically obtainable efficiency is characteristic for an examined device or line. The OEE index is 
most often computed using simple formula: 

OEE effectiveness index = availability x performance x quality x 100 [%] 

OEE = A x P x Q x 100 [%] (1) 

Where: 

A - Availability: practical availability, availability ratio 
P - Performance: efficiency of performance, performance ratio 
Q - Quality: quality factor 

TPM method has been used to improve productivity in plant production of electrical sheets. In the article [4] 
was presented parts of research OEE performance indicator for many production lines. Average score index 
for the whole plant was OEESES = 64.96 %. The OEE coefficient is strongly dependent on the operation of the 
production line, but its value depends on the method of calculation methods and data collection. Currently, the 
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plant has been modernized several production lines: line of normalizing and pickling, line of primary mill - 
Sendzimir mill (WS1), lines of decarburization. 

2. TPM IMPLEMENTATION AFTER MODERNIZATION 

The final product of the plant is the electrical sheets. All parameters and tolerances are in accordance with EN 
10107:2005. Offer plant contains four of the final product thickness [mm]: 0.23, 0.27, 0.3 and 0.35 mm. A 
production system SES of electrical (transformers) sheets is composed of many subsystems: 

SES = <L1, L2, L3…. L13 > (2) 

L1 - NT: Line of normalizing and pickling 
L2 - WS1: Line of primary mill - Sendzimir mill 
L3 - A, L4 - B1, L5 - B2: Lines of decarburization 
L6 - WS2: Line of final rolling - Sendzimir mill 
L7 - B3, L8 - B4: Lines of straightening and coating 
L9 - LOI, L10 - IPSEN: Lines of annealing (new furnaces: LOI - 20 pcs.) 
L11 - C1, L12 - C2, L13 - C3: Lines electro-coating layer 

Sheet production scheme is shown in Fig. 1 . 

 

Fig. 1 Scheme of electrical sheets production system SES 

For all 13 lines was carried out research performance indicators OEE (Overall Equipment Effectiveness). In 
the case of the primary rolling mill (Sendzimir mill WS1) to improve the rolling coefficient OEEWS1 = 27.53 % 
would first seek to improve the availability of the index as it has a small value. This is a very bad indicator for 
immediate improvement. Improving the value of this ratio can be achieved not by eliminating unplanned 
downtime, but the analysis of the causes of their occurrence and to find the reasons that cause it stops. It was 
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assumed that the indicator should be equal to 75 %. The Table 1 shows calculation results of the OEE indicator 
for each production line. In the table indicates results OEE effectiveness index below 55 percent (line L2 - 
WS1, line L6 - WS2, line L7 - B3, line L11 - C1, line L12 - C2). The results of the calculation of OEE Overall 
Equipment Effectiveness for L2: Line of primary mill - Sendzimir mill (WS1) shown in Fig. 2 . 

Table 1 Indicator OEE for each production line 

No. Line Availability Performance Quality OEE [%] 

L1 NT 92.95 84.17 97.27 76.11 

L2 WS1 63.37 43.44 100.00 27.53 

L3 A 96.60 88.62 95.28 81.55 

L4 B1 88.99 81.81 95.25 69.35 

L5 B2 95.87 83.79 95.28 76.62 

L6 WS2 73.32 80.00 100.00 58.98 

L7 B3 92.53 59.56 99.00 54.56 

L8 B4 92.43 60.34 98.96 55.19 

L9 LOI 97.52 88.67 100.00 86.47 

L10 IPSEN 97.46 87.78 100.00 85.55 

L11 C1 87.60 66.10 92.83 53.75 

L12 C2 88.08 71.62 92.85 58.57 

L13 C3 78.52 80.98 94.77 60.26 

 Average OEE  64.96 

Overall Equipment Effectiveness for mill WS1: OEEWS1 = A x P x Q = 63.37 x 43.44 x 100 = 27.53 %  
(see Fig. 2 ). 

 

Fig. 2 The results of the OEE calculation WS1 
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3. LOGISTIC OPERATING CURVES (LOC) FOR WS1 LINE 

Logistic Operating Curves (LOC) [5, 6] show the variations of different parameters of production process, like 
for example Output Range (ROUT) or Throughput Time (TTP), according to value of Work in Process (WIP). 
An analysis of the process, using this method may be conducted for three reference processes: 

• Production and testing 

• Transport 
• Storage and supplies 

For WS1 an analysis was conducted for ROUT and TTP. 

Throughput time (TTP) is the time between finishing, which occurs before the observed process, until the end 
of the observed process. 

II8 = Ábp − ÁpÙbp  (3) 

Where: 

tope - End of current operation 
tprope - End of previous operation or 

II8 = I]= + I=8 (4) 

Where: 

TIO - Inter-operation time 
TOP - Operation time 

Output Rate (ROUTm) is a ratio of the sum of Work Content (WCm) and the duration of the reference period. It 
is also connected with utilization (Um) (which can be understood as performance): 

r� = cDd\ÄcDd\Äef (5) 

Where: 

Um - Mean utilization 
ROUTm - Mean output rate 
ROUTmax - Maximum possible output rate 

In the Fig. 3  the ideal and real logistic curve for ROUT (ideal OROC and OROC), and real logistic curve for 
TTP (TTPOC) are shown as an example of conducting using LOC. 

According to OEE, in case of WS1, first actions aiming improving the process should be aimed on increasing 
the performance (in LOC analysis, the parameter connected with performance is ROUT). An ideal OROC 
pictures the dependence between ROUT and WIP in a perfect process. When the level of WIP is relatively 
low, function ROUT (WIP) grows linearly. The coordinates of inflection point represents the maximum level of 
Output Rate that is possible to reach on the station (ROUTmax) and the ideal minimum WIP (WIPImin) - above 
this value, the level of ROUT is constant. 

In reality, a great number of factors has an influence on a production process, so it cannot be conducted 
perfectly. The shape of real OROC includes their impact on the process. For low values of WIP, the real curve 
is similar to the ideal one - it grows linearly. In the second interval, there is significant incompatibility between 
those two functions. Grey area marked on a diagram is a WIP buffer, which is the value by which the WIPImin 

must be increased in order to avoid disrupting the continuity of the flow caused by interruptions on the entrance 
to the process. In the last interval, the real curve is asymptotically closing to the ideal one. 
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The curve below the OROC is the function of TTP. This parameter acts differently than ROUT. For low WIP it 
is constant at its minimum value, which is limited by technology and inter-operation times. After passing some 
border value by WIP, it grows linearly. 

 

Fig. 3 LOC for output rate and throughput time 

 

Fig. 4  The dependence between utilization and WIP for WS1 

The Fig. 4  shows the dependence between the utilization (here identified as performance) and a relative WIP 
(WIPrel = WIPm / WIPImin) for WS1. The interpretation of this function allows us to state, that to achieve the 
utilization on the level of 88%, the relative WIP should be at least around 118 %, and so the WIPm = 15.10 h. 
According to OEE, in a primary process, the utilization for WS1 was 43.44 %. That means, that the WIPm = 
5.67 h.  

Referring those values to OROC, it can be easily seen, that current WIP value contains in the I interval. If the 
main goal is to increase the utilization, it may seem right to increase WIP, first to create the proper WIP buffer, 
and secondly to move its value to the third interval, where its potential changes won’t significantly influence 
the output level. In this case, the fact of influence of those actions on the TTP also have to be considered. 
Simply increasing WIP will cause increasing the Throughput Time.  
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Referring those values to OROC, it can be easily seen, that current WIP value contains in the I interval. If the 
main goal is to increase the utilization, it may seem right to increase WIP, first to create the proper WIP buffer, 
and secondly to move its value to the third interval, where its potential changes won’t significantly influence 
the output level. In this case, the fact of influence of those actions on the TTP also have to be considered. 
Simply increasing WIP will cause increasing the Throughput Time. The other option is considering the 5th Law 
of Production Logistics (5PLP [7, 8] - see Fig. 5 ) - … which states [6]: 

The variance and mean of the work content determine the logistic potential of the shop. 

 
          Fig. 5 Fifth Law of Production Logistics [6]                             Fig. 6 Distribution of WC for WS1 

The Fig. 6  shows the distribution of Work Content WC: 

WC = LS x tp + ts (6) 

Where:  

LS - Lot size 
tp - Processing time per piece 
ts - Setup time per lot for WS1 (measurements for 300 lots) 

The distribution may be considered as wide. According to 5PLP, homogenizing the Work Content could allow 
reaching the greater values of ROUTm without any changes to WIP. Although, in this case, as in the previous 
one, any actions connected with changing ROUT impacts the TTP. 

4. CONCLUSION 

For a production process, in every area, number of different aims may be appointed and some of them may 
be contradictory to one another (i.e. from the productions` standpoint, achieving the minimum throughput times 
and rarest changes in production schedule is most profitable, while from the economy’s standpoint, maximal 
utilization of equipment is crucial). Representation of measurements connected with mentioned aims, as a 
function of one parameter - WIP - allows to evaluate the influence of actions taken in purpose to achieve one 
of assumed goals, on other reference processes, or other parameters of the process. 

Calculating the OEE allowed to point the area of for which the need of changes is the biggest. Using LOC as 
a complementary method of analysis gives the possibility to concretize the direction of planned actions and 
evaluating their impact on other aspects of the process proceeding, and by that, it allows to determine the 
sense and the range of implementing assumed changes. 
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COOLING TEMPERATURE CONTROL FOR STEEL PLATES THROUG H LOCALLY 
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Abstract  

A new control method is proposed for controlling cooling temperature in steel plate production process. The 
proposed method is based on a locally weighted regression model, which is a type of Just-In-Time models. 
The cooling temperature control system using the proposed method was developed and has been applied to 
actual plants. The proposed method determines the optimal manufacturing condition from the information of 
the pre-processes which has actual process data. Significant effects on reducing cooling temperature 
deviations and model maintenance load have been achieved in commercial production. The developed system 
has made contributions to improving yield and production rate. 

Keywords: Just-in-time modeling, data based modeling, nonlinear model, optimum control, quality  
         improvement 

1. INTRODUCTION     

Physical models are widely used to analyze the relation- ship between manufacturing condition and product 
quality in various processes. However, it is difficult to construct models that precisely reproduce physical 
phenomena observed in steel manufacturing processes, because the relationship between manufacturing 
condition and product quality is extremely complex and nonlinear. Therefore, it is not practical to incorporate 
control systems based on physical models into production systems. Data-oriented modeling techniques such 
as Just-In-Time modeling [1, 2, 3] and model-on-demand [4] have been the focus of interest in recent years, 
because progress in computer technology has made it possible to accumulate and rapidly search enormous 
volumes of data. In these methods, no model is constructed in advance. Rather, a large volume of past input 
and output data is accumulated, and a local prediction model is constructed by prioritizing the past data near 
the query point each time a prediction is required. To date, applied research has been conducted on Just-In-
Time modeling for complex, nonlinear processes such as chemical and steel plants [1, 2, 3, 4]. Its applications 
include prediction of future trends and estimation of targets which are difficult to measure. However, the focus 
of past research was limited to improving the prediction or estimation accuracy of the models. Although various 
innovative methods have been developed, a problem of quality design or quality control using Just-In-Time 
modeling, in other words, how to determine the optimal manufacturing condition for securing the target quality, 
has not been solved yet. 

The author has proposed a quality design method and an automatic process control method utilizing locally 
weighted regression [5], which is a type of Just-In-Time modeling. Quality design systems [6] and quality 
control systems [7, 8, 9, 10] using the methods have been developed and applied to commercial plants, and 
have been contributed to improving product quality, i.e. mechanical properties, dimensions, plan view pattern 
and chemical composition, and have been reducing manufacturing cost. 

This paper discusses the application of the process control method to a steel plate production process to 
improve the accuracy of cooling temperature, i.e. one of manufacturing condition which affects quality indices 
of steel products. Its application at JFE Steel’s steelworks is also presented. 
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2. OBJECT PROCESS AND CONVENTIONAL CONTROL TECHNIQU E 

In the steelmaking process, the chemical composition of the materials is adjusted and intermediate products 
called stabs are cast. These slabs are heated to the specified temperature in the heating process; then they 
are subjected to plastic working in the rolling process to obtain the specified shape and dimensions. In the 
cooling process, the microstructure and mechanical properties of the steel materials are built into the product 
by cooling it to the specified temperature. As shown in Fig. 1 , the object process is a cooling process. 
Temperature control of the process is essential to reduce the deviation of product quality.  

 

Fig. 1 Cooling process 

Feed-forward control, in which material temperature after processing is made to converge on the target values, 
is performed based on the model, which describes the causal relationship between manufacturing conditions 
and material temperature after processing. The physical model for the temperature control is expressed as the 
following equations.  

Thq
x

T
kq ∆=

∂
∂−= ,           (1) 

where, q  is amount of heat required (heat flux) [W m-2] i.e., thermal power per unit area. k  is material’s 

conductivity [W m-1 K-1], T  is material temperature [K], x  is distance, m, h  is heat transfer coefficient,  

[W m-2 K-1], T∆  is difference in temperature between material surface and surrounding water [K]. h  is fitting 

parameter. Output variable of the predictive model is material temperature after processing. Input variables 
are the manufacturing conditions, that is, material temperature before processing, material thickness, water 
flow rate, material transfer speed, water temperature, material chemical compositions, and so on. Because the 
fitting parameter differs in the case of manufacturing condition, it is difficult to construct and maintain practical 
physical models. 

To solve this difficulty, in actual manufacturing situations black-box models, directly derived from the input and 
output data, have been used rather than physical models. Among black-box models, linear multiple regression 
models have been widely used. However, linear models are not suitable for highly nonlinear processes. 
General practice to improve the prediction accuracy is the use of model parameter tables, which are derived 
by dividing the manufacturing condition into multiple classes and having different model parameters for 
different classes. Because of complex, nonlinear phenomena and diversified products, a large number of 
classes are necessary to obtain high precision models. In addition, the model parameter tables need to adapt 
to environmental changes over time by adjusting the model parameters and reviewing the classification 
periodically. This adaptation requires human intervention and increases workload of engineers and operators. 
In practice, therefore, it is difficult to frequently modify the prediction models and maintain their accuracy.  

To solve this problem, a new control system is developed by using locally weighted regression, which is a type 
of Just-In-Time modeling. In the locally weighted regression, a local prediction model is constructed by 
prioritizing the past data near the query point each time a prediction is required. The locally weighted regression 
model can be successfully fitted into the data near the query for the nonlinear processes although it is difficult 
to make an accurate model by the conventional approaches. 
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3. DEVELOPED CONTROL SYSTEM USING LOCALLY WEIGHTED REGRESSION MODEL 

The purpose of the developed control system through locally weighted regression model is to determine the 
optimum values of manipulated variables of the post-processes from the information of the pre-processes 
which has actual process data. This system consists of the following 4 modules. 

3.1. Database 

Actual values of manufacturing condition and the objective variable are stored in the database each time the 

manufacturing of the object process is completed.  
ny  and 

Tn
M

nn xx ][ 1 L≡x  are the n-th sample of an 

output and M inputs, respectively. The number of data stored in the database is N. In the object process, the 
sample size of the database is 10,000, and the number of input variables is 32. The number of data 
accumulated in the database is determined so that the data cover all manufacturing conditions in the 
production cycle of the plant. To build prediction models based on the most recent data, the database is 
updated by the FIFO method, i.e., the oldest data in the database are deleted when adding a new data. 

3.2. Selecting initial values 

The query 
T

Mxx ]~~[~
1 L≡x  in the next module described in Section 3.3 is decided in this module as 

follows. The input variables can be divided into 2 groups, the inputs of post-processes Kxx ~~
1 L  and the 

inputs of pre-processes MK xx ~~
1 L+ . The actual values are used for the inputs of pre-processes because 

the actual process data exist. On the other hand, the standard values are used for the inputs of post-processes.  

3.3. Generating locally weighted regression model 

In this module, a local prediction model at the query is constructed by using the data stored in the database. 
The model parameters calculated in this module are given to the next module described in Section 3.4. 

The locally weighted regression model at the query x~  can be expressed by the following linear equation:  

∑
=

+=
M

m
mm xaby

1

ˆ             (2) 

where, ŷ  is the output predictive value, and ≡θ T
Maab ][ 1 L are model parameters. To construct a 

local model which can be successfully fitted into data near the query for the nonlinear process, the coefficients 
of this local linear regression model are determined through the following procedure. 

The coefficients of this model are obtained so as to minimize the weighted sum of squared errors 

( ) ( )θyθy Ω−ΠΩ−= TJ  where, ( )TNWWWdiag L
21≡Π , Ω  is )1( +× MN matrix, and the 

elements of the matrix Ω  are as follows: 11 =Ωn  and )1(,)1( ≥=Ω + mxn
mmn . 

The weight nW is called similarity between the query and the n-th sample of inputs. It is defined by 

)/exp( ΓΓ−≡ σpW nn
, where p is a tuning parameter. By using the similarity as the weight for locally 

weighted regression, a local prediction model can be successfully fitted into the data near the query. nΓ  is the 

distance between the query x~  and the n-th sample of inputs nx  in the database. It is defined by 

mm

M

m
m

n xx ~

1

−≡Γ ∑
=

λ , where mλ  is a weight for scaling different types of input variables such as 

temperature and dimensions. Γσ  is the standard deviation of the distance nΓ . 
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3.4. Deriving optimal manufacturing condition 

The relationship between manufacturing condition and product quality around a query x~  as modeled in 
Section 3.3. The next step is to optimize manufacturing condition of the post-processes u  by solving the 

following quadratic programming problem. 

( ) ( )uuuu
u

~~min −Λ− T
 subject to [ ] [ ]vu ~

11 MKK
o aaaaby LL +++=  (3) 

where 
T

Kxx ][ 1 L≡u  are the manufacturing conditions of post-processes, and they are the decision 

variables of the quadratic programming problem. 
T

Kxx ]~~[~
1 L≡u  are the given standard values of the 

manufacturing condition of post-processes. 
T

MK xx ]~~[~
1 L+≡v  are the given actual values of the 

manufacturing condition of pre-processes. 
oy  is the target value of output variable. The weight Λ  is, for 

example, the weights for scaling different types of input variables. 

The calculated decision variable u is set up to the actual production processes. 

4. APPLICATION TO AN ACTUAL PLANT 

The application results of the developed system to the object process are described in this section. 

4.1. Accuracy of heat transfer coefficient predicti on 

The fact that errors in the prediction of heat transfer coefficient are greatly reduced by using a locally weighted 
regression model was confirmed with data from an actual manufacturing process. The result of predictive 
accuracy on actual manufacturing data is shown for the conventional system and the developed system 
through locally weighted regression model. As shown in Fig. 2 , the root mean square error (RMSE) with the 
developed predictive method was about 31% as large as that with conventional method. 

 

 
(a) Conventional system 

 

 
(b) Developed system 

 

Fig. 2 Predictive accuracy of heat transfer coefficient
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4.2. Material temperature control result 

The following presents the results of a comparison of material temperature controlled error by the conventional 
control system and the developed control system as shown in Fig. 3 . The controlled errors are relative values 
for the target material temperature. The RMSE of the developed control system has reduced by 29% in 
comparison with that of the conventional system. 

This system has been used in the production of products at JFE Steel Corporation’s steelworks. It has been 
possible to improve the material property control accuracy. The probability to exceed the limits of the cooling 
temperature control of the developed system has become one third as large as that of the conventional system. 
The developed system has made contributions to improving yield and production rate.  

Furthermore, the probability of quality defect could be reduced, as it was possible to improving yield and 
production rate. It is also possible to calculate the optimum model parameters automatically in real time. This 
has greatly reduced the enormous load of model parameter table maintenance work, which had necessarily 
been performed by staff, and thus made an important contribution to improving the job satisfaction of 
personnel. 

Because this is a general-purpose technique, its scope of application is currently being expanded to automatic 
control of quality in various other processes where the construction of physical models or maintenance of 
model accuracy is difficult due to environmental changes. 

(a) Conventional control system (b) Developed control system 

Fig. 3 Histogram of material temperature control errors 

5. CONCLUSION 

A control method for steel production process to determine the optimal manufacturing conditions for securing 
the target quality was developed. The proposed method is based on locally weighted regression, which is a 
type of Just-In-Time modeling. A quality control system based on the proposed method was developed and 
applied to quality control problems of various steel products. In this paper, the application result of the 
developed system for steel production process is reported. 

This paper introduced a successful example in which modeling and control system development or 
maintenance were performed efficiently by effectively utilizing the actual manufacturing data that are collected 
automatically and accumulated in large volume in a steel manufacturing plant, thereby contributing to a 
reduction in manufacturing condition deviations in steel production process. In steel manufacturing plants, 
many model-based control systems have been implemented since an early date, and their number is 
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continuing to increase. Because this is a general-purpose technique, its scope of application is currently being 
expanded to automatic control of quality in various other processes where the construction of physical models 
or maintenance of model accuracy is difficult due to environmental changes. 

The developed system for steel production process has been used at JFE Steel Corporation’s steelworks. It 
has functioned stably in spite of changes in manufacturing equipment and other environmental changes during 
this period. By determining the optimal manufacturing condition based on the proposed method, the product 
quality control accuracy was improved and the risk of quality defects was reduced. 

To build a locally weighted regression model and make it effective, the tuning parameter p in the similarity 
function is adequately determined by taking account of both prediction errors and the suitability of model 
parameters. In addition, automatic calculation of the optimal model parameters in real time has become 
possible. As a result, the load of maintenance work for the enormous model parameter tables, which required 
manual work by the staff, has been significantly reduced. Thus, the developed system has made an important 
contribution to improving the job satisfaction of personnel. 

The usefulness of the proposed system was confirmed through its industrial application; thus it is confidently 
expected that the system can be used for various purposes. Accordingly, the authors plan to expand the scope 
of application of this method to quality control problems in various other processes in which it is difficult to 
construct physical models or to maintain the accuracy of models due to environmental changes.  
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Abstract 

Optimal control systems is still relevant topic. In industries (especially in the range of metallurgy) that are 
primarily dependent on energy there are desirable either changes in technology and changes in existing 
technologies or changes of traditional materials for substituting ones or to explore possibilities for energy 
savings. Optimal control, as the term itself suggests, leads to savings on principle, even energies that are 
required to ensure these processes. The core is the optimal control model. That describes the behaviour of 
the controlled system. We try to summarize modern methods, for example using the principles of artificial 
intelligence and genetic algorithms, to balance the core of modules, which are used to optimize process 
control. The main focus will be concentrate on selected aggregates in rolling mill plants especially on 
continuous reheating furnaces. 

Keywords: Heating, furnace, model, optimal control, simulation 

1. INTRODUCTION 

A heating of materials is a common technological process. In the process of metallurgical production this 
operation is particularly common in hot rolling mills. The whole area of metallurgy is characterized by a high 
energy consumption. Therefore, even in heating furnace segment it is true, that even a little reduction of an 
energy consumption can lead to interesting economic benefits. As a mathematical-physical model of an 
optimization of heating can be used the model built upon the idea of the Pontragin’s principle of maxima using 
various models of heating process the genetic algorithm can be used.  In the following text we can show, how 
various types of model of the heating process we may use for building the core model for finding the optimal 
control strategy. 

2. MATHEMATICAL- PHYSICAL MODEL AND DESCRIPTION OF THE PROCESS OF HEATING AS 
A DYNAMIC SYSTEM. 

For mathematical and physical description is based on the common theoretical combustion gas temperature, 
theoretical calorific value of gas, the amount of heat contained in preheated air. For models of two factors are 
important: 

• a relationship between the power the furnace and slab surface temperature; 

• a relationship between the temperature of furnace environment and surface temperature of the slab. 

The relationship between the system and heating efficiency can be determined only with difficulty. In [1] and 
[2] is described the relationship between the specific consumption and the temperature of the surface of the 
material in the form of a transfer function of the first order. Relationships using the variable p are images in the 
Laplace transform. 

1)(

),(

cpy +
=

rp

A

pQK

pST

τ              (1) 
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where T(S, p) is the image of the material surface temperature [K], Ky is the coefficient indicating how much of 
the total amount of heat is distributed to a place in the oven measuring coordinate y. A is the amplification of 
this system [kg K W -1], τr is the transfer time constant [s], Qcp(p) is the image of the specific power consumption 
[W kg-1]. 

3. THE POSSIBILITIES OF MODELLING OF HEATING  

For a description of the dynamics behaviour of system power of the furnace - the furnace environment 

temperature changes and the surface slabs temperature changes amplification A ,factor yK , time constant 

rτ and specific power cpQ were calculated. To calculate the relation for specific surface burn the dependence 

on the surface temperature of the material can be used in the form 

povT

B

pov
t T

K
a

−

= e
2

           (2) 

The values of coefficients are 76233=K [
142 sKmkg −−
] and 17057=B [ 1K − ] [1], [2]. An oxidation process 

may be solved using artificial intelligence, too. [3], [4]. 

3.1. The accurate models of heating 

The transfer function of the system the temperature of environment - the temperature of the point within the 
prism [5, 6], we describe as the transfer function in the next formula 

;(B,�, Þ) = 1 − ∑ ∑ gæXghY j!æX�!hYj!æX�!hY1Qüê¿Qǜ¿Q ,      (3) 

ýêYwhere ýX̀ is the gain relevant to x-coordinate,  is the gain corresponding to the y-coordinate. The reciprocal 

of the time constant is equal to the reciprocal value of the contributions from of x-axis and of the y axis. The 
resulting time constant determines the relationship 

é`,ê = Q
ìæX1ìhY = kælkhmkæl1khm.           (4) 

3.2. Simplified models of heating 

The aim is to create a sufficiently accurate simplified model of heating, the implementation of which can carry 
a large amount of computation in real time. Models can be based on many principles. One solution mentioned 
in the article [7]. 

These may be formulated by the following mathematic formulae: 

            (5) 
and  

           (6) 

Where (t) is outside heat transfer time-variable time constant [min], (t) is inside heat transfer time-variable 
time constant [min], Ts(t) is temperature of the heated material surface [°C], Tf(t) is furnace temperature [°C], 
Tc(t) is material heated material core temperature [°C]. 

( ) ( ) ( ) ( )tTtT
dt

tdT
t fs

s =+1τ

( ) ( ) ( ) ( )tTtT
dt

tdT
t sc

c =+2τ

1τ 2τ
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3.3. Differential model of an ingot 

The literature [8, 9] describes the basic procedures used for the numerical calculation of temperature fields for 
both one-dimensional, and two-and three-dimensional temperature field, steady state and transient state. The 
increase in the x-direction ΔIU|Un±Ä0 = ;Í-IU1Q,k,jp + IU�Q,k,jp − 2IU,k,jp 6        (7) ΔI³BpB = �

' ´
p = 2;Í]Ò�-Iüp − IU,k,jp 6 + IU�Q,k,jp − IU,k,jp d       (8) 

ΔI³BpB = − �
' ´

p = 2;Í]Ò�-Iüp − IU,k,jp 6 + IU1Q,k,jp − IU,k,jp d       (9) 

similarly the increase in the y-direction and the increase in the z-direction. Here x, y and z represent a discrete 
position for which cpalculation is done. T is the temperature and p denotes the index of the time step. Fo is a 
Fourier number, Bi is a Biot number both quantities are dimensionless. 

4. GENETIC ALGORITHMS 

Genetic algorithms GAs [10, 11] is a powerful search algorithm that performs an exploration of the search 
space that evolves in analogy to the evolution in nature. The power of GAs consists in only needing objective 
function evaluations. So derivatives or other auxiliary knowledge are not used. Instead probabilistic transition 
rules of deterministic rules, and handle a population of candidate solutions (called individuals or chromosomes) 
that evolves iteratively are used [21, 22, 23]. Each iteration of the algorithm is called generation. The evolution 
of the species is simulated through a fitness function and some genetic operators such as reproduction, 
crossover and mutation [24, 25].  

5. OPTIMIZATION METHODS 

For example in the process of optimization of reheating furnaces it is necessary to use not only static 
optimization process but it must be solved integrating optimize criteria. Using this way we must set the condition 
for dynamics of dependences: 

• the dependence of furnace temperature on heating power in particular positions in the furnace; 

• the dependence of the surface temperature on the temperature in the particular point in the furnace; 

• the dependence of temperature of some internal points on the surface temperature of the heating body 
of material [12,13]. 

5.1. Dynamic characteristic of system: power of one  zone - the temperature of the zone of the 
furnace 

For the identification of the behavior of the system the power of one zone - the temperature of the zone of the 
furnace we use technological data producing directly by the control system of the furnace.  

5.2. Classical system identification 

From the point of physical view of this system we used linear model identification methods .The first order 
model has the form 

q(Þ) Rp
Q1\pQ∗ �               (10) 

where Kp is the gain, Tp1 is the  time constant of the system 
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Fig.  1 Real system output and response of model Fig.  2 ANN learning, response and error 

The time constant Tp1 was estimated as 6420 +/- 11 s and the gain Kp is set to 4.2137 +/- 0.00008. For useful 
results we restricted all data to the range where the input of identified system rapidly change its value. The 
selected interval is shown in the Fig. 1 . 

5.3. Neural networks 

Artificial neural networks (ANN) are a good tool for prediction time series and its evaluations [14]. In the first 
type of time series problem, you would like to predict future values of a time series y(t) from past values of that 
time series and past values of a second time series x(t). This form of prediction is called nonlinear 
autoregressive with external input. From our needs the NARX model seems to be best choice. 

6. THE COMBINATION OF CLASSICAL IDENTIFICATION AND ARTIFICIAL NEURNAL NETWORK 

To be able to use an artificial neural network model even the situation for which we have not measured data, 
we can use the description of the behaviour of the furnace by the transfer of the first order. On the basis of this 
transfer we are able to combine the measured data from the furnace and modelled behaviour using a simplified 
model nicely captures the dynamic behaviour of the furnace’s system. 

The combined data is shown in Fig. 2  together with error of prediction using training, validation and test data. 
The simulation model build in SIMULINK is shown in Fig. 3 . 

 

Fig.  3 Test of ANN using model of plant Fig.  4 Result of test ANN 
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7. USING NEURAL NETWORKS AS A MODEL OF THE BEHAVIOR  OF THE FURNACE 

From results in the previous chapter it is clear that the network is able to learn with acceptable errors the 
dynamics of the furnace. To be useful as a core model for the optimization algorithm i tis necessary to verify 
its behaviour in other general data and compare the by the behaviour of the model. In the Fig. 4  we see the 
original system reaction modelled as a system of first order and the reaction of the neural networks as the 
result of action the same input stimulus to both systems 

8. CONCLUSION 

Optimum heating at different given conditions, especially temperature zones in the oven, the optimization of 
heating both in terms of minimizing the heating time, together with the achievement of the minimum cost of 
heating was done. Minimizing costs can either be afraid focused on minimizing the consumption of heating 
media or I to reduce the material loss at burn. [15,16]. Very useful for this task is solution based on using of 
genetic algorithm. For solving optimization procedure care could be carried out simulations of heat used for all 
dimensions and material quality. Based on these simulations, it would be possible to find a suitable strategy 
for heating the algorithm of optimal control furnace. However optimization algorithms must be able to choose 
as a strategy for various heating rate of the material, as well as irregular operation of the furnace, where the 
passage of material through the furnace stops for a shorter or longer time [17]. Here it is necessary to look for 
a strategy responding to the power the furnace, to a furnace environment temperature, so that at the end of 
downtime and subsequent smoothly furnace work to reach required parameters of the heated material on the 
one hand, and to minimize losses and fuel consumption during downtime on the other hand. For system 
identification especially for nonlinear systems and system with influence of various errors the ANN, especially 
NARX model are very suitable. The learned ANN can very good predict the behaviour of identify system [18, 
19, 20]. But we must take into account ability of ANN predict the system manner outside the interval of training, 
validation and test data. The results of these predictions are in mostly cases unpredictable. The classical 
system identification has higher error, but it can predict the system behaviour for the whole interval of system 
inputs and outputs.  We can combine all previous mentioned methods to generate ANN model, which can be 
learned for prediction the behaviour of the furnace even if nonstandard situations.  This model can be used for 
searching the optimum trajectory of control using genetic algorithm, when quick response of ANN significantly 
increase performance of optimum searching. 
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Abstract 

The paper refers to a general idea of the multi-agent method for modeling the logistics system in the steel 
industry. The advantage of the use of the agent-based approach as decision making system in transport, is 
that the agent-based systems are efficient (asynchronous independent operation), reliable (failure of one agent 
does not cause failure of the entire system), flexible (can adapt the system to a larger size by adding new 
agents without impact on existing) and have an ability to respond to changes occurring in the environment. 
The paper shows a scheme of the multi-agent system used for modeling, its basic goal, the range of 
knowledge, actions and states of its components, as well as the environment in which agents operate. 

Keywords: Multi-agent system, transport, logistics system 

1. INTRODUCTION: 

In the logistic system of metallurgical plants there are two phases of physical flows, involving the time-spatial 
transformation and the qualitative transformation of the goods. The first phase includes the flow of the raw 
materials used in the production process, from suppliers to the stock of the company. In this phase the 
purchased goods flow from the stockpile to the area where the production process is carried out. To implement 
the manufacturing process it is required to provide the relevant raw materials to the steelworks. Companies 
are equipped with large, in terms of weight and capacity, amount of all kinds of raw materials. The raw 
materials, that have the strategic importance for the investigated company are: iron ore, coke, fly ash, lime 
stone. In the case of researched object about seven million tones of iron ore is delivered and consumed in 
metallurgic process every year [18]. The most important, due to the mass of the delivered goods as well as 
the costs of the delivery, is the transport of the iron ore. It represents about 72% among carriage of strategic 
raw materials, and over 23% of all transport actions carried out in the company. The railway is the main mean 
of transport used for the carriage of materials, both from external suppliers, as well as to the internal conveying. 
The materials required for production are delivered to the stockpiles which are characterized by a limited 
surface. The buffer for the averaged mixture/compound has an area of 69 300 m2 and a storage capacity of 
600 000 Mg, the remaining buffers have an area of 852 000 m2 and a capacity of 1 000 000 Mg. The restricted 
capacity of the stockpile determines possible to maintain reserve, which, in the case of an averaged mixture 
is equal to 120 000 Mg. Maximum size of the reserve is very rarely kept because of the cost of collecting and 
storing the material. In the investigated steelworks, the limit of the stored mixture is set to the level of 65 000 
Mg which, assuming the regular deliveries of the raw materials to the plant, should ensure the continuity of the 
production. The regularity of deliveries of raw materials is an important factor in maintaining the this continuity. 
Research has shown that assumed level of the stock does not fill out gaps, arising from different types of 
disruptions, in the supply of raw materials. Analysis of the historical data, regarding the real level of reserve of 
raw materials, has shown that company has not kept stocks at a required level (see Fig. 1 ). This situation 
occurred especially in the winter months, and an important role in the supply delays and declining safety stock 
levels have the weather conditions. The unloading of the frozen trains with supplied raw material is possible 
after thawing that lasts 3-4 days. To prevent this type of situation the assessment of the risk of disruption is 
required.  
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Fig. 1 The level of reserve and the use of materials (own elaboration) 

The problems associated with the risk in the logistic systems are widely discussed in many publications. Their 
specificity is to combine the concepts of risk vulnerability and resilience as in selection of the publications in 
this field [1], [4], [5], [6], [7], [8], [19], [20], [21], [23], and in our own experience [2], [3], [12], [13]. Below the 
concepts of used agent-based approach in preventing interruptions in the continuity of supply of selected raw 
materials for steel mill is presented.  

2. DESCRIPTION OF THE RESEARCH OBJECT 

The subject of the research is the transport system of a steelworks located in Central Europe. The essential 
raw material for the company is the iron ore. It is mainly imported from abroad - from East Europe and Brazil. 
The ironworks can also be supplied with the ore from Serbia, although deliveries from this country are carried 
out only occasionally. In the case of the ore import from Brazil the information about the size of the ore contracts 
should arrive to supplier ahead of time of 4-6 weeks. Then the appropriate information should be also passed 
to the national carrier, which prepares the carriages for transporting the ore to the south of Poland. If the 
company has an excess of the ore in the buffers, the ore from Brazil can be stored in stockpiles in the port of 
Świnoujście, however no longer than 21 days. The transport of the ore from the East of Europe looks in another 
way. The company imports the iron ore mainly from Ukraine - about 5.5 million Mg every year, while from other 
sources only 1,5 million Mg. From Ukraine, ore is transported to Poland directly in railway carriages. The load 
capacity of a single train is about 1.5 thousand Mg and the loading operation lasts about 24 hours. Depending 
on the distance between the mine and Polish border as well as the weather conditions, the delivery time, i.e. 
an entry of the train into the steelworks area, varies from 4 up to 8 days. Due to many factors (often of the 
random nature) that may interfere with the delivery schedule it is very important to prepare the supply order 
ahead of time and in an appropriate amount of materials. 

The model of the transport system was built with the use of system dynamic method and agent-based modeling 
technique. The methods of systems thinking provide us with tools for better understanding these difficult 
management problems. The methods have been used for over thirty years [10] and are now well established. 
However, these approaches require a shift in the way we think about the performance of an organization. In 
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particular, they require that we move away from looking at isolated events and their causes (usually assumed 
to be some other events), and start to look at the organization as a system made up of interacting parts. 

The basic elements used to describe the behavior of different kind of processes in the system are Stocks, 
Flows and Information. Most business activities include one or more of the following five types of stocks: 
materials, personal, capital equipment, orders, and money. The most visible signs of the operation of a process 
are often movements of these five types of stocks, and these are defined as follows: 

Materials. This includes all stocks and flows of physical goods which are part of a production and distribution 
process, whether raw materials, in-process inventories, or finished products. 

Personnel. This generally refers to actual people, as opposed, for example, to hours of labor. 

Capital equipment. This includes such things as factory space, tools, and other equipment necessary for the 
production of goods and provision of services. 

Orders. This includes such things as orders for goods, requisitions for new employees, and contracts for new 
space or capital equipment. Orders are typically the result of some management decision which has been 
made, but not yet converted into the desired result. 

Money. This is used in the cash sense. That is, a flow of money is the actual transmittal of payments between 
different stocks of money. 

Stocks define static part of the system. Flows define how values of stocks change in time and thus define the 
dynamics of the system.  

Searching for the dependencies between flow points (e.g. materials) in systems and the existing feedbacks is 
the essence of system dynamics modeling. It is derived from the analysis of technical and industrial systems, 
but works perfectly also in a study of developments in the social, economic and others. The feedback loops 
occurring separately are devoid of possibility of the representation of the level structure and the flows in the 
system. Levels and flows form the core around which the whole concept of the system dynamics is focused. 
Integration, which is the basic idea of applications in flows and levels modeling, results in the temporary nature 
of the behaviors in the system and also is the source of the delays between the flowing streams. It decides 
about the dynamic behavior of the system. 

The Modeling of dynamic processes using system dynamics methods carries with it some restrictions, e.g. 
resulting from the difficulties in taking into account the occurrence of the disturbances within logistics systems 
[26]. Disruptions often have random nature, belong to rare events and have a significant impact on the efficient 
functioning of the logistics system, especially on its operational level. To allow inclusion of such a type of cases 
one should combine dynamics system modeling with discrete system simulation and agent-based modeling 
techniques. 

An intelligent agent is a computer software or device that works on its own in an open, distributed environment 
and solves a problem or perform a specific task [22], [9]. The agent perceives its environment and may interact 
with it, it is also characterized by the autonomy (it can operate without human involvement or other agent). 
Nowadays applications more and more often are based on multi-agent systems, i.e. a loosely affiliated 
networks of agents, which operate to solve the problems that lie beyond their individual capabilities and scope 
of knowledge. The advantage of this approach is the speed of obtaining results (each of the agents has to 
solve the problem of lesser complexity) and the use of a wider range of knowledge when making the final 
decision (knowledge of many agents). The control in the multi-agent system is decentralized [14], [15], [16], 
[17]. 

The model presented below, combines the two mentioned above ways of modeling. The main part of the 
model, reflecting the realization of supply chain, shown schematically in the Fig. 2  was built from the elements 
used in the modeling of dynamic processes [25]. The model takes into account the relevant logistic delays. 
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The risks arising from the disruption within a supply chain and the ways of preventing their adverse effects 
were modeled using agent systems, while the moments, when threats occur were modeled as random discrete 
events with the use of the corresponding distributions [27, 28, 29]. The task of the agents is an appropriate 
(not too early or too late) response to the presence of distortions within the supply cycle in order to sustain 
continuity of a production by providing the required amount of raw materials to the plant. 

 

Fig. 2 The model of the system (own elaboration) 

The main goal of the proposed multi-agent system is to secure the continuity of the production process. The 
system has the knowledge, among others, about transport situation (including the communication net, the 
political status, geographical disasters), the time and size of the delivery, the thawing time, the amount of raw 
material in the stockpile. It reacts depending on the level of the reserve and the weather condition. As an action 
to ensure the production continuity agent starts an extra deliveries. An agent can be in states of normal order 
realization, checking the condition, an extra order preparing and extra order realization.   

The three following cases have been analyzed:  
a) The real system, i.e. the reserve is set to about 65 000 Mg, an agent-system does not undertake any 

extra action; 
b) The reserve is set to maximum of possible level, i.e. about 120 000 Mg, an agent-system does not 

undertake any extra action;  
c) The reserve is set to 65 000 Mg and an agent-system react when the reserve is less than 30 000 Mg. 

In all the cases it was assumed that the material is frozen. The results are shown in the Fig. 3. In the upper 
plots the continuous line represents the stock level, the circle-line the usage of the material and the triangle-
line the completed product. In the lower plots the continuous line represents the demand for the product and 
the circle-line the production. The percentage loss in production are equal to: in case (a) 18.12% in case (b) 
7.91% and in case (c) 7.67%. 
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  Case (a)    Case (b)    Case (c) 

  
Fig. 3 Results of simulation of case a), b), c) (own elaboration) 

3. CONCLUSION 

Presented model allows to analyse the various scenarios of the impact of the disruption in the raw material 
delivery to the level of the production. The analysis of the results can give an answer  to the question of what 
level of the reserve should be maintained in order to prevent the negative effects brought by the lack of the 
raw materials depending on the source, time and duration of the of disruption. Further research is planned in 
order to take into account the cost of implementation of different scenarios aimed to minimising the risk of 
losing the continuity of the production. Subsequently, it is planned to take into consideration in a model, the 
costs of transporting of raw materials and costs of its storage on the stockpile which will enable searching for 
the optimal solutions in terms of the efficiency of a whole system. Next stage of the research will take into 
account the distortion of the output side of the model, which will allow for the analysis of the effects of a demand 
change on a continuity of the operation of the system.  
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Abstract 

Life Cycle Assessment (LCA) is important management tool for evaluation of the environmental impacts in 
whole life cycle of product or technology from the extraction of the raw materials to the end-of-life. In the paper, 
special attention is given to the role of LCA as a tool for natural resources management, environmental 
implications of critical raw materials evaluation and resources depletion assessment in the steel industry. It 
was presented environmental life cycle impact assessment methods and impact categories relevant to the 
assessment of natural resources in steel sector. Based on the own analysis, it was found that LCA can help 
optimize environmental performance connected with natural resource and critical raw materials management 
in steel industry. 

Keywords: Natural resources management, steel industry, critical raw materials, life cycle assessment 

1.  INTRODUCTION 

Management of natural resources is one of the priorities of environmental policy in steel industry and 
represents a significant part of the strategy for sustainable development. Therefore, the steel sector begins to 
use new methods to assess depletion of natural resources. Life Cycle Assessment (LCA) is one of the tools 
to allow assessment of depletion of metals, minerals and fossil fuels, water etc. LCA is important management 
tool for evaluation of the environmental impacts in whole cycle of product or technology from the extraction of 
the raw material through the manufacturing, packaging, the use stage, re-use and maintenance, this end-of-
life. LCA can have more potential in improvement and development opportunities of natural resources, 
including critical raw materials (CRMs) used in steel industry. 

In the European Union, a more efficient use of resources is at the core of policy aimed at promoting sustainable 
growth. According to European Commission [1] resource security is objective in flagship initiative under the 
Europe 2020 Strategy A resource-efficient Europe, which addressing all the types of natural resources (metals 
and minerals, water, air, land and soil, marine resources), and advocating more efficient use of resources for 
ensuring the security of supply, decoupling economic growth from resource use; and reducing the 
environmental pressure related to resource extraction and use. The metals which have the highest share of 
net import over apparent consumption (more than 50 %) in EU-27 are: antimony, cobalt, molybdenum, niobium, 
platinum, rare earths elements, tantalum, titanium minerals, vanadium, manganese ore, iron ore, bauxite, tin, 
zinc and chromium [2]. Raw materials are fundamental to Europe’s economy, growth and jobs and they are 
essential for maintaining and improving our quality of life. According to [3] twenty raw materials were identified 
as critical raw materials: antimony, beryllium, borates, chromium, cobalt, coking coal, fluorspar, gallium, 
germanium, indium, magnesite, magnesium, natural graphite, niobium, PGMs (platinum group metals), 
phosphate rock, HREEs (heavy rare earth elements), LREEs (light rare earth elements),  silicon metal and 
tungsten. The PGMs consist of six metals: palladium, platinum, rhodium, ruthenium, iridium and osmium. The 
REEs are a group of seventeen metals, which are often discussed together due to their similar properties. 
These critical raw materials have a high economic importance to the EU combined with a high risk associated 
with their supply [2]. LCA is suitable tool for management of Critical Raw Materials [3]. Up to now carbon 
footprint and changes in raw materials and ecological innovations for steel supply chains were presented in 
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papers [4-8].  The main goal of this study is to present life cycle impact assessment methods relevant to the 
assessment of natural resources in steel sector. 

2. REVIEW OF RESOURCES DEPLETION ASSESSMENT METHODS 

For natural resource depletion are used different approaches, which can be applied for environmental impact 
assessment. This approach differ perceptions of the problem, coverage of resources typologies and results in 
terms of environmental impacts [9]. Existing models for the resource availability assessment in LCA relate to 
mass and energy of a resource used, energy impacts, future consequences of resource extraction (e.g, surplus 
cost, surplus energy), or diminishing geologic stocks [9-13].  Natural resources are generally categorized in 
the context of LCA and beyond as abiotic and biotic resources or stock, fund and flow resources. Abiotic 
resources are inorganic or non-living materials at the moment of extraction. Biotic resources are living at least 
until the moment of extraction from the natural environment [14]. Metrics for fossil depletion according to 
selected life cycle impact assessment (LCIA) was shown in Table 1 . LCA methods and impact categories for 
metal and minerals depletion assessment was shown in Table 2 . 

The impact categories for fossil fuel depletion, metals and minerals  are expressed in different units.   ReCiPe 
Midpoint characterisation factors for metal depletion are converted with iron as a reference substance 
(kilograms of iron-equivalent). According to ReCiPe Midpoint method fossil depletion is expressed as oil 
equivalent. 1 kg oil equivalent has a lower heating value of 42 MJ. The unit of endpoint characterisation factor 
according to ReCiPe Endpoint for abiotic resource depletion is increased cost ($). According to IMPACT 2002 
the unit MJ primary means MJ total primary non-renewable energy. In EcoIndicator 99 method resource 
depletion is expressed as the surplus energy needed for future extractions of minerals and fossil fuels. 
According to CML model abiotic resource depletion impact category indicator is related to extraction of scarce 
minerals and fossil fuels. The Abiotic Depletion Factor (ADF) is determined for each extraction of minerals and 
fossil fuels based on the remaining reserves and rate of extraction. Antimony (Sb) is used as the reference 
case for minerals depletion and the reference unit is therefore kg Sb equivalent [10-19].  

Table 1  Life cycle impact assessment methods for fossil depletion analysis 

LCIA method Impact category Unit Source 

Cumulative Energy Demand (CED)  Non renewable, fossil MJ [15] 

Cumulative Exergy Demand (CExD)  Non renewable, fossil MJex [10,11] 

CML Abiotic depletion (fossil fuels) MJ [16,17] 

IMPACT 2002 Non-renewable energy MJ primary [18] 

ReCiPe Midpoint Fossil depletion kg oil eq [13] 

ReCiPe Endpoint  Fossil depletion $ [13] 

EcoIndicator 99 Fossil fuels MJ surplus [12] 

Table 2  Life cycle impact assessment methods for metal and minerals depletion analysis 

LCIA method Impact category Unit Source 

CExD Non renewable, metals MJe [10,11] 

CExD Non renewable, minerals MJex [10,11] 

CML Abiotic depletion kg Sb eq [16,17] 

IMPACT 2002 Mineral extraction MJ surplus [18] 

ReCiPe Midpoint Metal depletion kg Fe eq [13] 

ReCiPe Endpoint Metal depletion $ [13] 

EcoIndicator 99 Minerals MJ surplus [12] 
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CML-IA is a LCA methodology developed by the Center of Environmental Science (CML) of Leiden University 
in The Netherlands. Depletion of abiotic resources is measured in two impact categories: abiotic depletion 
(elements, ultimate reserves) and abiotic depletion (fossil fuels). Resource depletion is assessed by means of 
the abiotic depletion potential (ADP), differentiation between fossil depletion and element (metals/minerals) 
depletion [16, 17]. In the ADP model, the decrease of the resource itself is taken as the key problem [17].  

Exergy is another way to express energy contents than energy content itself. Exergy has been described as 
‘the upper limit of the portion of a resource that can be converted into work’. Exergy is a measure for the useful 
"work" a certain energy carrier can offer [10,11,19].  

The surplus energy approach, as adopted in the Eco-Indicator 99 (EI99) [12] and IMPACT 2002+ [18], is based 
on the assumption that as more of a resource is extracted over time, quality of deposits still available tends to 
decrease. Each extraction of a certain amount of a resource from a deposit in the present will require an earlier 
move to more energy-intensive extraction from lower-quality, less accessible deposits in the future.  

Monetizing the energy requirements of resource extraction, as in the ReCiPe methodology, provides a more 
universally applicable indicator; in principle, marginal extraction costs can also be utilized as a metric for 
renewable resource extraction. The ReCiPe 2008 method follows an idea similar to the surplus energy 
concept, but in addition uses monetization of surplus energy demand for characterising future efforts for 
resource extraction. Marginal increase of extraction cost per kilogram of extracted resource forms the basis of 
the model, differentiated by deposit and assuming a discount rate over an indefinite time span [13, 22, 23].  

3.  RESULTS AND DISCUSSION 

In the paper results of fossil fuels, mineral and metals depletion assessment for steel based on different life 
cycle impact assessment methods were presented (Table 3  and Table 4 ). The analysis was done for the 
integrated steel plant. According to the paper [20] fossil fuels are the most important abiotic resources in steel 
production. Fossil fuels cover natural gas, petroleum, lignite, hard coal and peat [9]. Functional unit (FU) of 
this life cycle impact assessment was one ton of BOF steel produced.  The results were obtain for BOF steel 
according to the mass allocation for cast steel and co-products: blast furnace (BF) slag and basic oxygen 
furnace (BOF) slag. The system boundary of integrated steel plant covered included all unit processes in the 
steel plant: the iron ore sinter plant, blast furnace, lime production plant, basic oxygen furnace, continuous 
casting plant and hot rolling plant. Particulate results of the life cycle inventory (LCI), the environmental impact 
assessment of steel production based on the Recipe Midpoint and process flow diagram of the steel 
manufacturing were shown in papers [20, 21]. 

Table 3  Fossil fuels depletion for BOF steel according to different LCIA methods 

 LCIA method Impact category Unit 
BOF  
steel 

Cast 
steel 

BOF 
slag 

BF 
 slag 

CED Non renewable, fossil MJ/FU 35110 24310 7371 3430 

CExD Non renewable, fossil MJex/FU 35827 24806 7521 3500 

CML Fossil fuels depletion MJ/FU 35110 24310 7371 3430 

IMPACT Non-renewable energy MJ primary/FU 36175 25047 7594 3534 

ReCiPe Midpoint Fossil depletion kg oil eq/FU 793 549 167 77 

ReCiPe Endpoint Fossil depletion $/FU 131 91 28 13 

EI 99 Fossil fuels depletion MJ surplus/FU 1345 931 282 131 

Source: own analysis 
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Table 4  Minerals/metals depletion for BOF steel according to different LCIA methods 

  LCIA method Impact category Unit 
BOF  
steel 

Cast 
steel 

BOF 
slag 

BF  
slag 

CExD Non renewable, metals MJex/FU 3127 2165 656 305 

CExD Non renewable, minerals MJex/FU 165 114 35 16 

CML Abiotic depletion kg Sb eq/FU 0.0022 0.0015 0.0005 0.0002 

IMPACT Mineral extraction MJ surplus/FU 82 57 17 8 

ReCiPe Midpoint Metal depletion kg Fe eq/FU 1240 859 260 121 

ReCiPe Endpoint Metal depletion $/FU 89 61 19 9 

EI 99 H/A Minerals MJ surplus/FU 76 52 16 7 

Source: own analysis 

Calculations performed based on presented LCIA methods allowed to determine the largest abiotic resource 
depletion in steel production. It was found that the largest fossil fuels depletion in integrated steelmaking route 
has hard coal coke, the largest minerals depletion has refractory and the largest metal depletion has iron ore. 
Application of LCA can assist decision-makers manage of natural resources and allows determination of the 
key processes and raw materials, on which should be focused ecological innovations, in order to reduce the 
consumption of resources, including fossil fuels, mineral and metals depletion. The evaluation of ore raw 
materials requires finding a system based on a multiple dimensional basis, taking into account not only the 
metallurgical, but also the economic and physical - chemical parameters [24]. 

4.  CONCLUSION 

Life cycle approach and life cycle assessment are fundamental elements for sustainability assessment.  LCA 
is a suitable method for depletion of abiotic and biotic resources assessment.  Different LCIA models exist for 
the assessment of fossil fuels, metals and minerals. 

Characteristic of resource depletion assessment methods and their applications in steel production were 
presented in the article. It was found that the choice of method depends on purpose of LCA. The study showed 
that LCA is appropriate method for evaluating depletion of natural resources and resource management in the 
steel sector. LCA is one of the most important assessment tool of Environmental Management System (EMS). 
LCA method can help to steel industry to provide information about depletion of natural resource in whole life 
cycle, support benchmarking of technology assessment and carry out environmental impact assessment to 
reduce the impacts. Life cycle impact assessment methods help to increase efficiency of steel production and 
improve environmental performance. Thanks to the environmental assessment carried out using the LCA is 
possible to optimize the depletion of natural resources, which is imperative for the development of sustainability 
steel.  

This work highlights the role of LCA as an important and helpful tool for sustainable management of natural 
resources and critical raw materials in steel industry. 
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Abstract 

The paper deals with problems of modelling technological processes in cases when the available data sample 
is of small size and contains outliers. The essence of the method used in the paper lies in robust quantitative 
characteristics. For the purposes of the paper, data are simulated and processed both the standard and 
nonstandard way using robust characteristics. Both approaches are then compared. The characteristics that 
are modelled involve a measure of central tendency of a quality variable Y and a characteristic of variability of 
that variable.    

Keywords: Design of experiments, regression function, robust characteristics 

1. INTRODUCTION 

Experimental data resulting from very different metallurgical fields are often burdened with problems of the 
same kind when they are processed statistically. The objective of this paper was to find out what problems 
occur most frequently, and propose a solution to them. For these reasons, a greater number of final-year 
dissertations was examined, the dissertations having been worked out for major metallurgical companies. They 
included the following works: Optimization of Coal Selection for Injection into Blast Furnaces in Term of Costs 
and Production Qualities (Radek Fabičovič, 2015) - the dissertation analysed relations between the coal used 
in blast furnaces and production costs or quality; The Impact of Process Modernization of Continuous Casting 
on the Quality of Pipes Produced (Dušan Andla, 2015) - the aim of the work was to compare amount and 
composition of defects before and after production process modernization; Evaluation of Suppliers by 
Mechanical Properties and Chemical Composition of Materials for the Production of Rolled Metal Plates 
(Martina Pernicová, 2014); Analysis of Robust Technology Design Methods (Ondřej Kudělka, 2014) - the aim 
of the work was to explore elementary ways of introducing noise in regression models in specific situations; 
Process Capability Analysis of Circle Products Heat Treatment (Martin Jakša, 2014) - the dissertation aimed 
to introduce the methodology of process quality assessment; Statistical Evaluation of the Mechanical 
Properties of Profile Bars after Hot Forming (Peter Tkáč, 2013); Evaluation of Effects of Selected Process and 
Technological Parameters on the Final Mechanical Properties of Rails, Using Statistical Methods (David 
Čečotka, 2013) - a regression function modelling dependence of observed outputs on chemical composition 
of a material was found in the work; Supplier Evaluation of Slabs According to Their Chemical Structures (Jan 
Macura, 2012) - the objective of the dissertation was to create a methodology of quantitative assessment of 
suppliers; Material Volume Change-Heat Treatment Relation for Determination of Grinding Allowance 
(Markéta Lišková, 2010) - the aim was to model dependencies of volume change on chemical composition; 
Analysis and Statistical Processing of Technological Factors which Influence Blast Furnace Operations during 
Injection of Supplementary Fuels (Tomáš Votava, 2009) - the author tries to find major reasons behind 
inefficient functioning of blast furnaces. 

It turns out that problems occuring in applications of standard statistical procedures are most often related to 
data errors resulting from either inaccurate measurements or wrong data transcription. When standard 
statistical techniques are used, faulty data will affect all results. A way to overcome this problem is to simply 
detect the errors and eleminate them. Another and more comfortable way how to tackle the problem is to use 
the so-called robust characteristics. These are characteristics which are insensitive to data even with large-
scale errors. At the same time, applying these characteristics is not so difficult.    



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1751 

The aim of this study is to try robust characteristics in seeking models for technological processes, and 
compare the quality of the models with those found by standard procedures. The motivation behind this study 
can be found in [1] - [6]. To be able to make the comparisons, the same type of regression function is selected, 
however, the model describing dependence of dispersion on process inputs will not be selected, but calculated 
from a regression function. We generated quintets of numbers from a normal distribution for the purpose of 
the study, the whole experiment being done once. The use of robust characteristics aims to verify resistance 
of analytical results based on small samples containing outliers. The knowledge of sought-after functions 
enables comparison with the functions found. The sum of least squares was used as a criterion for comparing 
standard and robust models.   

2. EXPERIMENTAL PLAN  

As part of the study, an experimental plan was constructed for a complete quadratic model with three 
regressors, all of which were observed at three levels. Thus, the plan has 33 = 27 runs (see Table 1 ). 

Table 1 Experimental plan and generated data   

  Process inputs Process outputs 

Run  x1 x2 x3 Y1 Y2 Y3 Y4 Y5 

1 -1 -1 -1 45.0120 71.5225 54.3656 68.1386 74.6080 

2 0 -1 -1 71.2046 52.8104 58.2020 59.5089 52.5769 

3 1 -1 -1 75.3637 75.2404 66.9159 64.8753 71.1094 

4 -1 0 -1 61.9194 69.1429 59.3658 50.9689 56.1180 

5 0 0 -1 55.4977 58.8705 60.1308 50.4295 49.3237 

6 1 0 -1 54.7455 48.9226 55.7903 51.7093 56.1756 

7 -1 1 -1 52.9605 48.5435 72.6555 71.2942 75.8098 

8 0 1 -1 66.8004 50.3633 63.4062 62.3914 42.5675 

9 1 1 -1 66.6478 60.1027 71.3065 69.3365 65.2846 

10 -1 -1 0 64.7836 63.9936 67.3676 67.3512 55.7784 

11 0 -1 0 61.3162 57.9483 58.3493 52.7401 53.6739 

12 1 -1 0 55.1722 62.3910 38.7444 62.7431 61.4871 

13 -1 0 0 51.2170 57.6184 55.5612 55.4515 60.0692 

14 0 0 0 50.0000 50.0000 50.0000 50.0000 50.0000 

15 1 0 0 54.6788 56.8304 62.8478 48.3562 54.6208 

16 -1 1 0 66.5299 68.2293 65.6057 53.4811 56.4721 

17 0 1 0 50.4406 53.5017 55.0014 52.6933 55.6412 

18 1 1 0 71.5934 50.1567 69.2449 63.3159 59.9212 

19 -1 -1 1 69.7902 50.3752 58.1274 65.3885 63.4676 

20 0 -1 1 58.3471 51.5335 71.8556 58.8780 65.9212 

21 1 -1 1 54.7596 61.4692 63.5439 61.0810 45.9344 

22 -1 0 1 52.0973 56.4063 56.1415 56.4025 54.5731 

23 0 0 1 62.9214 55.3193 52.7714 55.7263 63.8747 

24 1 0 1 57.9675 61.5892 52.3193 62.6902 70.9372 

25 -1 1 1 57.3997 60.7605 69.4416 64.3344 64.0586 

26 0 1 1 56.2460 49.5037 60.1052 57.2257 61.8005 

27 1 1 1 43.6813 65.2412 63.7289 79.5226 64.5544 
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3. THEORETICAL QUANTITATIVE CHARACTERISTICS  

Unlike the classical procedure, in which a regression function is explored that would describe properly the 

available data, the procedure to be presented is reversed: a regression function  

was selected and corresponding data were generated. The reversed procedure enables one to compare the 
calculated, or estimated, and known model coefficients. We also calculated the corresponding function 

depicting the dependence of variance of Y on inputs . Now, replacing the variables 

x1, x2 and x3 with their values from the experimental plan, theoretical averages m(y) and variances s2(y) of Y 
were obtained (see Table 2 ). 

Table 2 Theoretical quantitative characteristics for each experimental run 

    Run  1 2 3 4 5 6 7 
m(y) 65 60 65 60 55 60 65 
s2(y) 75 50 75 50 25 50 75 

 
    Run 8 9 10 11 12 13 14 

m(y) 60 65 60 55 60 55 50 
s2(y) 50 75 50 25 50 25 0 

 
    Run 15 16 17 18 19 20 21 

m(y) 55 60 55 60 65 60 65 
    s2(y) 25 50 25 50 75 50 75 

 

    Run 22 23 24 25 26 27 
m(y) 60 55 60 65 60 65 
s2(y) 50 25 50 75 50 75 

4. EMPIRICAL QUANTITATIVE CHARACTERISTICS 

In the next step, five random numbers Y1, …,Y5 were generated from the distribution N[m(y), s2(y)] for each 
pair of parameters m(y) and s2(y) from the table, and the following characteristics were calculated for the 
generated data: moment characteristics - mean and variance; robust quantile characteristics - median M, 
median of median deviations MAD and interquartile range QR. The resulting characteristics are in Table 3 . 

Table 3 Empirical quantitative characteristics   

  Characteristics from generated data 

  Mean Variance Median MAD QR 

1 62.7293 157.8847 68.1386 6.4694 17.1569 

2 58.8606 57.3296 58.2020 5.3916 6.6985 

3 70.7009 22.6949 71.1094 4.1935 8.3245 

4 59.5030 45.7686 59.3658 3.2478 5.8014 

5 54.8504 23.6379 55.4977 4.6331 8.4410 

6 53.4687 9.5275 54.7455 1.4301 4.0810 

7 64.2527 157.0123 71.2942 4.5156 19.6950 

8 57.1058 104.6103 62.3914 4.4090 13.0429 

9 66.5356 18.3916 66.6478 2.6887 4.0519 

2
3

2
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2
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  Characteristics from generated data 

  Mean Variance Median MAD QR 

10 63.8549 22.6687 64.7836 2.5676 3.3576 

11 56.8056 12.5925 57.9483 3.3679 4.6754 

12 56.1076 103.7014 61.4871 1.2560 7.2188 

13 55.9835 10.6367 55.5612 2.0572 2.1669 

14 50.0000 0.0000 50.0000 0.0000 0.0000 

15 55.4668 27.0590 54.6788 2.1516 2.2096 

16 62.0636 43.8586 65.6057 2.6236 10.0578 

17 53.4556 4.2099 53.5017 1.4997 2.3081 

18 62.8464 71.8141 63.3159 5.9290 9.3237 

19 61.4298 55.7076 63.4676 5.3402 7.2611 

20 61.3071 60.6865 58.8780 7.0432 7.5741 

21 57.3576 51.5696 61.0810 2.4629 6.7096 

22 55.1241 3.4446 56.1415 0.2648 1.8294 

23 58.1226 24.5878 55.7263 2.9549 7.6021 

24 61.1007 46.6130 61.5892 3.6217 4.7227 

25 63.1990 20.1441 64.0586 3.2981 3.5739 

26 56.9762 22.3746 57.2257 2.8795 3.8592 

27 63.3457 163.3954 64.5544 0.8255 1.5123 

5. REGRESSION MODELS 

Regression functions were found for the following characteristics of Table 3 : 
a) mean and median  
b) variance and MAD (median of absolute deviations of the generated values Yi from their median M) 
c) variance and QR    
d) mean and median from data containing outliers 
e) variance and MAD from data containing outliers.  

Pairs of models were compared using the criterion ; also, the extent of concordance between the 

empirical and theoretical coefficients for the known functions m(y), s2(y) was analyzed. 

Ad a) Characteristics of the regression function for   

- mean  

i bi s(bi) Ti p-val 

bo 51.03538 1.597271 31.95162 1.47E-20 

b11 4.450117 1.280666 3.474847 0.00205 

b22 5.09413 1.280666 3.977721 0.000595 

b33 2.93344 1.280666 2.290559 0.031487 

 

∑=
i ie eS 2
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- median 

i bi s(bi) Ti p-val 

bo 49.80312 1.453967 34.25328 3.05E-21 

b11 6.049094 1.165767 5.188941 2.92E-05 

b22 7.059944 1.165767 6.056052 3.55E-06 

b33 3.130561 1.165767 2.68541 0.013209 

Comparison: 

All the coefficients for the model of mean and median are nonzero, although the p-values are smaller, and thus 
more convincing for the latter model. In both cases, the estimate of the absolute term is close to the theoretical 
value bo = 50. Other estimated parameters are not far from their theoretical counterpart 5 either, given how 
small the generated sample is. Further, for the median, Se = 187.54, whereas it is slightly higher for the mean: 
Se = 226.33. Using the model for median doesn’t bring a striking improvement. 

Ad b) and c) Characteristics of the regression function for  

- variance (Se = 42514.28) 

i bi s(bi) Ti p-val 

b11 18.27161 14.52186 1.258214 0.220418 

b22 38.06396 14.52186 2.62115 0.01497 

b33 20.51964 14.52186 1.413018 0.170489 

- MAD (Se = 9754.61) 

i bi s(bi) Ti p-val 

b11 27.39329 6.956002 3.938079 0.000616 

b22 28.40414 6.956002 4.0834 0.000427 

b33 24.47475 6.956002 3.518509 0.00176 

Comparison: 

The criterion Se is much smaller for the MAD regression. Regarding the variance, only the coefficient b22 is 
nonzero, and the coefficient estimates deviate more from the expected value 25, as compared to the case of 
MAD. As for the MAD case, all coefficients are nonzero. Using MAD is much better here, compared to the 
model of variance.  

- interquartile range QR = X75 - X25  (Se = 443.15) 

i bi s(bi) Ti p-val 

b11 1.395069 1.482632 0.940941 0.35611 

b22 4.286269 1.482632 2.890986 0.008028 

b33 3.542302 1.482632 2.389198 0.025096 

Comparison : 

The coefficients b22 and b33 are statistically significant (p-value is below 0.05), but they are a poor estimate of 
the corresponding theoretical value, although Se seems better for this case than for the case of MAD. 

Ad d) Characteristics of the regression function for mean and median calculated from data with outliers.  
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The first value of Table 1  is Y1 = 45.012 (red); for further calculations, the decimal point will be shifted by one 
order to create the outlier Y1 = 450.12. The quality of regression functions for mean and median will then be 
compared.   

For the mean, (Se = 24660.32) 

i bi s(bi) Ti p-val 

bo 59.86993 16.67257 3.590924 0.001544 

b11 5.324207 13.3678 0.398286 0.694092 

b22 5.96822 13.3678 0.446463 0.659438 

b33 3.80753 13.3678 0.284829 0.778324 

and for the median, (Se = 210.072) 

i bi s(bi) Ti p-val 

bo 49.50159 1.538818 32.16857 1.26E-20 

b11 6.275244 1.233799 5.086114 3.77E-05 

b22 7.286094 1.233799 5.905413 5.09E-06 

b33 3.356711 1.233799 2.72063 0.012194 

Comparison:  

For the mean, the coefficients bii are statistically insignificant, and so the model cannot be used. For the 
median, all the coefficients bii are nonzero and quite close to the theoretical values (given the small size of the 
sample). The use of the median gives better results than the mean.  

Ad e) Characteristics of regression function for variance and MAD calculated from data containing outliers.  

As in d), the first value Y1 = 45.012 was adjusted for further calculations: the decimal point was shifted by an 
order to create an outlier Y1 = 450.12. The quality of the regression for variance, MAD will be compared now. 

For the variance, we have  

i bi s(bi) Ti p-val 

b11 714.314 1989.993 0.358953 0.722769 

b22 734.1063 1989.993 0.368899 0.715437 

b33 716.562 1989.993 0.360083 0.721935 

and for the MAD,  

i bi s(bi) Ti p-val 

b11 27.47386 6.930467 3.964214 0.000577 

b22 28.48471 6.930467 4.11007 0.000399 

b33 24.55532 6.930467 3.543098 0.001656 

Comparison: 

For the case of variance, all coefficients are statistically insignificant (p-value is around 0.7), whereas for MAD, 
all the coefficients are significant (p-value is close to zero) and close to the theoretical values bii = 25. Se = 
9683.126 for MAD; for variance, Se is far higher. MAD seems much better for modelling purposes.  
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6. CONCLUSION 

The aim of the paper was to examine how to use selected robust characteristics when searching for regression 
functions for small data samples containing outliers. For a known regression function describing behaviour of 
a variable Y and its variability, a small-size sample was simulated. The data were also burdened with outliers, 
and a regression model for the central tendency of Y and its variability was searched. The classical procedure 
and the procedure with robust characteristics were compared, using the sum of squares, as well as the extent 
of concordance between the regression coefficients estimated and known. The simulation has shown that 
some robust characteristics seem better for the modelling purposes than their standard counterparts.   
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Abstract   

It appears that in contemporary entrepreneurial environment industrial enterprises that are able to realize 
regular and targeted changes survives. These changes or innovations are implemented not only for survival, 
but also for gaining significant market position. Innovation is supposed to be a creative destruction of current 
status, and a tool to enhance long-term competitiveness and necessary condition for successful business. 
Innovation should contain development impulse, should lead to enhanced performance, return and utility 
features. In industrial company a precondition for successful innovation implementation is an existence of 
innovative infrastructure that enables to create, transform and amplify resources (especially organizational and 
human capital) to required effect (e.g. financial capital). The aim of the paper is the confirmation of enterprise 
infrastructure at a sample of 99 large industrial companies and insight into one metallurgical company in the 
Czech Republic. First data were gained by empirical probe.    

Keywords: Innovations, innovative infrastructure, industrial enterprise, empirical survey 

1. INTRODUCTION  

Industrial enterprises put a lot of changes into practise in a form of innovations to survive and gain a significant 
position in the market. Here the identification of opportunities and creation of new methods how to use them 
is essential. It could be not only technical, technological or product innovations, but it concerns not to the small 
extent the business practice, forms of services provided in the existing market, acquisition of new market, it 
can be matter of corporate management etc. To recognize the need of change is not easy. There the loss of 
company competitiveness can follow. 

Successfully implemented innovation represents an existential and developing condition. Nowadays we can 
find out that increasingly bigger attention of world-famous companies is devoted to innovations that vastly 
change managerial and entrepreneurial system. To be the technical and technological innovations successful, 
the business and managerial activities have to create a sufficient space for it. They have to change themselves 
radically. Apart from that, the innovations of entrepreneurial system can be the main source of long-term 
prosperity of a company and a starting point for formulating of changes in company´s strategy, in the way of 
thinking and the company management. This is connected mainly with the questions of human potential and 
intellectual base of the company, related to deployment of the sources.   

The share of innovating companies producing metals, metallurgical and metal-working products in the Czech 
Republic (see the statistical research 2010-2012) is slightly above the average of manufacturing industry 
companies and  has reaches 46.7%. With these innovative companies there prevail the companies that have 
been putting into practice technical and non-technical innovations (55%). Only 31.6% of companies were with 
the technical innovations and just 13.4% were the companies with only non-technical innovations. [1]  

It can be observed that innovative processes in metallurgy are usually oriented on the improvement of current 
technological processes and modernization of technological equipments with the aim to produce a product 
with higher utility value, i.e. better mechanical qualities. At the same time the innovations in metallurgy are 
focused on greening of metallurgical production devices of the processes with minimization of the 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1758 

environmental impacts. These are solutions aimed at reduction of energy and material demands of the 
production.  

The successful companies have found the value potential where the others had overlooked it [2], [3]. They can 
release and use it. Sometimes it is inside, sometimes outside of the company. If some changes in management 
are innovative, systematically interconnected and as a part of creative programme of the company they have 
created a distinctive competitive advantage compared to the innovation of different character [4], [5].  

The gained and accumulated findings and experience are the core of the company´s innovative infrastructure. 
They concerned both common running and its development. The aim of the contribution is an evaluation of 
innovative infrastructure level for big industrial companies in the Czech Republic. Own method 
operationalization of Kiernan's innovative rules and comparison of results with reference model were used. 
First data were gained by empirical questionnaire probe.  

2. APPROACHES TO INNOVATION 

We can look at innovations that the company is carried out from various points of view. It can be the point of 
view of a subject (product, process, marketing, organizational innovation), standpoint of the implemented 
changes originality (invention, enlargement, duplication, synthesis), standpoint of an innovation newness 
(absolute and relative innovation), standpoint of complexity of the innovation (change of quantity, intensity, 
reorganization, qualitative adaptation, variant, generation, kind, family line, tribe, stem, standpoint of 
participation of subjects in the process of creation of the innovation (open innovations and closed innovations), 
standpoint of the market acquisition (fluent innovations and turning innovations), methodology of the innovation 
origin (stimulating elementary innovations and inducted elementary innovations) [6], [7], [8]. 

A danger of competitiveness loss has caused the necessity of comparison of innovations among the 
companies on the international scale. At the same time we can meet with ambiguity in the process of the term 
innovations. Innovations are confused with innovative solution and innovative ideas that have got various 
awards but customers don´t buy them [9], [10]. Therefore, the implemented and value change that should bear 
an effect both for the user and the company can be considered to be a legitimate demand on innovation. This 
requires a sophisticated relationship between costs and utility value created (product, service). The mutual 
interconnection not only user - company but also interconnection of technical and technological aspect of the 
product and entrepreneurial model is there necessary.  

In the European Union countries the innovations are monitored by means of sample survey. They are divided 
into technical (technological) and non-technical (non-technological) innovations. Product and process 
innovations rank among the technical innovations. Marketing and organizational innovations are a part of 
nontechnical innovations. From statistical survey on firms´ innovativeness in the Czech Republic (2010-2012) 
results that about 44% of businesses from total number of economically active companies during 2010-2012 
implemented some innovation of object kind. The most innovations are implemented by businesses in branch 
of information and communication activities. Then manufacturing industry follows. Bigger attention is devoted 
to technical and non-technical innovations in all branches [11], [12]. 

In the process of innovations the time is increasingly more important factor. It is not only a matter of recognition 
and a new innovation entrance into the market timing but it relates to the whole value chain in the company, 
company corporate culture, the courage to do experiments, new solutions. There is also the right to make 
mistake that bears the costs but also invaluable experience that should be recast to find out viable and mellow 
solutions.  

With any project, and more and more with innovations, there is valid that what sort of people we have such 
innovations we can have. Innovative infrastructure of a company is one of the conditions of systematic work.  
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3. INNOVATIVE INFRASTRUCTURE 

From this point the attention of company is aimed at hidden sources of company abilities and ways of their 
involvement in new values creation. Recommended principles for creation of innovative structure of a business 
we can find e. g. in M. J. Kiernan. The stated attitude was an inspiration to perform some empirical probes to 
the real conditions of corporate sphere. Its aim was to find out if and to what extent the recommended Kieman´s 
innovative rules are used for big companies management in the Czech Republic and thus what level of 
company innovative infrastructure would be possible to talk about.  

It was necessary to transform the Kiernan´s concept into operational position, e.g. into some empirically 
observable and measurable characteristics in the company. To simplify an experiment, every rule is here 
represented by one factor see Table 1 .  

Table 1 Operationalization of Kiernan´s rules for the innovative infrastructure creation 

Serial 
number 

Kiernan`s concept Operationalization 

Commandments 
Assessed factors 

(abilities) Measurable field 
Way of 

measurement 

1. 
They do not follow the rules 

prevailing in your field 

Establishment / 
development of the 

business field 

Business effect on the 
field in the last 3-5 

years  
Qualitative scale 

2. 
Get innovative, or get dead! 

 

Innovative products 
or services 

The share of revenues 
from products and 

services, not older than 
4 years 

The percentage 
scale 

3. 
Explore your business, find 
hidden assets and Make the 

most of them.  

Development 
project 

Number of active 
projects Qualitative scale 

4. Focus on speed and agility 
The effect of the 

external 
environment 

The ability to respond 
to changes in the 

business environment 
Qualitative scale 

5. Be proactive and experiment 
Experimenting in the 

enterprise 
The willingness to 
experiment with Qualitative scale 

6. Break down boundaries 
Interdisciplinary 

cooperation 

The ability to realize 
mutually beneficial 

cooperation with other 
Qualitative scale 

7. 
Constantly take advantage of 

all the employees and 
everything they can  

Intellectual potential 
of employees 

Ability to use all the 
employees can do 

Qualitative scale 

8. 
Globalize your real and 

knowledge base 

National and 
multinational 

contacts 

Number of significant 
markets Qualitative scale 

9. 
Acknowledge that eco 

industrial revolution affects all 
of us 

Long-term survival 
of the business 

Technological and 
managerial eco 

industrial activities 

The range of case 
enumerations 

10. 
Make the continuing 

education of corporate 
religion 

a) The 
organizational 

learning  

b) The intellectual 
base of enterprise 

The role of education in 
the enterprise  

rate of utilization of  the 
intellectual base 

The range of case 
enumerations  

The percentage 
scale 

Source: Own elaboration with several data adopted from Kiernan´s rules  

For finding out existence and assessment of characteristics of particular factors in corporate practice it was 
chosen a measurement in a form of questionnaire scale (very high fulfilment, high, average, commonly for 
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given branch, low, very low, I don´t know/we don´t observe) or by means of exemplary enumeration of the 
possibilities.  

The results of the probe were compared with the reference model which is a benchmark for the level of 
fulfilment of particular innovative factors among them evaluation, or rather the rate of fulfilment of innovative 
factors for particular companies see Table 2 . Comparative reference level is always created by the highest 
point evaluation possible to reach for each particular case. 

Table 2 Reference model - assessment of innovative factors 

Level of reaching 
reference level in % Indication Influence of innovative factors on company innovativeness 

100-81 A high, almost guaranteed with a significant positive effect 

80-61 B passable with some of the more progressive elements 

60-41 C problematic, significantly manifested stagnation elements 

40-21 D low, significantly manifested  degeneration  elements 

20-0 E unsatisfactory, state of emergency 
Source: Own elaboration 

It was founded as a result of comparison between gained appraised empirical values from 99 big companies 
(with the number of employees up to 1000) with the reference model see Table 3 , that overall monitored 
sample of companies is a sign of acceptable state of corporate innovative culture (evaluation B).  

It means that rather routine forms of management and use of monitored innovative factors prevail. Particular 
innovative factors with two exceptions show the evaluation B, too. From the innovative factors relatively the 
biggest importance is attributed to attitudes to monitoring of strategic performance of a company. On the 
contrary as a problematical factor appears the company´s influence on the development of a branch 
(evaluation D, where already can be detected some elements of degeneration). Also there are relatively big 
reserves in the use of intellectual base of companies - knowledge about relatively low use and assessment 
were gained (evaluation C).    

Table 3 Level of innovative factors 

Indicator 
Innovative factors Empirical 

level 

Total 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 

Points in total 168 304 312 339 309 305 344 350 372 216 382 3401 

Rate of  reference 
factor fulfilment in % 33.9 61.4 63.0 68.4 62.4 61.6 69.4 70.7 75.1 43.6 77.1 62.5  

Evaluation D B B B B B B B B C B B 
Note: Numbers in legend of innovative factors are expressing the considered factors see Table 1 .  
Source: Own elaboration 

Empirical probe based on the Kerman´s innovativeness of company conception pointed out that innovations 
are always the big challenge within the monitored sample of big companies in the Czech Republic.  Nowadays 
there prevail routine forms of innovative factors use in the management. It is a question if it is sufficient for 
their next perspective and development. To be problematical seems the lower exercise of company 
development and research, stagnation of meaningful development and use of own intellectual base. Only for 
approximately 2-5% of companies it was possible to state that they fulfil stronger criteria (rules) required for 
corporate innovative infrastructure. In given cases also the reached very good economic results have 
corresponded to the qualitative finding.    
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4. INNOVATIVE ACTIVITIES IN CHOSEN METALLURGIC COMP ANY 

For approximate insight into innovative infrastructure of metallurgical sector one of metallurgic plants in the 
Czech Republic was chosen. Under its specific conditions the attention was concentrated on the main areas 
where the company realizes the need of innovation. There emerged the three main areas: investment activity, 
own research and development and individual innovative activities of the employees.  

The investment activity. Level and extent of introduction of innovations by means of the investment purchases 
are various, depending on seriousness and scale of the problem that has to be solved. Investment activity here 
is connected either with acquiring of licence to use of a single invention or with overhaul of particular large 
production equipment. 

The orientation of research and development is aimed mainly at application of new technological procedures, 
new quality of steel and increase in utility characteristics of current products with regard to the impact on the 
environment. They solve 25 research projects a year in the company.  

Research and development problematic includes all the areas of production cycle. Research projects have 
solution from the area of coke-chemical production and preparations of a batch, production of pig iron, steel 
and its rolling including subsequent technologies e.g. heat treatment, drawing. An important are is the issue of 
material characteristics of steel products. According to the final semi-finished products it is possible to define 
the basic groups based on supporting programs of the company. 

The individual employees´ innovative activities. Improvement proposals don´t reach the technical level of the 
solutions created within research and development activity, but their core and purpose is to contribute to 
smaller technical problems solution. Employees´ innovative activities are a demonstration of involvement of 
employees mainly in matters of production but also occupational safety and working conditions, greening of 
production process and other areas.  

Problematical area which includes a range of random and dynamic factors is the sales and price fluctuations 
of final products. This also applies regarding too high costs with principal innovative projects as well.  

5. CONCLUSION 

It is possible to state, on the basis of carried out probe and other supporting sources, that there are various 
attitudes to innovations in entrepreneurial sphere. Not always the innovations are connected with actual 
implementation and use of given product or service. The experimental probe has indicated a weakness 
between the technical aspect of innovation and the process of innovation management, manifesting itself in 
relatively weaker level of innovative infrastructure of industrial companies. Within the monitored sample only 
2-5% of companies will probably comply with the harder Kiernan´s conditions for innovative business. It signals 
the need in the company management to engage more effectively and fully in the question of innovative 
structure improvement, interconnect deeply the technical and economic points of view during solving of 
innovations, pay attention to the creation of new entrepreneurial models close connected to company strategy, 
permanently compare itself with the world top within its field. For metallurgical companies the innovative 
attention is mainly aimed at technical and technological parameters of production and manufactured products. 
At the same time the market pressure leads the companies also to realize some nontechnical innovations 
(organization and management, marketing).    

One of the most serious and difficult things is the problem of uncovering and exploitation of hidden value 
potential - both inside and outside the company. Its solution doesn´t get by with a large extent of creativity and 
innovativeness, a big intellectual effort and top view. The huge problem there often is routine traditional way 
of acting and thinking. 
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Abstract   

Presented paper concerns a methodology of knowledge components management in a platform of knowledge 
integration using an ontological model of knowledge sources. Presented paper concerns a methodology of 
knowledge components management in a platform of knowledge integration using an ontological model of 
knowledge sources. System uses a web application that supports an integrated database from the Foundry 
Research Institute in Cracow and includes components of the latest publications, research projects and patents 
in the field of casting, forging and rolling, and the database of foundries and suppliers to the foundries. An 
additional advantage of this study was to develop an ontology based on the database for the application to 
build a knowledge base on the basis of the information gathered. To obtain Austempered Ductile Iron of specific 
mechanical properties, a number of parameters must be set. It is difficult to aggregate all needed information, 
without any decision support system, because adequate knowledge is mostly dispersed and unstructured. In 
the paper, we describe an architecture of the system that uses semantic technologies and business processes 
for management of knowledge about producing ADI. We present an architecture for a prototype environment 
and argue that using these technologies for management of diversified knowledge can benefit in several ways. 
Main advantages of using BPM tools are possibility of tracking the flow of the production process, as well as 
support for control of completeness of information. Semantic description of case studies and a domain ontology 
allow to pose semantic queries and reason over knowledge stored in the system. 

Keywords: Application of Information Technology to the Foundry Industry, Austempered Ductile Iron  
        (ADI), Business Process Management Systems (BPMS), Semantic Wikis 

1. INTRODUCTION     

ADI cast iron is a heat treated ductile iron which proves many positive properties, such as near-net shape 
technology, high strength, good wear resistance, or low cost manufacturability. In order to obtain demanded 
mechanical properties, one of important issues that should be solved is the choice of chemical composition 
and appropriate heat treatment parameters. There are different ways to obtain ADI castings with the same 
properties by combination of chemical composition or/and heat treatment parameters (temperature and time 
of austenitization and austempering). However, this knowledge is dispersed and it is difficult to find all 
information needed. The problem occurs mostly when a new non-typical product is under development. The 
aim of the project LIDER/028/593/L-4/12/NCBR/2013 is to develop a decision-support system for technologists 
that will aggregate information about ADI production and using appropriate Knowledge Representation 
mechanism be able to reason over it. In this paper, we propose a semantic wiki-based system that integrates 
semantic technologies and business processes for management of knowledge about ADI.  

While capturing both declarative and procedural knowledge, the system remains easy to use, supports 
collaboration and intuitive knowledge authoring. 

The paper is organized as follows: in Section 2: Problem Statement, we explain the motivation for this research 
based on identified challenges and commonly used technologies in the area of ADI production. Then, in 
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Section 3: Proposed Solution, we outline the architecture, knowledge representation possibilities and main 
features of the system. We summarizes the hitherto results and outline future work in Section 4: Conclusion. 

2. PROBLEM STATEMENT 

Information about Austempered Ductile Iron (ADI) is dispersed among various sources. In order to obtain ADI, 
it is necessary to start with appropriate sort of iron alloy, then conduct a 2-staged process consisting of 
austenisation and austempering. The parameters of the process and its stages, such as temperature and time 
of particular stages, influence the properties of the resulting ADI. The properties include fatigue strength, yield 
strength, hardness, enlongation, ductility and toughness. Depending on their values, ADI will or will not be 
useful for particular purposes, for instance to produce gears, wheels, engine cylinder line (automotive parts) 
or agricultural tools operating in soil.  

When technologists want to obtain specific properties, they have to decide on several parameters and design 
an appropriate process. In order to gather required information, it is often necessary to search for papers 
describing specific experiments, browse patent databases, and various unstructured sources. Combining 
information from different sources is tedious and error-prone.  

Patent descriptions are structured differently and they do not always contain the same bunch of information, 
thus so it is hard to browse and search for particular pieces of information in patent databases. Thus, various 
research centers develop their own databases with experiments’ parameters. Such databases are often 
created using Excel spreadsheets or developed as dedicated relational database management systems with 
suitable CRUD (Create, Read, Update and Delete) interfaces. 

The idea presented in this paper relies on using semantic technologies, integrated with business processes. 
A cornerstone of the conceptual model is an ontology describing the production process and properties of ADI. 
The goal of the ontology is to integrate information about consecutive stages of production, and capture 
dependencies between the production process and the resulting properties. It should also constitute a 
backbone, a vocabulary for rules and processes (all the concepts appearing in the processes and rules should 
be present in the ontology). On the implementation side, we use a semantic wiki Loki that integrates several 
knowledge representation methods and is easy to use even for non-specialists. 

The main challenges related to knowledge management systems for ADI are the following ones: 

• integration of information from various sources; 

• diverse, semi-structured and semi-formal knowledge representation; 

• semantization of the knowledge stored in the knowledge base; 

• supporting execution of experiments with suggestions of parameters (based on previous experiments); 

• inferencing new knowledge from data stored in the system; 

• facilitating knowledge authoring, sharing and discussing. 

Although the currently existing solutions provide the basic search functions, they lack of a possibility to pose 
more advanced queries, or ask for information that is not explicitly present, but could be easily inferred. 
Moreover, they do not support reproducing the previously described experiments or performing a new 
experiment on the basis of the existing ones. There is also no possibility to track the execution of an experiment 
(i.e., consecutive stages of the production process) using the computer systems. Finally, they do not provide 
intuitive user interfaces nor support any sort of collaboration among users (domain experts). 

To address the presented challenges, based on previous works [1] and [2], in the following section we propose 
a novel solution that uses semantic technologies and BPM system for management of knowledge about 
producing ADI. 
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3. PROPOSED SOLUTION 

We propose a system that will support technologist in developing ADI of desired properties. A conceptual 
model of the system depicting how the system can be used is presented in Fig. 1 . 

 

Fig. 1 Conceptual model of the system 

The main idea is to build a semantic encyclopedia about ADI casting that consists of semantic descriptions of 
conducted experiments. A community of domain experts, after an initial training, can fill in the information 
based on their experiments. They can browse and query the knowledge stored in the system with semantic 
queries in SPARQL, as well as use logical rules (goals). They can also simulate selected processes that 
accompany cases’ descriptions and create new processes based on existing ones. 

3.1. Knowledge representation 

The system integrates semantic technologies and business processes for representation of diversed 
knowledge.  

• Declarative knowledge about experiments is stored in semantically-annotated wiki pages. 

• Semantic annotation (classification, relations between objects and attributes) add structured information 
to the descriptions of cases and enable automatic querying and reasoning. 

• Attributes of cases (represented as single pages) include: chemical composition of the initial alloy, 
parameters such as temperatures of austenization or austempering, and mechanical properties of the 
obtained iron such as hardness, elongation and micro-structure. 

Business Process Management Systems (BPMS) [3] support management of business processes, which are 
modeled as a collection of related activities transforming different kinds of inputs to produce some products or 
services as output. In our approach we consider a process that describes a workflow of producing an ADI. 
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For every experiment data stored in our system, there is a related process model. Such models are similar 
and many experiments may even share the same model. An exemplary process model is shown in Fig. 2 . 

 

Fig. 2 ADI process model 

3.2. Functionality 

If users want to obtain certain properties, they pose a semantic query to the system (e.g., find me an 
experiment in which given hardness and enlongation was obtained and a specific sort of furnace). Then, the 
found case may be simulated by executing an associated process with a process engine. One may want to 
replicate the experiment or start it with different parameters. Upon execution, a new instance is created that 
may be save and in this way enhanced the knowledge base of the system.  

A user of a BPM system can trace every process instances, i.e. ADI experiments, registered in the system. 
This allows to check in which phase a specific experiment is, as well as the supervisors of the experiment can 
assign workers to each phase of the experiment. Moreover, the BPM system requires from a scientist to enter 
certain pieces of information in each phase, so this ensures the completeness of storing results.  

It is also possible to change the process. As under certain conditions, loading and melting of the charge can 
be carried out in parallel, this can be easily introduced in the BPM system, as it requires only to remodel the 
process using a parallel workflow pattern. Similar operation can be done for “Prepare spheroidising 
components and modifiers” with “Prepare charge materials”. In some cases one can skip some steps of 
checking the quality, especially if the smelting process is stable, repeatable or an operator has the appropriate 
experience.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1767 

3.3. Prototype implementation 

A prototype implementation of the system uses Loki [4] semantic wiki that supports semantic annotations and 
logical reasoning [5, 6]. Thanks to plugin mechanism, it is under continuous development, and new plugins 
appear. It is also extended by a plugin for modeling Business Processes [http://loki.ia.agh.edu.pl/].  

Wiki mechanism supplies an engine providing possibility of semantic knowledge integration [7]. We assume 
that knowledge that forms the basis of knowledge base would be largely algorithmically derived from resources 
using data mining methods and artificial intelligence algorithms, what is possible and has already been 
described in the publications [8-13].  

An ontology that captures the dependencies between parameters and properties of the obtained iron is under 
development (see Fig. 3 ). It will serve as a common vocabulary for semantic descriptions and business 
process models, as well as improve the reasoning possibilities. Currently, ontological reasoning is simulated 
by the Loki engine. 

 

Fig. 3. ADI ontology fragment 

4. CONCLUSION 

The goal of this paper is to present an innovative approach to knowledge management in iron casting. After 
reviewing existing challenges in this area and explaining why current techniques are not sufficient, we present 
a novel idea of a semantic wiki-based system for ADI knowledge management. The technologically demanding 
process of the ADI had been described, but we refer interested readers to [14-15]. Our solution takes 
advantage of semantic and business process technologies. While capturing both declarative knowledge (about 
chemical composition, required temperatures, etc.) and procedural knowledge (iron casting process), the 
system remains easy to use and supports collaboration and intuitive knowledge authoring. It also supports 
tracking the flow of the production process and execution of a new experiment based on parameters from the 
existing data of a previous experiment. An ontology capturing dependencies between parameters and iron 
properties is under development. 
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Abstract  

The high cost of inputs and their continual change, efforts to retain core employees, unrealistic environmental 
standards, limits, taxes, levies and fees are increasing at the Czech metallurgical companies fixed costs and 
making them less competitive. This makes diagnosis costs in metallurgical companies, records any changes 
to the cost, consistently looks for the causes of changes including conservation point of view of an individual 
approach, even more important than before. Whether you choose already being used new or traditional 
approaches to monitoring, control and evaluation of costs using economic and mathematical methods, the 
needs of current metallurgical companies must be especially met - to achieve a radical increase in the 
effectiveness of all available company resources. 

Keywords: Costs, Break Even Point, CVP analysis, Regression analysis, Time lines, Benford's Law 

1. INTRODUCTION 

To initiate changes is necessary to fully understand the current status and the nature of its business 
development. Diagnosis of the company is mainly used to determine whether the detected condition is only 
temporary or is a chronic condition, or whether the overall trend is even threaten the functioning of the company 
[1]. The main aim of the article is to provide a view of more or less frequently used methods of economic 
diagnosis and possible use of Benford's Law for economic diagnosis. At this time use of mathematical methods 
in companies is not prefered. 

2. THE USE TO ECONOMIC DIAGNOSIS 

Economic diagnosis is a science dealing with the recognition and evaluation levels of functioning of the 
enterprise as a system, the total value of company (the company’s creditworthiness), strengths and 
weaknesses of the company, problems and crisis phenomena in the company, including possible termination 
and unused opportunities and potential of enterprises [1].  

The most important principles of the diagnostic process usually very long-term: 

• record all changes, 

• consistently seek the causes of observed phenomenon - this part is very difficult, 

• keep an individual approach. 

Diagnosis of economic data is often a very difficult process because the obtained data are very complex. Its 
aim is to interpret and evaluate the results of which are then used for the synthesis of the data, the conclusion 
diagnosis and prognosis - enabling you to understand the current state, its genesis and helps to identify 
development of the system and to establish the prognosis. For making the diagnostic conclusion there is a 
need to realize that a definitive conclusion can be pronounced after verifying the accuracy of the proposed 
methods.   

If we are in any areas of the company to make changes or innovations or want to compare with the competition, 
we need to know the parameters measured or quantified [1].The problem common to many companies is that 
they often choose to measure what is easy to measure instead of what is necesary. Without paying enough 
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attention to the design of measurement that the company wants to use, the company creates measurement 
systems leading to completely inappropriate yet unintentional behavior [2]. 

Most occurring diagnosing problems in practice: 
1. Diagnostician´s lack of skills and lack of competence. 
2. Use of (inappropriate, wrong) diagnostic methods. 
3. Superficial interpretation. 
4. Rapid diagnosis, one-off tests, lack of supervision, etc. 

To avoid these problems, it is good to use mathematical statistical methods described further, whose use is 
relatively simple, while using computer technology [1]. 

3. DIAGNOSIS COSTS IN METALLURGICAL COMPANY 

3.1. Analysis and sorting costs 

One of the basic tasks of management is to manage costs. Cost management requires their detailed 
classifications. The costs can be sorted by many aspects. In business, the costs are classified according to 
species (species costs sorting, which is applied in the financial accounts or in the profit and loss attachment), 
by purpose (special-purpose sorting costs), according to changes in cost depending on the volume of 
production (by variability of costs) by the origin of consumed inputs, etc. 

We use two basic criteries for targeted costs sorting: 

• By place of origin and responsibility,  

• According to performance.  

Sorting by place of origin and responsibility is sorting by internal departments and clearly shows where costs 
are made and who is responsible for their creation. Also it is called responsibility accounting. Sorting by 
performance is also called the calculation cost sorting. Sorting of costs depending on the volume of production 
is sorting based on dependence of changes in production volume, which there is very important for a large 
number of quality management decisions. Most of these decisions are in fact variations basic considerations 
how changes in the volume and range of performance affects the amount of costs, revenues and profits. From 
this perspective, we divided the costs into fixed and variable. 

Fixed costs are those which, depending on the production volume remain unchanged. These costs generally 
secure overall operation of the company. Characteristic of fixed costs is they are spent even before the start 
of production. Although these costs are fixed, unchanging depending on the volume of production, but can 
change depending on the change in production capacity or a substantial change of the production program.  

Variable costs are entirely dependent on the volume of production. One of the typical examples of such support 
is to obtain information about the minimum production capacity utilization (following the possible volume of 
sales at a price accepted by the customer) in which all fixed and variable costs are paid, and production is not 
profitable or unprofitable. Economic theory for this state uses the term breakeven point. Mathematical 
apparatus, based on a calculation called - Contribution to cover fixed costs and profit (Contribution Margin) - 
is very simple. 

3.2. Specifics of costs in metallurgical companies 

Experts agree that in order to relaunch the overall growth of steel production in the Czech Republic it is 
necessary to use the potential strengths of Czech industry, which are the skilled workforce and high quality 
research institutes. 

This effort to keep qualified core employees, high cost of inputs and their continual change, unrealistic 
environmental standards, limits, taxes, levies and fees are increasing at the Czech metallurgical companies 
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fixed costs and making them less competitive. This makes diagnosis costs in metallurgical companies, it 
means recording any changes to the cost, consistently looking for the causes of changes including maintaining 
individual approach, even more important than before. 

The key problem of the above-presented analysis Break Even Point, is an objective calculation of cost 
classification of items into fixed and variable, thus determining their absolute amounts depending on changes 
in volume production. In practice empirical method - based on the nature of the individual costing items and 
practical experience with their development in previous periods - is often applied. It turns out that if this method 
is performed by experienced professionals, then the results can quite accurately describe the real progress of 
the cost function. However, there comes a need to verify objectively this empirical distribution costs evaluating 
the actual costs (over a longer period), especially using the methods of statistical analysis. 

3.3. The methods used for diagnosis costs in metall urgical companies 

Managerial decisions in the current difficult market conditions cannot be based only on intuition and practical 
experience of manager. In many cases it is necessary to rely on materials for the decision on objective 
calculations using economic and mathematical methods.  

As a best objective verification (proportion of fixed and variable costs) tools appears to be the methods of 
statistical analysis, specifically - regression and correlation analysis (of time series and production costs).  

Here are two basic problems: 

• Obtaining a sufficiently long time series, 

• Compliance with pricing, product and methodological comparability of data. 

Regression and correlation analysis explores - the relationship between two random values (variables), and if 
the relationship between them exists, it express it mathematically. Correlation is used to analyze the tightness 
(forces) between two random values (but not to the prediction), whereas regression seeks this dependence 
and allows predictions. 

Other methods suitable for that use for diagnostic costs in metallurgical company are time series and structural 
analysis. 

The most important method to predict future developments is the analysis of time series. Time series means 
a sequence of observations quantitative characteristics arranged in time away from the past to the present. 
Knowledge of patterns of development time series and analysis of the causes that led to them, allows 
anticipating future developments of these series. This helps economists to better estimate the likely situation 
in their business and the conditions in which they do business in the next period, so they can plan ahead their 
activities. 

Methods of structural analysis perform quantitative analysis of the development of the reproductive process of 
the economic system - it can be used in the disproportion between production and raw material resources, 
while disproportion between internal consumption, final consumption and overall production levels, for 
predicting prices, etc. [3]. 

Regression and correlation analysis, analysis of the trends and structural analysis are very well - known and 
traditional methods used in economic calculations. The article also deals with using Benford's Law for 
economic calculations in metallurgical companies. This law is generally less known. 

Consider any set of numeric data, which represent the value of certain naturally defined quantities of the real 
world. It does not matter whether it is geographic data, macroeconomic, prices of goods in supermarkets, 
tables of physical constants, the values of some functions in a certain domain of discrete and so on. 

In these files around 30% of the numbers start with number one and the higher the first digit is, the less likely 
it is to appear at the beginning of numbers. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1772 

This law (regularity) was first published in 1881 by an American mathematician and astronomer Simon 
Newcombe [4] in the journal The American Journal of Mathematics. His claim was based on the observation 
that in the logarithmic tables in the technical library are obviously the most thumbed page numbers starting 
with number one. 

For long decades, however, his claims were ignored. In 1938 at some point this natural phenomenon was 
rediscovered by physicist Frank Benford [5]. He was interested in the whole issue more systematically. 

It is interesting that perhaps the first significant mention of this law in English is a short article by proffesor 
Kantorek from 1998 in the journal Vesmír (The Universe) [6]. Pavel Kantorek is a famous Czech cartoonist 
who studied physics at Masaryk University; in 1968 he immigrated to Canada and currently is a professor of 
physics at the University of Toronto. In his article he notes: "This is not a mathematical trick, but the actual law 
of nature, which is used by files of any natural data, regardless of their nature or physical units. The only 
condition is that the data must be a minimum of three logarithmic scale intervals" [7]. 

Especially in the last twenty years there have been many reports of different expertise in international journals 
that are dedicated to this "first digit phenomenon".  

 

Fig. 1 Benford's Law [11] 

Currently the website Benford Online Bibliography [6, 10] contains more than 600 references to these posts. 
There are still many unresolved issues regarding Bernford´s Law, both in terms of purely mathematical, and 
especially in terms of the possibility of its practical use for example in economic analysis. 

Recently in the Czech Republic there has been conducted fairly extensive analysis of business entities in the 
field of accounting data, which confirmed the validity of the Benford's model [7,11].Benford's law was verified 
on an analysis of sample of 4.35 million accounting transactions. These areas of financial accountings were 
examined [6, 8]: 

• The entire accounting file.  

• Costs area.  

• The area of financial assets.  

• Area of issued and incoming invoices. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1773 

3.4. Practical examples of the use of methods for d iagnosing costs in metallurgical companies  

There is described pattern generated by use regression analysis of time series of the results of past periods. 
And then there are results of the verification Benford's law for analyse costs. The historical dates of pipes 
drawing mill were used. 

The Break Even Point calculation was made in two versions for different proportions of arches and pipes. For 
classifying the proportion of fixed and variable costs there was applied simplistic assumption that variable costs 
include the cost of feed, all other costs are fixed.The critical point of an objective calculation of breakeven point 
is right specification of cost items on fixed and variable. 

Table 1 Total Costs and Revenues   

Peroid 1 2 3 4 5 

Production (in tons) 9 285 8 246 6 153 9 495 10 100 

Total Costs (thousand CZK) 238 857 239 472 213 810 336 560 352 460 

Costs (per ton) 25 725 29 041 34 749 35 446 34 897 

Revenues (thousand CZK) 171 308 167 773 145 961 263 163 308 858 

Price (per ton) 18 450 20 346 23 722 27 716 30 580 

In our particular case, data were available for 5 consecutive years, which allowed demonstrating the calculation 
procedure but the number of observing years should be higher for objective evaluation of results. The 
fundamental problem is comparability of price and assortment factors that have strong influence on the level 
of variable costs. In this case, the effect of price changes on the level of variable costs was higher than the 
impact of changes in production volume. The result was derived cost function with a negative fixed cost, which 
is in practice unrealistic. 

Given that the data on changes in prices over the evaluated period were not available, index of the prices of 
finished products was used for converting time series variable costs. Under this simplifying assumption then 
was derived cost function (y = 26,538x + 98 892), according to variable costs were to about 70% of the total 
cost. Previously expected number was about 51-53% (empirical distribution costs). This means that except for 
the feed cost, certain items of processing have variable costs or mixed character. And therefore, for further 
analysis cost is needed to further diagnose costs and the variable costs in addition to the cost of the rank and 
some of the other items of the processing costs. 

The validity of Benford's law has been demonstrated on the file of individual types of costs. The likelihood of 
errors in the data field of the cost has not been confirmed.  

Table 2 Validity of Benford's Law 

Number 1 2 3 4 5 6 7 8 9 

Types of costs -  
detected data (%) 

30.232 18.259 11.953 9.302 7.976 6.977 5.874 5.101 4.326 

Benford's law (%) 30.103  17.609 12.494 9.691 7.918 6.695 5.799 5.115 4.576 

This law is suitable for use in the detection of errors in large files metallurgical companies and metallurgical 
corporations. Financial analysts may also use this law when analyzing the data of enterprises in mergers and 
acquisitions. The main motive for the implementation of the merger is the optimization of the cost. 

4. CONCLUSION 

In conclusion it can be said that the mathematical apparatus and standard software products enable 
significantly objectify basis for management decisions in business practice but the problem is the availability 
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and comparability especially of relevant data for their application. At this time we can use spreadsheet 
programs such as windows MS EXCEL for most mathematic statistic calculations.  

Tests based on statistical principles can be used for the analysis of almost all accounting cases. Deviations 
can point to the likelihood of random or systematic errors in the accounts. Such an integrated method, then, 
can become a part of the regular controls of the accuracy of economic and accounting data, carried out by the 
internal auditors the financial authorities. In some EU countries, for example in Austria, this way of test is also 
implemented by tax authorities. In the United States, evidence for the detection of falsified data based on 
Benford's law has been accepted in criminal cases on the federal, state, and local levels [7]. 

Whether we choose already being used new or traditional approaches to monitoring, control and evaluation of 
costs using economic and mathematical methods, the needs of current metallurgical companies must be met. 
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Abstract 

Polish metallurgical enterprises spend significantly less on R&D and innovation than their regional peers. The 
income and productivity growth in the last 20 years has been much faster than that of its neighbors. It suggests 
that factors unrelated to R&D and technological progress must have accounted for the boom. Looking ahead, 
however, Poland needs a transition to innovation- and R&D-driven growth to meet targets defined by the 
Europe 2020 Strategy and sustain the fast pace of convergence with the EU. 

After theoretical background overview and preparation of the absorption of innovation analysis, it was possible 
to point out the most important areas for changes. The main goal of the paper is to identify absorptions’ models 
and its implementation possibilities in metallurgical enterprises. The research was conducted in years 2010-
2015. Presented investigation was partly designed to highlight the possibilities of innovation implementation 
with special attention to its absorption limits.  

Keywords: Innovation, R&D, metallurgy, enterprises, Poland 

1. INTRODUCTION - WORLD PRODUCTION OVERVIEW 

Total crude steel production for the 62 countries reporting to the World Steel Association in January 2013 was 
estimated to be 125 million tons, which was an increase of just 0.8 % on January 2012. If China is excluded, 
the remaining 61 countries showed a 2.4 % decrease in crude steel production. 

In the European Union crude steel production for the 27 in January fell by 5 % on January 2012 to 13.5 million 
tons. In Germany, however, steel production rose by 5.4 % to 3.5 million tons, while Italian production 
decreased by almost 20% to 1.8 million tons. French steel production fell by 1.3 % to 1.4 million tons, while 
Spanish steel production was down by 2.5 % to 1.1 million tons. In the UK, on the other hand, production 
increased by 23.5 % to 828 thousand tons. 

Steel exports by the 27 European Union countries outside the EU have shown a gradually rising trend from 
about 3 million tons in the first half of 2010 to about 3.5 million tons in the last half of 2012. Imports, on the 
other hand, have been much more variable averaging just under 2.5 million tons in 2010 peaking to 3.9 million 
tons in May 2011 and then dropping to 1.7 million tons in December 2011 before rising to 3 million tons and 
then falling again during 2012. Trade within the European Union showed an almost identical trend between 
exports and imports with exports averaging 8.7 million tons over the three years period and imports averaging 
8.4 million tons. 

Germany is the largest importer of steel in the European Union, but in 2012 its imports dropped by 15.4 % to 
22.9 million tons, although this was just above the 2010 total. 87 % of Germany's imports in 2012 came from 
other EU countries, notably Italy, Belgium and France.   

Outside of the European Union, steel production in Turkey decreased by 8.8% to 2.9 million tons, while Bosnian 
production rose by one third - to 61 thousand tons. Norwegian steel production fell by 4% to 60 thousand tons. 
Turkish exports of steel rose by 10 % in 2012 to 18.7 million tons, while their imports increased by 11.6 % to 
11.5 million tons. There was a sharp rise of 55 % in the imports of semis in 2012 to 3.4 million tons, particularly 
in slabs, although the majority of semis imported were billets. 
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In Russia crude steel production was down by 5.7 % compared to January 2012 at 5.7 million tons, while 
Ukrainian production fell by 4.4 % to 2.7 million tons. Steel production in Kazakhstan fell by almost one half to 
170 thousand tons. Russian steel exports rose by 8 % in 2012 to 26.7 million tons over half of which was 
semis, which rose by 18 %. Russia's largest market was the EU27 taking 11 million tons (41 %) followed by 
Asia at 5.6 million tons (21%). Exports to the Middle East fell to 2.5 million tons (9.4%). 

In North America January crude steel production decreased by 3%, with US production down by 5.8% to 7.3 
million tons. Canadian steel production showed a slight rise of 1% to 1.2 million tons, while Mexican production 
rose by 5.6% to 1.55 million tons. US imports of steel rose by 16.9% in 2012 to 31.5 million tons following a 
19.4% rise in 2011. In fact the 2012 total was the highest since the 2006 peak of 42 million tons. Nearly 7 
million tons of the 31.5 million in 2012 were semis with a further 5 million tons of welded tubes. Although 
Canada supplied 17% of US imports in 2012, some 10 million tons, or 31.5%, came from Asian countries, 
particularly South Korea, Japan and China. Brazil accounted for 11.5% of total imports in 2012 with Mexico a 
further 8% and Russia 7%. 

South American crude steel production fell by 3.2% in January, with Brazilian production down by 6.1% to 2.6 
million tons. Argentinian steel production dropped by 19% to 321 thousand tons, while Venezuelan production 

jumped by 47% to 250 thousand tons. In South Africa steel production was estimated to be 570 thousand tons 
in January, 4.5% below the previous January. However, in Egypt, production increased by 15% on January 
2012 to 590 thousand tons. In the Middle East Iran's steel production was down 10% to 1.1 million tons while 

Saudi Arabia only showed a slight decline to 463 thousand tons.  Asian crude steel production for the five 

major countries in January was up by 4% with only South Korea showing a drop. China's increase was 4.6% 
to 59 million tons, while Japanese steel production rose by 2.7% to 8.9 million tons. Indian steel production 
increased by 3.8% to 6.6 million tons, and Taiwanese production was up by 5.4% to 1.8 million tons. South 
Korea, on the other hand, showed a slight drop in steel production to 5.75 million tons.[11]  

2. MANAGING INNOVATION 

For the Polish companies and economy, innovativeness is a sine qua non condition for achieving a favourable 
position in the world economy in the future. Even now, when Poland is a member of the European Union [1, 
6], the economy of which surpasses the Polish economy with respect to innovativeness, this issue is 
particularly important. It can generally be stated that management of innovations in prosperous countries has 
the following characteristics: 

• Economy - national/European GNP per inhabitant is above the average, high exports - an open region 
and high innovativeness, a diversified structure of the economy and industry, the significant presence 
of high-tech industries, well-qualified workforce. 

• Expenses on R&D - the predominance of expenses on R&D by private companies, the region, producer 
and user of technologies. [4] 

• R&D infrastructure - strong and diversified research resources, the structure of intermediary institutions 
adapted to the needs of the economy. 

• Policy - a clear pro innovative strategy and policy based on social consultations, orienting the system. 

The majority of organizational units currently functioning in developed countries demonstrate four main 
challenges, such as [2]: 

• Globalization and the freedom of capital flow, which orients an enterprise to the generation of value for 
the shareholders.  

• Market maturity, which results from competitiveness based on effectiveness and innovation. 

• The consumer’s force, which increases and by means of which the consumer expresses its expectations 
and participation in a better world and is supported by corporate culture. 
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• Innovativeness expressed by the ability of an enterprise to introduce changes in marketing and 
organization. 

In the managing of business, definite solutions of legal, organizational, economic and informative character 
occur, which are in invariable reciprocal relationships that affect the course of the management process. 
Nowadays, no one should question Drucker’s statement, formulated twenty years ago, that “there are no 
undeveloped countries, there are only countries of undeveloped management” and “the only constant thing is 
change”.[5] 

The contemporary management of an enterprise is characterized by: 

• The orientation towards company’s value; 

• The market orientation taking into account the client’s expectations and the competition; 

• The developed relations with the environment, which constitute a dynamic-interactive system; 

• The creation of a model of a network, which takes into consideration three interrelated elements: 
subjects - actions - resources. Their reciprocal relations, supported by information technology should 
stimulate the development of a company; 

• The creations, in enterprises, of factors stimulate the development of Innovation such as information 
and knowledge. The manifestation of their development is the generation of new ideas and the 
effectiveness of processing them into marketing, organizational and financial innovations.  

All the changes occurring in the environment have an effect on the company’s activity. The proper recognition 
of these changes and their tendencies enables a company to adapt to the conditions prevailing on the market 
[12]. There is one important fact lying at the foundations of business management that should be well 
understood by managing boards; the fact that only those organizations which will appropriately adapt 
themselves the contemporary business environment can survive and not lose a chance of development.  

3. CHARACTERISTIC OF THE POLISH MARKET 

Domestic steel production rose by almost 30% y/y in H1/2012 to nearly 4.7mn tons, while steel consumption 
grew by 18% to 4.1mn tons, according to the estimates by Polish Steel Association (HIPH). During 2012, steel 
output dropped by 31% and reached 7.1mn tons. Demand for metallurgical products and their prices dropped 
sharply as well. The total consumption of steel last year amounted close to 7mn tons, the lowest level in ten 
years. 

In year 2012 steel mills increased production encouraged by growth in prices and economic recovery, though 
as statistics show, they somewhat overestimated demand. As a result, mills have excessive stock and output's 
dynamics is likely to decelerate in H2/2011. Nonetheless, in the whole year, a significant rise will be reported. 
According to the Association's data, 62% of domestic consumption is covered by imports, which rose by 17% 
in H1. At that time, exports increased by 23%. Steel imports exceeded exports by 0.7mn tons. In value terms, 
negative trade balance amounted to PLN 4.0bn. 

Metallurgical industry is one of the most significant branches of processing industry that deals with preparation 
of extracted ores to receive pure metal thereof, refining of metals, their heat treating, chemical and heat treating 
(quenching, etc.), modelling to give them specific shapes, and alloy production. Metallurgical industry may be 
broken down in ferrous and non-ferrous metallurgy. [9, 10, 11] 

In Polish conditions a large majority of metallurgical production is constituted by steel (Fig. 1  - 91 %). Copper 
production is also noticeable (7 %). The share of other metals in the sector amounts to 1 %. In 2011 production 
of steel increased by 7.2 % which indicated continuation of a trend from 2010 (increase by 12.3 %). Despite a 
production growth in the last two years, it did not return to the level from before the crisis in 2009. The future 
development depends to a large extend on the condition in the automotive industry, which is the key recipient 
of the Polish steel sector (Fig. 2 ). Forecasted production growth in this sector, in years 2011-2015, amounts 
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to 5 % a year. Increasing prices of electrical power, which constitute for a large part of steel works costs, create 
a significant threat. A higher excise duty on electricity entails lower competitiveness of Polish companies, in 
particular those applying EAF technologies. The output of the copper sector in turn was more stable in the last 
two years, despite the condition of the world economy. Yearly production of this metal in Poland amounted to 
550 thousand tons. [5] 

 

Fig. 1  Metallurgical sector structure in Poland 
Source: own, data Central Statistical Office (GUS) 

 

Fig. 2  Production of steel and copper in Poland (thousand tons) 
Source: own, data Central Statistical Office (GUS) 

4. CONCLUSIONS 

Poland in the time of accession to the EU was forced to restructure steel companies in order for them to 
properly prepare to operate under conditions of the Community economy. Therefore, the beginning of 21st 
century was the time of changes in economic and development characters, whose continuation was supposed 
to take until now according to the program of Restructuring and Development of Steel and Iron Industry in 
Poland until 2006.[8] Reduction in prices for steel products in 2005 caused short-term downturn in steel sector, 
which was considerably improved after a year, when supply to Chinese market rose dynamically. In the 
beginning of 2008, economic crisis emerged in steel market, thoroughly changing strategy of operation of steel 
companies and their agents. Sudden slump in demand for steel products in 2009 limited production size and 
caused the decrease in the level of employment. The resultant material reserves caused that initial rise in steel 
prices slowed down. The collected inventory posed a considerable obstacle to increasing prices for steel 
products, posing threat of financial loss in the sector. Rise in energy prices made it impossible for Polish 
steelworks to get out of the crisis, limiting its competitiveness in relation to steelworks from the EU region. In 
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order to reduce costs, a number of steel enterprises decided to close their coke plants and shut off some 
furnaces. [3, 7] 

Downward tendency in steel sector was considerably higher than in the case of other branches of the industry, 
where crisis was characterized only by a slowdown. However, in consideration of the decision about sector 
reorganizing in 2012, one can assume that the future of steel sector shows great promise for the domestic 
economy. Current and future projects and investments in infrastructure and construction impose high 
requirements on the levels of steel supply and provide an opportunity for revival of Polish metallurgy industry. 
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Abstract 

Research and Development is believed to be a major source of innovations, which are increasingly driving 
modern economic growth. Although we are convinced that investments in R&D and other innovation assets 
are desirable they are difficult to measure from business perspective. I analyze changes in research and 
development expenditures focusing on industrial metals and mining companies. The main result of the paper 
is the recognition of differences and changes in R&D spending implicating changes in strategic approach to 
R&D. 
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1. INTRODUCTION 

Technological advancement in metals marked milestones in human development (eg. bronze age, iron age).  
Currently human development is evaluated by access to information flows but the importance of metals has 
by no means decreased, even though research indicates that companies decreased their R&D intensity in 
1980s, 1990s and in the first decade of this millennium [9]. This paper is based upon prior research presented 
by Filippou and King [5] and aims review changes that mainly resulted from: 

• economic downturn in 2008,  

• growing Chinese expenditures in R&D, 

• research on managers’ perspectives on research and innovation in metal companies. 

The finding that variables like capital intensity, advertising intensity, R&D intensity-along with structural 
measures like concentration and performance measures like profitability-differ widely across sectors is at the 
very origin of the birth of industrial economics as a discipline [5]. In this paper I indicate that substantial changes 
in R&D intensity can also be observed within metals industry. Corporate R&D expenditures should be 
addressed on individual basis rather than by using R&D intensity and measures of its central tendency. 

2. R&D EXPENIDTURES - GLOBAL PERSPECTIVE 

Metallurgy is a broad term encompassing the study of metals, alloys and related processes. Research and 
Development (R&D) expenditures in metallurgy changed significantly in recent years (Table. 1). This results 
from economic downturn and deteriorating financial standing of metal producers [10, 13]. Global share of R&D 
expenditures financed by Chinese companies grew from 19% in 2000 to 74% in 2012. A large part of R&D 
expenditures is usually assumed to be related to salaries. Although OECD didn’t disclose R&D employment 
data for China in 2012 it’s reasonable to assume that Chinese share in global R&D employment in basic metals 
and fabricated metal products is even higher. 
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Table 1 R&D expenditures in basic metals and fabricated metal products, except machinery and equipment  
   (in 2005 US dollars - constant prices and PPPs) 

 

Source: OECD Data 

During the period following the global economic downturn (2008-2012) Chinese R&D expenditures in metals 
and fabricated metal products has more than doubled. Expenditures remained stable in Japan, Germany and 
Korea and decreased in United States. Current expenditures are not the only factor determining the results of 
R&D initiatives. Research projects last for years and often are an extension of earlier initiatives. Many of current 
innovations come from Korea or Germany. After ten years of unmatched expenditures China created research 
infrastructure, gathered human resources and accumulated the knowledge necessary to assume a leading 
position in basic metals and fabricated metal products R&D. 

2.1. POLICY AND STRATEGY OBJECTIVES 

The authors of Metallurgy Europe - a renaissance programme for 2012-2020 state that “European companies 
must be able to significantly accelerate the pace of material discovery, alloy design, processing, optimization, 
scale-up and deployment” [8]. This calls for renewal of R&D efforts in metallurgy after decades of gradual 
decline. With a budget of 1 billion euro over 7 years this program may boost current research initiatives 
although taking into consideration current global expenditures it’s not likely to have direct impact. The 
programme creates cooperation between major European engineering corporations creating a network that 
may provide results from: concentrated effort, transfer of technology and open innovation [4].  

With time some ideas are adopted and some become universally accepted in business community. Scientific 
research should acknowledge these facts and proceed to unsolved problems and identify new research 
questions created by the evolving socio-economic environment.  

Questionnaire based research conducted in 2013 by PricewaterhouseCoopers [12] on a sample of 1757 
companies provided for an interesting update to scientific research on innovation management in practice. Key 
conclusions related to metals companies indicate that: 

• Most metals companies’ executives describe innovation as either very important or important (47% and 
44% respectively).  

• Most executives of metal companies (79%) state that their companies have a well-defined innovation 
strategy (compared to 63% average).  

• What’s more 82% of those executives stated that they successfully implemented their innovation 
strategy (compared to 64% average). 

• Metals companies are however slower than average in addressing innovation formally as business 
processes.  

Some companies may find it difficult to adjust inventories (materials, work in progress and finished goods) and 
R&D expenditures especially when changes in revenues are difficult to forecast [11, 14]. Introducing innovation 
as business process remains a challenge for many companies [1, 15]. Results of an annual survey of metal 
companies’ CEOs conducted by Price water House Coopers indicate that 54% of them plan to cooperate with 
other entities, creating partnerships and alliances [2].   

2000 2008 2009 2010 2011 2012
China 1 895 738 859 13 466 826 590 14 267 653 989 17 615 510 404 21 001 801 636 27 473 267 307
Japan 2 316 322 155 2 498 203 927 2 291 393 376 2 424 610 499 2 572 107 108 2 336 602 833
United States 2 579 191 126 2 886 242 779 2 646 480 068 2 141 074 091 2 233 103 863 ..
Germany 1 119 609 681 1 278 384 318 1 329 469 080 1 318 537 381 1 343 270 878 1 379 357 037
Korea 279 892 540 897 553 725 980 197 233 920 976 701 1 277 094 758 1 353 878 167
France .. 626 236 820 896 920 576 749 605 375 893 383 666 911 220 979
United Kingdom .. .. 953 346 050 884 738 384 858 918 718 739 506 513
Other countries 1 841 468 577 4 125 533 809 3 675 285 538 3 794 117 888 3 688 865 332 2 772 049 361
Total (OECD statistics) 10 032 222 938 25 778 981 968 27 040 745 910 29 849 170 723 33 868 545 959 36 965 882 197
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Following the economic crisis companies follow diversified paths. Major Japanese metal companies merged 
forming JFE Holdings and Nippon Steel and Sumitomo Metal Corporation while Russian companies are selling 
subsidiaries in efforts to reduce debt. In April 2014 Evraz sold its subsidiary Vitkovice Steel to a group of private 
investors for $286 million. Mergers and acquisitions usually disrupt research and development initiatives as 
new investors seek cost reductions.  

3. DATA  

The data used in this paper is based on the 2014 EU Industrial R&D Investment Scoreboard, which contains 
economic and financial data for the world's top 2500 companies ranked by their investments in research and 
development (R&D). A subset of 42 companies industrial metals and mining has been extracted from the 
database. The group is fairly diverse with companies spending between 15,9 million euros and 443,7 million 
euros on R&D. 

4. RESULTS 

Research intensity ratio is commonly used to assess the R&D involvement of companies. The ratio is 
calculated by dividing R&D expenditures by revenues generated in a given period. Unfortunately the ratio is 
not really informative when comparing companies of different sizes. Filippou and King [6] addressed the 
problem by analysing R&D intensity in three groups of companies (revenues smaller than 10 billion USD, 10-
40 billion USD and over 40 billion USD).  

 

Fig. 1 Corporate R&D Intensity in 2013 (R&D expenditures as percentage of revenues) 

Given current computing capabilities and access to accounting data it is interesting to interpret a chart 
presenting R&D and revenues of individual corporations (Fig. 2 ). The approach of grouping companies 
according to their revenues may be misleading as diversity can be observed in all groups. Low R&D intensity 
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corporations (such as ArcelorMittal, Tata Steel, Aluminium Corporation of China and BlueScope Steel) are of 
different scale (measured by revenues). On the other side of the scale Nippon Steel, Posco, JFE, HBIS and 
Kobe Steel represent relatively higher R&D spending while also representing different scale. It is strategy not 
scale of operations (revenues) that determines R&D intensity. R&D expenditures are difficult to use as a 
measure of input in the analysis of innovation processes in metal industry.  Its values should be compared to 
other companies in the sector rather than measures of central tendency, which can be misleading.  

 

Fig. 2 Corporate R&D Expenditures and Revenues in 2013 

There are several industry specific factors that influence R&D analysis of metal industry. Fillipou and Koing 
mention high entrance costs, low profitability, little product differentiation and conservative business approach 
[6]. This conservative business approach focused on low cost (and low R&D expenditures) is clearly visible in 
low R&D intensity corporations. R&D effort directed at product and process improvement is visible in 
corporations that can’t compete on cost basis due to comparatively higher labor costs. R&D analysis will be 
less transparent as companies develop open innovation systems and innovation networks [3]. 

5. CONCLUSIONS 

R&D expenditures as a measure of input in the analysis of innovation processes in metal industry should be 
compared to other companies in the sector. Measures of central tendency can be misleading as R&D 
involvement in metal companies results from adopting a certain strategy rather than benchmark comparison. 
R&D expenditures can be used to identify corporation’s strategy. In the future the transparency of this solution 
may decrease as companies enter innovation networks and develop open innovation systems. 

Further research should take into account a major share of Chinese expenditures in basic metals and 
fabricated metal products R&D. Business involvement in R&D expenditures in China doesn’t correspond to 
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the high share in total R&D expenditures. A different system of financing may distort analysis of effectiveness 
of funds invested by Chinese businesses. 
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Abstract   

A steel industry was, like all other market sectors, struck by financial and economic crises whose impacts are 
noticeable even a couple years after, in 2015. In such an uncertain and unstable environment, it is severely 
crucial to achieve the maximum efficiency of business processes. Steel companies in the EU are under the 
effect of carbon trading which can be both a competitive advantage (but rather) a threat. This paper is focused 
on assessing the efficiency of steel companies’ emission management and exploring the influence of two 
important factors of this process - emission price and a possibility of banking (transferring of unused 
allowances to following periods). This impact is researched using the real historical data of four large steel 
companies in the Czech Republic. Several scenarios of both companies’ behaviour and alternative conditions 
of the emission trading system are considered and assessed.  

Keywords: EU ETS, EUA, emission price banking, steel companies, CO2 

1. INTRODUCTION     

Since 2005, when the emission trading within the European Union was established, environmental 
management must be taken into considerations by industrial companies. Many researches performed in the 
past showed that the influence of the EU ETS (Emission Trading Scheme of the European Union) cannot be 
neglected, see [1], [2] or [3]. The aim of this paper is to assess an influence of the carbon emission trading on 
steel companies. Two main factors of the emission trading systems are explored - price of emissions and a 
possibility of banking. The former is driven by a market (thus uncertain and very hard to forecast, see Chapter 
2), whereas the latter is determined by emission trading policy makers and it can be considered to be certain 
for a given time period. Using the historic data on emission prices and the banking availability, possible 
influence of emission trading depending on behaviour of a company is explored. Above that, potential 
scenarios regarding the availability and non-availability of banking are considered to be able to assess an 
impact of this factor. 

Many studies were focused on evaluation of influence of emission prices on impacts of the EU ETS on both 
its efficiency and its participants. These studies are often connected with the econometric analysis of the 
emission price, see e.g. [4] or [5]. An effect of banking has been also already explored, see [6]. 

The paper is organized as follows. After this short introduction, a brief overview of the EU ETS system together 
with its conditions changing in time is presented. This chapter enable better understanding of the system which 
is crucial for meaningful determination of scenarios. The Chapter 3 creates an essential core part of the paper 
because it contains the description of the data used for further analyses, scenarios building with their reasoning 
and description and, finally, the analysis of impact of chosen factors on steel companies participating in the 
EU ETS. Four steel companies in the Czech Republic are used for these purposes. 

2. CARBON TRADING IN THE EU AND ITS CHARACTERISTICS  

It is not necessary to provide here the complex description of the EU ETS system and its history. Only the 
facts which are important for analyses in this paper are presented, for more detailed information, see e.g. [7].  
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2.1. The EU ETS system 

The emission trading system was launched in 2005 in reaction to the ratification of the Kyoto protocol in order 
to decrease an amount of carbon dioxide released to the atmosphere by the member countries of the EU and 
their companies. The main directive containing all the condition of the system is [8]. The main idea of the EU 
ETS is that every EU industrial company doing its business in the field listed in [8] (steel industry, heavy 
machinery, power production, paper, lime or cement production etc.) with a net heat excess 20MW, must cover 
each ton of CO2 by one emission permit (allowance). In April, companies have to “pay” for their emissions 
released in the last year by allowances. A part of them are granted to companies for free (an amount depends 
on the field of industry and the benchmark evaluating the efficiency of the company in comparison to other 
companies in the same field. If the company needs additional permits, it can buy it on the market and, if the 
company has a surplus of allowances, it can sell it. The evolution of the EU ETS is divided into 3 phases - EU 
ETS I (2005-2007), EU ETS II (2008-2012) and the current EU ETS III (2013-2020). For each phase, the 
conditions of system were adjusted in order to increase system efficiency, for more see e.g. [7]. 

2.2. Emission price 

The EU ETS was established as a cap-and-trade system. It means that an amount of permits in the system is 
fixed (and determined by the EU authority) and the price of allowance is determined by the market. The main 
type of allowances used in the EU ETS is EUA (European Union Allowance). Except of that, also other types 
of permits (originating in other emission trading systems) can or could be used, but with some limitations, e.g. 
CER (Certified Emission Reduction) or ERU (Emission Reduction Unit). For a sake of simplicity, these minor 
types as well as the derivatives of EUAs are not taken into account in this paper. In the Fig. 1, the development 
of EUA allowance prices from the beginning of the system till March 2015 is shown. Data on the EU ETS I 
were obtained from the EEX market database and the data on the EU ETS II and EU ETS III were derived 
from the SendeCO2 market (despite the fact that many markets offering different prices, the correlation 
between them is more than 99%, see [7]). It can be seen that for most of time, the trend of the time series is 
decreasing. This was caused especially by the over-allocation of free permits to companies (i.e. companies 
did not need to purchase any additional permits). In the end of the EU ETS I, the price fell very close to zero 
because the banking was not allowed - all allowances unused till the first phase of trading were worthless.  

2.3. Banking within the EU ETS 

 

Fig. 1  Prices of EUA (April 2005 - March 2015) [source: sendeco2.com, eex.com] 
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If a company does not use all freely allocated permits in any year, it can bring them forward to the next year 
and use it later (in the case that it does not want to sell them). This could be done within the any of three 
trading phases. But, it was not always true for transferring between the phases. This so called banking was 
forbidden between the EU ETS I and EU ETS II. An issuance of the additional Directive [9] brought, inter alia, 
a possibility of banking between EU ETS II and EU ETS III, which averted a threat of another price collapse 
similar to that of 2007 and 2008.  

3. IMPACT OF BANKING AND EMISSION PRICE ON STEEL CO MPANIES 

3.1. Data 

Two kinds of data were used to analyses - data on historical EUA emission price (see Fig. 1 ) derived from the 
databases of stock exchange markets (EEX, SendeCO2) and data on amounts of freely allocated allowances 
and released CO2 emissions obtained from the Carbon Market Data database (available from: 

carbonmarketdata.com ). Observations on prices are available daily (1st April, 2005 - 31st March, 2015), whereas 
the business data are delivered yearly (2005-2014). For purposes of analyses considered, the data of four big 
steel companies in the Czech Republic were aggregated - ArcelorMittal Inc. (F1), Vítkovice Steel, Inc (from 

2007 to 2014 called EVRAZ Vítkovice Steel ) (F2), Třinecké Železárny Inc. (F3) and. Vítkovice Inc (F4). 

3.2. Building the scenarios 

In order to be able to evaluate the impact (both real and potential), various scenarios are considered. Due to 
the high volatility of emission price (see Fig. 1 ), a time of purchase/sale has a crucial effect.  

A company can: 

• end each period with no permit on its allowance account, i.e. possible surplus of allowances is sold each 
year separately (like the banking is forbidden even for year-to-year transfers) - value of 1 of criterion C1 
in Table 1 ; 

• or it can bring this surplus forward to the following period (value of 2 of criterion C1 in Table 1 ).  

A company can purchase/sell additional allowances: 

• in the end of the period on 30th April (when it already knows a required/unnecessary amount of permits) 
- value of E of criterion C2 in Table 1;  

• or in the beginning of the period (this is rather a potential option because a company cannot know a 
precise number of allowances required for that period) - value of B of criterion C2 in Table 1;  

• or during the whole period (median price for period is considered) - value of M of criterion C2 in Table 1 ; 

• or for the optimum price of the period, i.e. for maximum price in the case of sale and for minimum price 
in the case of purchase (this alternative serves only to explore the potential of the impact of emission 
price - the company is not able to recognize the moment of optimal price - value O of criterion C2 in 
Table 1 . 

This time, it is already known that the banking between EU ETS I and EU ETS II was forbidden, whereas 
between EU ETS II and EU ETS III it was allowed (value of F-A of criterion C3 in Table 1 ). But, also other 
potential alternatives can be taken into account, in order to explore the effect of banking: 

• banking between both couples of trading phases allowed (value of A-A of criterion C3 in Table 1 ); 

• banking between both couples of trading phases forbidden (value of F-F of criterion C3 in Table 1 ). 

With respect to aforementioned possibilities, 10 scenarios S1-S10 are established, see Table 1 . In order to 
distinguish, which scenarios are real and which are used only to explore the impact of factors, the criterion C4 
is added (R for real and P for potential). It is obvious that each scenario assuming the knowledge of future 
behaviour is unreal. To improve clarity, values of criteria violating reality are written bold. 
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Table 1 Scenarios established for analyses 

  S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

C1 1 1 1 1 2 2 2 2 2 2 

C2 E B M O E O M O M O 

C3 F-F F-F F-F F-F A-A F-F A-A A-A F-A F-A 

C4 R P R P P P P P P P 

3.3. Analysis of scenarios - practical example 

All the calculations were done using the MS Excel. The overall results are shown in Fig. 2  and Table 2 . 

 

Fig. 2  Overall results (optimal profits) of all scenarios [source: author’s calculations] 

In order to keep clarity of figure, discrete values in Fig. 2  were connected with lines. The values in this figure 
presents the total profit generated by emission trading by each company and each scenario for the period from 
2005 to 2014. Due to the very similar volume of CO2 released by F2 and F4, their results are also very similar. 
In the case of all the companies, if allowances would be bought/sold for the optimal price (min/max), the total 
profit generated by the emission trading would be the highest, regardless the possibility of banking (S4, S6, 
S8, S10). All the companies would reach the absolute maximum profit if they follow the S8 scenario, which is 
described in details in Table 3 . Unfortunately, all these scenarios are only potential (fictitious) because no one 
can predict the moment of optimal prices. On the contrary, the absolutely worst possibility for all companies 
would be the S5, under which the allowances are sold only in the end of the last year from the period 
considered. This behaviour is, however, also very improbable because of a decreasing trend of emission 
prices. Another fact, which is also obvious when looking at Fig. 2  and Table 2 , is that it is a little more beneficial 
to not sell the unused permits after each year (period). When considering the median prices, S3 and S9 may 
be compared and the results of the latter is better only by from 0.2 to 1.2 percentage points comparing to the 
optimal scenario S8. From the presented results, it can be seen that emission price has a fundamental impact 
on profit from emission trading of all steel companies in the Czech Republic.  

 

Table 2 Overall results (optimal profits) of all scenarios and a percentage comparison with S8 

 [mil EUR] Comparison with S8 [%] 
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 F1 F2 F3 F4 F1 F2 F3 F4 

S1 179.33 11.16 45.83 11.08 59.2% 59.8% 50.6% 58.6% 

S2 201.57 12.02 72.64 12.95 66.5% 64.4% 80.2% 68.5% 

S3 184.01 10.81 58.38 11.55 60.7% 57.9% 64.4% 61.1% 

S4 254.95 14.98 90.33 16.04 84.1% 80.3% 99.7% 84.9% 

S5 95.63 6.26 32.41 0.29 31.6% 33.5% 35.8% 1.5% 

S6 262.23 15.43 90.47 16.42 86.5% 82.7% 99.9% 86.9% 

S7 233.48 14.66 59.90 14.63 77.0% 78.5% 66.1% 77.4% 

S8 303.09 18.66 90.60 18.90 100.0% 100.0% 100.0% 100.0% 

S9 187.15 11.02 58.56 11.77 61.7% 59.1% 64.6% 62.3% 

S10 262.23 15.43 90.47 16.42 86.5% 82.7% 99.9% 86.9% 

Table 3 Optimal strategy of companies under Scenario S8 

 F1 F2 F3 F4 

 
Profit 

[mil. EUR] 
EUAs left 
[1000 pcs] 

Profit 
[mil. EUR] 

EUAs left 
[1000 pcs] 

Profit 
[mil. EUR] 

EUAs left 
[1000 pcs] 

Profit 
[mil. EUR] 

EUAs left 
[1000 pcs] 

2005 0 2262.84 0 122.925 0 498.05 7.32 0 

2006 122.77 0 7.887239 0 19.12 0 0 91.82 

2007 0 1518.02 0 119.98 0 18.74 3.99 0 

2008 59.02 0 3.9981957 0 -1.60 0 0 106.12 

2009 0 2366.49 0 142.55 0 133.60 0 214.59 

2010 0 4465.94 0 293.126 -0.97 0 5.78 0 

2011 107.52 0 5.3409048 0 72.61 0 1.15 0 

2012 17.45 0 1.3275625 0 3.06 0 0 43.72 

2013 -1.17 0 0 11.657 -0.55 0 0.65 0 

2014 -2.49 0 0.1053703 0 -1.07 0 18.90 0 

The impact of banking differs company-by-company. When comparing scenarios with different banking 
conditions and median prices (S3, S7 and S9), in the case of F3, the results are nearly the same, see Fig. 2 
and Table 2 , thus the impact of banking (both the real one between EU ETS I and EU ETS II and the theoretical 
one between EU ETS II and EU ETS III) is negligible for this company. Whereas for a rest of companies, 
differences between the reality and the “no-banking-allowed” situation is very small (which was already 
aforementioned above), but the substantial difference between the scenario with no banking and the reality 
was found out. When comparing these alternatives, variance from 15.1 to 19.4 percentage points was 
discovered (still comparing with optimal S8 scenario). That is why it can be concluded that the banking had an 
important influence on majority of steel companies in the Czech Republic but not on all of them.  

Scenario S1 can be considered to be the initial (strictly conservative) strategy, thus the companies should not 
go under the values of this scenario. But, with further analyses and additional information and forecasts, the 
profit of companies can approach to results of the optimal scenario S9, which brings 40 and more percent 
higher profit from the emission trading. 
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4. CONCLUSIONS 

The main result of this paper is the fact that the emission price (and the related moment of trade) had a crucial 
influence on the EU ETS’ impact on steel companies in the Czech Republic. The optimal total profit, which 
could have been achieved by all the companies considered was by more than 40% higher in comparison with 
the conservative strategy, under which no permit is transferred from period to period by a company. On the 
basis of performed analysis, following conclusions regarding the impact of banking on steel companies in the 
Czech Republic can be done. A possible prohibition of allowances transfer between the second and third 
phase would have only negligible effect on the companies considered. However, for 3 of 4 steel companies in 
the Czech Republic, forbidden banking between EU ETS I and EU ETS II brought the negative effect. For 
further research, it would be highly beneficial to add also other factors to analyses and also the companies 
from other fields, not only from the steel industry.  
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Abstract   

Nowadays one of the most important global issues in the heavy industry and specially in metallurgical sector 
is the allocation of carbon dioxide emission allowances. The equity in allocation of emission allowances is 
discussed offend with this problematic. In the metallurgical sector the unfair allocation may cost problem of 
development of some metallurgical sectors or countries. Therefore, the proper emission trading system must 
be used and all countries have to accept and implement the system properly. This paper is based on the model 
by Gomes and Lins (2008) and uses the zero sum game data envelopment analysis (ZSG-DEA). The emission 
allowance is input variable and energy consumption, spending and gross domestic product are output 
variables. The paper explore and evaluate the allocation of emission allowances in European Union countries. 
The empirical results show that allocation of emission allowances is inefficient as in paper by Chiu et al. (2015). 

Keywords: CO2 emission allowances, data envelopment analysis, zero sum gains, EU ETS, EUA 

1. INTRODUCTION  

The global climatic changes caused by people and an impact of human existence are seen all over the world. 
The changes of the environment are receiving much more attention nowadays. Especially, a carbon dioxide 
(CO2) emission is defined as very problematic and makes up the largest proportion of greenhouse gas (GHG) 
emission. This emission has been already regulated by the mechanisms of Emission Trading in the Kyoto 
Protocol, Clean Development Mechanism or Joint Implementation.  

For the European countries the European Union Emission Trading Scheme (EU ETS) has been established 
by Directive 2003/87/EC for GHG emission allowance trading. This first phase runs from 1st January 2005 to 
31st December 2007. Since that time the CO2 emission regulation has been set up for 25 member countries of 
the EU. The idea of the scheme is: If a specific industry in country (energy-incentive industries or industries 
with thermal capacity over 20 MW) wants to legally emit GHG then there must be a GHG emission permit for 
this industry. Each member state's National Allocation Plan draws up an emission amount of GHG and submits 
the draft for approval to the European Commission.  

The EU ETS allowance may use three types of regulations. First, all member states obtain an emission 
allowance based on a post emission record, this is called a grandfathering principle of regulation. Then there 
is regulation called a benchmarking principle. It means that the EU ETS allocation rules consider the member 
states' production technology and specific production inputs and outputs. The third principle of regulation is an 
auctioning principle. The auctioning principle is form member states to bid on the CO2 emission allowance. 
The auctioning principle was identified as the best by Sijm et al [10]. According to their work, this principle fit 
the economic efficiency.  

First, this paper uses two basic DEA models to measure the efficiency of the CO2 emission allowance allocation 
for a metallurgy industry. Then the paper proposes the alternative CO2 emission allowance allocation model 
to reallocate the CO2 emission allowance in the metallurgy industry. The alternative model is the Zero Sum 
Gains Data Envelopment Analysis (ZSG-DEA). This model should be more fair and reasonable for the 
allocation of emissions in the metallurgy industry for all EU countries.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1792 

In literature, there exist more alternative models for allocation of the O2 emission allowance. Chang [7] in his 
work introduces ZSG-DEA based on input-oriented CCR model and the Cooperation and Alliance model. He 
applies these models into the EU countries and suggests that both models give better and fairer results than 
it is offered by the EU ETS. Also Chiu et al [8] uses the ZSG-DEA SBM model to measure the efficiency of the 
EU's allocation of O2 emission allowances with the same results. For whole world is the model ZSG-DEA used 
as well. In work by Gomes and Lins [6] are mentioning more types of ZSG-DEA models - CCR, BCC etc; and 
some shortcuts for the use of them for the reallocation of O2 emission allowance.  

The remainder of the paper is structures as followed. Next section discusses the review of the methodology of 
DEA models. Section 3 introduces the used data in this paper and the empirical results are there presented. 
Last section provides some final considerations and conclusions. 

2. DEA MODELS 

Data envelopment analysis (DEA) is non-parametric linear programming based technique for measuring the 
relative efficiency of a set of similar decision making units (DMUs). Since the work of Charnes et al [3], DEA 
has demonstrated an effective technique for measuring the relative efficiency of set homogenous DMUs. In 
application, DMUs may include banks, hospitals, schools, different types of industries and other. Each DMU 
allocates its resources into a number of inputs to produce various outputs. The relative technical efficiency of 
the unit is define as the ratio of its total weighted output to its total weighted input or vice versa. DEA allows 
each production unit to choose its own weights of inputs and outputs in order to maximize its efficiency score. 
A technically efficient production unit is able to find such weights that it lies on the production frontier. The 
production frontier represents the maximum amounts of output that can be produced by given amounts of input 
in the output maximization model or, alternatively, the minimum amounts of inputs required to produce the 
given amount of output in the input minimization model. DEA calculates the efficiency score for each production 
unit and identifies peers for each production unit that is not technically efficient.  

2.1.  CLASIC DEA MODELS 

The first two known DEA models are called CCR and BCC. The CCR model is formulates for the assumption 
of constant return to scale (CRS). The origin model was extended by Banker et al [1] for the assumption of 
variable return to scale (VRS). There are also other types of models - additive, super efficiency, two stage DEA 
or ZSG-DEA models. All of them are looking for an efficiency frontier that envelops data. DEA models are able 
to classify DMUs as efficient and inefficient.  

The mathematical formulation of the origin DEA model was done by Charmes at al [3]. Suppose that there are 
T DMUs (DMUk

 
for k = 1, ..., T ), let input and output data for be X = { xik, i = 1, ...R; k = 1, ...T } and Y = 

{y jk, 
 
, j = 1, ...S; k = 1, ...T }, ui, 

 
for i = 1, ...R and v j, for j = 1, ..., S be the weights of i-th

 
input and j-th

 
output, 

respectively. The mathematical model to measure the efficiency score of the under evaluation unit, DMUQ
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This model must be solved for each DMU. Notice that DMUQ is CCR-efficient if and only if e* = 1 and there 
exists at least one optimal solution (ui*, v j*) with ui*>0 and v j*>0. Inefficient units have a degree of relative 
efficiency less than one. The model (1) is called a multiplier input-oriented model. 
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However, for computing and data interpretation is preferable to work with a model that is dual associated to 
model (1). The model is referred as envelopment input oriented model is following: 
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where λk 
is the weight for DMUk for k = 1, ..., T. It is dual-variable unit. The θQ represents the efficiency score 

of DMUQ. It can also be interpreted as a reduction rate of inputs to reach the efficient frontier. There also exist 
the multiplier output-oriented model, but this model is not in this used paper and presented. 

BCC model by Banker et al [1] has convex envelope of data and generally more units are efficient. The results 
of input-oriented and output-oriented models are same. Because the dual models are more useful, just the 
dual model is presented. The mathematical model of dual BCC model is following: 
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λk is the vector of the dual variables units. DMUQ is BCC-efficient the radial variable θQ is equal to one, ie. the 
optimal value of the objective function of the model (6) e*= 1, otherwise it is BCC-inefficient. Units that are not 
effective have a value of e*< 1. 

2.2. ZSG-DEA MODELS  

Original DEA models assume complete input (output) independence that is the input (output) of any given 
DMU does not affect the input (output) of the others. However, this independence does not always exist, for 
example: in competition or if there exist constant demand after production. In these cases ZSG-DEA models 
may be used.   

The DMU reaches the target in the efficient frontier implies changing the frontier. Lins et al [9] proposed 
strategies in DEA targets searching, with emphasis on the proportional reduction strategy. In this case the 
inefficient DMU searches to be efficient and it must lose some amount of input (or receive some quantity of 
output). In order to keep the total sum constant, the other DMUs must receive that amount of input (lose that 
quantity of output) proportionally to their original values of that input (output). 

In work of Gomes et al [4, 6] is presented the ZSG-DEA CCR input-oriented model for the case that one DMU 
searches for the efficient frontier and assumption that the sum of input is constant. The model is used in this 
paper and the mathematical model is following:  
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hRo is the DMU o efficiency under the restriction that the input sum must be constant. x j and y j are the inputs 
and outputs original values, respectively. yo and xo are the outputs and inputs for the DMUo. j are DMU 
contributions to the efficient projection. Note, ZSGD EA BCC is analogous, including the convexity restriction 
∑j λj = 1 and can be found in Lins et al [9]. 

Gomes and Lins [6] presents this model (4) as a case where a single DMU aims at the efficient frontier. They 
do not look at the case if more than one DMU will search for the maximizing the efficiency at same time. And 
also this may be done in cooperation or competition of DMUs. However, later same authors [4] presented 
same model with more knowledge about the cooperative case. They present that according to the ZSG-DEA 
paradigm, the cooperation strategy implies that the DMUs belonging to the ‘cooperation group’ do try to take 
input amounts out only from the DMUs that are not in this group. 

Based on their previous work [4, 5] and work by Lins et al [9] they also introduced in their paper [6] the final 
equation (5) that must be solved when modelling ZSG-DEA CCR and BBC models with input orientation. The 
equation is as followed:   
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where W  is the cooperative DMUs set, qik = hi/hk is the proportionality factor that comes from the proportional 
strategy and hi, hk are the classical DEA efficiencies. They also defined equation for output-oriented models. 
Note, that the equation (5) represents the way how to define the frontier of ZSG-DEA model in a direct way, 
with all inefficient DMUs taking part in the cooperative group W .  

The result of the ZSG-DEA model is called uniform DEA frontier or the maximum efficiency DEA frontier. All 
inefficient DMUs from the original DEA frontier after the total reallocation of the input (output) with assumption 
of constant sum will be on this uniform DEA frontier ans will be efficient. The uniform DEA frontier is located 
at a lower level according to the original frontier. It is the result of gains and losses of inputs (outputs) by the 
DMU and the assumption about constant sum. The strategy of the uniform DEA frontier can be appropriate 
when a regulatory agent can induce the DMUs behaviour aiming at resources (or production) allocation where 
all DMUs would be efficient. 

3. EFFICIENCY EVALUATION OF CO 2 EMISSON ALLOWANCES  

3.1. DATA DESCRIPTION 

The aim of the paper is the fair allocation of the CO2 emission in metallurgical industry for countries in the 
European Union. By metallurgical industry, we mean the CO2 emission from the following activities: all metal 
ore roasting or sintering, all production of pig iron or steel, production or processing of ferrous metals, 
production of primary aluminium, production of secondary aluminium, production or processing of non-ferrous 
metals.  

We consider that the maximum emission concentration is the sum of CO2 emissions from 2012 (most recent 
data available). The fair allocation means that it is the allocation which all countries become DEA efficient and 
lie on the uniform DEA frontier.  

The variables used for this paper are CO2 emission allowance (tonne of CO2 equ.) as input, gross domestic 
product - GDP (US $) as output, energy consumption (1 000 tonnes of oil equivalent) as output, government 
spending (percentage of gross domestic product, recalculated) as output. These all data were gathered for 23 
EU countries from CITL, Eurostat or the Data World Bank. All data, except GDP were focused just on the 
metallurgical industry. This cost some problems. Some countries were excluded because data were missing. 
For the same reason the year 2012 was chosen. There were no available some data for recent years.  
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3.2.  CO2 EMISSION ALLOWANCE MODELS 

Table 1 DEA CCR efficiency, BCC efficiency and reallocation promoted by ZSG-DEA CCR model for 2012 

country country 

code 

CO2 emission 

allowance 

CCR 
efficiency 

BCC 
efficiency 

optimal 
reallocation 

ZSG-DEA 
efficiency difference 

Austria  AT 6,912,795 0.004 0.524 7,109,063 0.997 196,268 

Belgium BE 12,721,814 0.002 0.202 12,804,371 0.997 82,557 

Bulgaria BG 4,044 1.000 1.000 1,396 1.000 -2,648 

Czech Republic CZ 3,382,060 0.005 0.206 3,347,161 0.998 -34,899 

Germany DE 59,449,590 0.009 1.000 59,568,978 0.997 119,388 

Denmark DK 3,809 1.000 1.000 221,901 1.000 218,092 

Spain ES 12,319,512 0.004 0.802 12,333,390 1.000 13,878 

Finland FI 6,808,997 0.003 0.031 6,817,682 0.997 8,685 

France FR 14,675,752 0.004 1.000 14,855,065 1.000 179,313 

United Kingdom GB 7,328,680 0.006 1.000 7,332,022 1.000 3,342 

Greece GR 1,357,999 0.014 0.149 1,034,101 0.999 -323,898 

Hungary HU 1,397,482 0.004 0.010 1,261,689 0.997 -135,793 

Italy IT 19,316,462 0.033 1.000 19,330,616 1.000 14,154 

Luxembourg LU 299,811 0.007 0.013 301,172 0.998 1,361 

Latvia LV 399,236 0.004 0.010 407,827 0.998 8,591 

Netherlands NL 11,724,487 0.005 0.216 11,216,987 1.000 -507,500 

Norway NO 73,118 0.228 1.000 251,550 1.000 178,432 

Poland PL 7,027,134 0.005 0.777 6,952,565 1.000 -74,569 

Portugal PT 335,436 0.100 1.000 336,079 1.000 643 

Romania RO 1,495,918 0.009 0.044 1,480,578 0.999 -15,340 

Sweden SE 8,762,656 0.005 0.137 8,819,874 1.000 57,218 

Slovenia SL 174,921 0.015 0.022 175,314 0.998 393 

Slovakia SK 171,420 0.087 0.415 183,752 1.000 12,332 

total  176,143,133 0.111 0.573 176,143,133 0.999 0 

From Table 1  it is seen that results for the CCR DEA model were not really good. Two DMUs were efficient in 
the CCR DEA model: Bulgaria and Denmark. These efficient units contribute just 0.004% to the total CO2 
emissions. The average efficiency is 11.1%. This is low efficiency and we can almost speak about not 
inefficiency for the allocation of CO2 emission allowances. This low efficiency can be cost mainly by the variable 
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- government spending. There are many countries where government is not spending anything at metallurgical 
sector. However, in case of efficient DMUs this variable is also different. Analysing the two efficient countries, 
we see that Bulgaria has really low emissions (2nd lowest) and the government is actually spending in the 
sector 1% of GDP, which is helpful for the sector. Denmark has the lowest emissions and actually government 
is not spending anything. On the other hand the GDP of Denmark is six times higher then in Bulgaria. So it is 
seen that all combination of outputs are important. In both cases where input is low, also the outputs are lower 
- energy consumption of both countries is among the lowest and GDP is as well.   

The BCC DEA model gave better results. There have been seven DMUs identified as efficient: Bulgaria, 
Germany, Denmark, France, United Kingdom, Italy and Norway. These efficient units contribute 57.3% to the 
total CO2 emissions. The average efficiency is 50.3%. This gives much better results. This is due to the 
assumption of variable return to scale. Analysing the efficient DMUs, it is seen that generally efficient are those 
DMUs with higher emissions but also with more then average GDP. The energy consumption does not show 
much influence. The government spending is in three cases and may be said that helps in cases where 
emissions are high.    

Based on results, we decided to make better allocation for the CCR DEA model. ZSG-DEA CCR model made 
reallocation of the CO2 emissions allowances that the generally we can say that this reallocation is fair for all 
the countries. From this model, it can be seen that countries as Austria, Belgium, Germany, Finland, United 
Kingdom, Greece and other must decrease its emissions. They should search for partners, as Bulgaria, Czech 
Republic and so on, that want or can reduce their emissions, in order to keep the global emission unchanged. 
The result show similar trends as in work by Chnag [7] and Chiu [8]. Both these works were made just for 
European countries, but the first paper just little bit different outputs and the second one used ZSG-DEA SBM 
model. This and also different time line may cost these differences. The average efficiency of the model is 
99.9% and we can conclude that the allocation of CO2 emission allowances is efficient.  

4. CONCLUSION 

The allocations of CO2 emission allowances by original DEA models were not efficient. The level of average 
efficiencies for CCR model was almost 0% and for the BCC model over 50%. So it is seen that the situation is 
not really fair for the EU countries. ZSG-DEA model for CCR model brought reallocation of CO2 emission 
allowances. After the reallocation the model obtained average efficiency equal to 99.9%. It is seen that ZSG-
DEA useful even for this type of case - measurements of CO2 emission allowances for metallurgy industry. By 
analysing the result we assume that most important for the reallocation is actually GDP, on the other hand this 
was not the case for all countries. Overall, we can suggest some future improvements for this research. The 
first one is to consider some other type of outputs. The output government spending for metallurgy industry is 
problematic and should be replaced with something more relevant. In some researches the number of 
population is used, but for just one part of industry does not seem to be relevant. The second improvement 
may be to create weights restrictions for each output to actually be more fair in the reallocation for this specific 
sector. The last improvement would be to try different models of ZSG-DEA to see how the assumption of 
variable scale is important.  
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Abstract   

The paper presents the identification and analysis of the most important conditions for logistics in the selected 
company, particularly, taking into account the field of procurement, production and storage, distribution and 
sales, transport and costs. The empirical studies covered one of the Silesian metallurgical companies. On the 
basis of the analysis of the literature data, the interviews carried out in the company and the examination of 
the enterprise internal materials, the theoretical approach of logistics in the company was transferred to its 
practical use in the business activity. The determinants of logistics, identified in the metallurgical company and 
analyzed in the paper, referred to the activities of movement and storage, which are to allow the flow of 
products from their destinations to the locations of the end consumption, as well as the information connected 
with them to provide customers with the appropriate level of service at reasonable costs. Particularly, they 
referred to spatial and time allocation, status and flow of goods being the subject of these processes and, 
therefore, people, material goods, information and financial resources. Referring to the concept of logistics as 
the basis, whose achievements were analyzed in different conditions of the entity management, aims at the 
aspect of development of the organization. 

Keywords: Logistics, procurement, storage, distribution, transport  

1. INTRODUCTION 

The determinants of logistics in the company should be oriented towards rationally and effectively developed 
logistics processes. At the same time, the field of logistics in the enterprise should integrate the flow of streams 
of materials, information and capital to support the development of the basic activity of the business entity, 
while amounting to an increase in productivity.   

The above objective-task indications of logistics and its determinants are pointed out by one of the most well-
known definitions of the concept, developed by the Council of Supply Chain Management Professionals [1], 
according to which logistics is the term describing the process of planning, implementing and controlling 
procedures of the economically efficient and effective transportation and storage of goods including services 
and related information from the point of origin to the point of consumption to satisfy clients’ requirements. This 
approach is, among others, brought up by J. Baran, M. Maciejczak, M. Pietrzak, T. Rokicki, L. Wicki [2], F.J. 
Beier and K. Rutkowski [3], R. Z. Farahani, S. Rezapour, L. Kardar [4], H. Stadtler, C. Kiler [5], Y. Tseng,  W.L. 
Yue, M. Aptaylor [6], according to whom the determinants of logistics may include (though they do not have to 
be limited to them): customer service, information flow, control of inventory, manipulative activities, execution 
of orders, reparation activities and supply of spare parts, location of production plants and warehouses, 
procurement processes, packaging, processing of returns, waste management, transport activities and 
storage. This definition implies that the logistics process creates the framework of the systems in which there 
are taken decisions integrating transport, inventory management, warehouses, material manipulation systems, 
packaging and other similar activities [7].  

The reference to the definition of American practitioners on a scale of the enterprise (business logistics) is, 
among others, introduced by I.C. Dima, J. Grabara, V. Modrak [8], I. Manuj, J.T. Mentzer [9], M. Nowicka-
Skowron and M. Man [10], who conclude that logistics aims at the achievement of the optimum coordination 
of the flow of materials, raw materials, activities connected with their storage, manipulative activities of goods, 
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problems concerning packaging, storage and flow of finished goods to end customers. The authors also assign 
logistics the following tasks:  

• to improve the management of processes of flow and storage of products, which consequently results 
in satisfying material needs of the participants of logistics processes,  

• to submit logistics activities to the requirements of customer service,  

• an increase in the effectiveness of the flow of goods leading to reduction in costs of the flow, i.e. logistics 
costs.  

D. Kisperska-Moroń and S. Krzyżaniak [11], M. Ingaldi, S. Jursova and K. Witkowski [12], P. Myerson [13], J. 
Nowakowska-Grunt, D. Jelonek, H. Kościelniak [14] state that logistics, in functional terms, includes planning 
and creating all the processes within the system and between social systems (such as business entities, 
associations etc.), which serve to overcome space and time, and also to direct, regulate and control.  Logistics, 
as a scientific discipline, deals with the explanation, description and development of these processes.  

The above considerations allow for the conclusion that the perception of the logistics activity is variable, and 
individual authors propose varied definitions, the range and subject of logistics. Most of all, this results from 
the evolutionary development of this field as economic knowledge and the sphere of business activity. 
However, most of the discussed studies allow for the generalization that logistics is most frequently identified 
with the coordination of the flow of raw materials, materials for production and finished goods for consumers 
with the minimization of costs of this flow [15].   

The aim of the paper is to identify and analyze the most significant conditions for logistics in the selected 
company, particularly, taking into account the areas of procurement, production and storage, distribution and 
sales, transport and costs. The transfer of the theoretical approaches of logistics in the enterprise to its practical 
use in the business activity has been presented in the paper on the example of one of the steelworks located 
in the Silesia region in Poland.   

2. THE CONDITIONS FOR LOGISTICS IN THE SELECTED ENTERPRISE 

2.1. General information 

The steelworks has been supplying different processing and construction industries, both the domestic and 
foreign ones, with rolled long products for more than 100 years [16]. Its commercial offer includes the goods 
such as: ribbed bars, plain bars, flat bars, square bars, angles, wire rod (plain, ribbed, straightened) and billets. 
The assortment of bars refers to the length of 4 - 18 meters. 

To provide the continuity of the supply of raw materials, i.e. scrap for steel production and allow clients to 
receive finished goods rapidly, it is essential to involve the logistics department of the steelworks, supervising 
the course of logistics processes. The major logistics department of the steelworks consists of: the technical 
warehouse, the warehouse of materials management and raw materials, the warehouse of finished products 
and shipment, the department of processing and scrap management, the department of rail transport and 
logistics, maintenance of logistics, the department of preparation and coordination and shipments, managers 
of maintenance of logistics.  

2.2. Procurement 

All suppliers, apart from the suppliers of scrap, i.e. mainly the ones from Poland, Ukraine and Czech Republic 
end up in the technical warehouse of materials management and raw materials. There are ordered and stored 
raw materials for production, devices, equipment, spare parts, elements and materials essential for securing 
cars, consignment (e.g. wooden spacers, steel strips etc.). Subsequently, the material is directed to 
appropriate locations for unloading, and some material remains in stock in warehouses in locations suitable 
for production departments. In case of production raw materials it is essential to confirm the reception from the 
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department in charge with the weight ticket. Then, the supply/suppliers are directed to unloading by employees. 
Raw materials are sent from the warehouse to the production hall via belt conveyors and dosed depending on 
the analysis of the specific type.  

The department of processing and scrap management and the scrap purchasing department coordinate the 
amount of scrap essential for batch production by analyzing the inventory and the class of scrap supplied to 
the company. Scrap is checked, controlled with respect to radioactivity and there is specified the usability of 
the scrap class and storage destination. For example, batch scrap goes directly to the batch scrap of the 
steelworks and it is the subject to processing from there. Non-batch scrap is the subject to additional treatment 
(ripper, burn-through). Additionally, the department of processing and scrap management deals with all post-
production scrap while collaborating with the department of the environmental protection. The average annual 
amount of scrap supply by vehicles and rail in such locations as: steelworks, ripper, scrap storage in the scrap 
hall and scrap cutting storage is presented in Fig. 1 . 

 
Fig. 1 Scrap supply by vehicles and rail per location per year in tones 

 
Fig. 2  Amounts of scrap (car and railway) delivery per month in tones 
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The exemplary amounts of supplies by vehicles and rail to the steelworks in the period of September 2013 - 
August 2014 are illustrated in Fig. 2 . According to the indications of the figure, as much as 73% of scrap is 
supplied to the company by rail. 

2.3. Production and storage 

After melting steel, the intermediate product (billets) goes directly to the rolling mill storage, whereas some of 
it remains at the steelworks workhouse designed for shipping. Intermediate products are transported to the 
rolling mill by the three specialized vehicles with a payload of 70 tones. Loading takes place directly from the 
production grate of the steelworks.  

Finished products from the rolling mill, in case of wire rod, are collected by cranes and trolleys and delivered 
to the storage destination. In case of bars, products are collected only by magnet cranes. The material from 
the bar rolling mill is transported between the halls by RC electric narrow aisle forklifts.  

The material rolled and transported to the place of storage is appropriately labelled with barcodes and scanned 
to the IT system with the barcode reader along with the indication of the place of storage following the physical 
storage of the material.  

The warehouse of finished products and shipment, most of all, deals with the reception and storage of all 
products from the three rolling mills, car and truck loading and securing cars. Products collected from the rolling 
mill are stored separately with respect to the size, type, length, specific recipient or quality. Products are 
collected with magnet cranes and, in case of wire rod, with cranes and trolleys. Before storing the material 
from production, the consignor plans the appropriate place for storage while being driven by the list of the 
current production for the specific shift. The material appropriately planned for car loading is directly loaded 
there and, in case of lack of cars or shipment at another time, stored in the hall or clearance gauge.  

2.4. Distribution and sales 

 

Fig. 3 Production and sales of finished goods and intermediate products per month in tones 

The instructions for shipment for the warehouse are issued by the sales department by creating sales order 
and, subsequently, the transport department by creating delivery notes and transport numbers. The warehouse 
of finished products performs loading onto a means of transport following the shipping instructions on the basis 
of the picking list obtained from the driver or disposer in case of cars and the instructions of the owner of the 
means of transport. The means of transport along with the load is weighed with checkweighing machines. If it 
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is within the tolerance of weight, the proof of delivery is automatically printed and the certificates for the batch 
of the material received. After confirming the compatibility of weights, the sales department, on the basis of 
the proof of delivery, issues the invoice. 

Railway shipping is conducted according to the instructions attached to contracts and transferred to the 
foremen in the halls of the warehouse of finished goods. The shift foreman, on the basis of this information, 
coordinates works in the warehouse, places orders for appropriate cars and amounts. All materials to secure 
cars are previously provided to the warehouse.  

The exemplary volumes of the production and sales of finished products and intermediate products in tones, 
in the period of September 2013 - August 2014, are presented in Fig. 3.  

2.5. Transport and costs 

The department of rail transport and logistics, most of all, places orders for cars from Polish Railways, logistics 
operators etc. in accordance with the demand reported from the department of preparation and coordination 
of shipment, following the instructions. Cars are checked with regard to their technical condition and all the 
data on the car are introduced into the system (tare, type etc.). Sorted cars wait at sidings of the plant to be 
placed at appropriate loading and unloading halls. Some cars, after unloading e.g. scrap, are used for loading 
finished products to reduce costs of ordering cars. The stoppage of cars at the plant generates higher logistics 
costs, therefore, they should be optimal and distributed quickly.   

Maintenance of logistics deals with repairs and inspection of transport equipment (forklifts, railway cars, depot, 
truck scales and railroad scales etc.) as well as roads and tracks.   

The department of preparation and coordination of shipment consults the sales and transport department, 
while collecting the amounts from orders and contracts for shipment, also checking the conditions of shipment, 
dates and shipping instructions to order appropriate cars and materials to protect goods. The department sorts 
out data with respect to the car type, transit through other countries, permissible axle mass, laying of the 
material, number of tons in a single car. Ultimately, the employees of the department send the demand along 
with the list of cars to the rail department.  

The managers of the maintenance of logistics physically watch the efficiency and ergonomics of the 
transported cars in the steelworks area. They check the availability of sidings for cars in the halls and the 
rapidity of unloading to minimize the stay of cars in the steelworks area. 

 
Fig. 4 Logistics costs of the steelworks 
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Most costs of logistics processes developed by the steelworks, since as much as 47%, is generated by rail 
transport (see Fig. 4 ). A significant part of rail transport costs is the salaries, since they amount to 40% of the 
total costs of the department, however, almost the same share, since amounting to 39%, is constituted by the 
costs of the stay of cars in the company area. Other logistics costs of the steelworks are created, most of all, 
by the warehouse of finished goods, the department of processing and scrap management and the technical 
warehouse and the warehouse of materials management (see Fig. 5 ).  

 
Fig. 5 Distribution of logistics costs of the steelworks 

3.  CONCLUSIONS 

The conditions for logistics identified in the metallurgical company and brought about in the above analysis 
included planning, coordination and control of the course, both in terms of time and space, of actual processes, 
developing the objectives adopted by the entity. Particularly, they referred to spatial and time distribution, 
status and the flow of goods being the subject of these processes and, therefore, people, material goods, 
information and funds. Creating, planning, directing and control referred to all the logistics conditions 
connected with the flows, which influenced the time and place of their course, mainly the areas of procurement, 
production and storage, distribution and sales, transport and costs.  

At the same time, the identification and analysis of the most important conditions for logistics in the selected 
company proves that modern practical understanding of logistics processes is the integration of the streams 
of goods and information, the efficiency of their flow and also the costs they bring about. The analysis of 
logistics processes taking place in one of the Silesian steelworks, described above, also allowed for the 
identification of the developed basic tasks of logistics in specific conditions directed towards:  

• coordination of the flow of raw materials, materials for production, finished goods and accompanying 
services to the consumer with the development of the processes of procurement, production, storage, 
distribution or transport;  

• minimization of costs of logistics processes;  

• submission of the logistics activity to the requirements of customer service.  
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Abstract  

Although profitability of reverse logistics can have its roots in rather diverse areas, most of them can be 
attached to how and how well reverse flows are managed. Specific character of reverse flows requires planning 
and innovative approach as well as some level of managers´ understanding and commitment, there are also 
several drivers for companies which make them to be involved in reverse logistics management. These drivers 
can be placed on the continuum from the pure economic and/or financial ones to the non-economic. Although 
it can be very individual, some presumptions may be formulated that link some typical drivers to some 
industries based on characteristics of the environmental forces (drivers). This idea stands as the background 
for the survey presented in the paper.  Analysis of responses from 32 companies from metal industry compared 
to 147 companies from other industries revealed some expected and some surprising differences in perceived 
drivers of reverse logistics management linked to the profitability and some other managerial issues. Although 
the findings cannot be generalized due to the small number of companies in the sample, results show several 
points for food for thought and further research.  

Keywords:  Reverse logistics, management, drivers, profitability, metal industry 

1. INTRODUCTION 

Profitability belongs to the most important measures of the success of the business management. Without 
profit a business cannot survive [1] at least not in the long term. The ways of how to be profitable are manifold 
and many factors from the internal as well external environment of companies influence the final profit results 
[2]. Those factors can be understood as the both drivers and barriers and a part of them are more or less 
dependent on some specific industry conditions or character [3]. Profitability also falls into the group of 
economic drivers for reverse logistics [4].  

The purpose of this paper is to present findings from the survey, which pursues various aspects of reverse 
logistics and management of reverse flows that present the main matter of interest of reverse logistics. The 
emergence of reverse flows (type and volume, time and reasons of origin) are highly industry-dependent [5]. 
The basic presumption of the analyses done with the data obtained from the survey is as followed: 

Some specificities of metal industry (in general, i.e. regardless of the distinct characteristics of individual 
sectors within this industry) influence the perception and management of reverse logistics and reverse flows 
in comparison with other industries and this expectation is reflected in driving forces of reverse logistics 
management. 

The aim of the analyses (and the paper) is therefore to identify the differences and to contribute to the 
discussion in the frame of reverse logistics. The area of reverse logistics is rapidly developing, especially 
because of many environmental pressures and better knowledge of current situation based on comparison 
can lead to the search for the potential ways for the future. 
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2. THEORETICAL BACKGROUND 

The concept of profitability can have many explanations. In rather general meaning Gibson dependent [6, p. 
345] defines profitability as "the ability of firms to generate earnings”. According Brigham and Ehrhardt [7, p. 
107] "profitability is the net result of various policies and managerial decisions”. The ability mentioned in the 
first definition is an inherent part of managers’ knowledge, skills and capability (or competencies) and concrete 
policies and managerial decisions are just the reflection of this ability and competencies. Policies and 
managerial decisions incorporate also understanding the opportunities and threats, weaknesses and strengths 
from the external and internal environment that might be utilized and consciously managed for the future 
development of firms and often need some change in thinking and acting [8]. 

Reverse flows - specifically the tangible ones - that present the object of reverse logistics management can be 
understood as products or materials (or raw materials) for which resources were spent within and during the 
forward operations  [9]. Due to some reason(s) they flow backward through the supply chain within so called 
reverse supply chain with the employment of processes and activities of reverse logistics [10]. One possible 
way how to increase profitability is through the improvement of resources utilization [11] which in other term 
stands for the productivity. As regards to reverse logistics practice and reverse flows Ravi et al [12] identified 
productivity enablers (factors that help improve reverse logistics) and results that show the performance 
outcomes of reverse logistics if performed well (efficiently and effectively). Productivity and performance (which 
comprises also profit) are at the top of results (and goals of firms) and can be gained through the 
interconnected enablers and outcomes on various hierarchical levels. Both enablers and outcomes can be 
reckoned as the drivers for reverse logistics management. Authors made the list from the extensive literature 
research focused on the theoretical knowledge related to various driving forces, motivators, reasons why to 
deal with reverse logistics. Another enumeration of reverse logistics drivers with more or less direct linkage 
with profitability is summarized for instance in Klapalová et al [12].  

Metal industry ‘specificities, which are reflected also in reverse logistics management issues, are 
miscellaneous. First because of the relative shortage of raw materials needed for production in metal industry 
(metals), high involvement of typical reverse logistics activities is necessary (recycling, reuse, 
remanufacturing). Second, most of sectors in metal industry (if not all of them) are risky for the environment 
and legislation requires many steps to reduce the negative impact of processes connected with the distribution 
and transport and production of metal products. It means also that reduction of reverse flows and waste is 
needed [13]. Third specificity is the length and complexity of supply chains and reverse supply chains with 
global extent and complicated reverse supply streams and processes and the fourth is the lower flexibility, 
innovativeness of management, especially due to the age and size of companies that prevalent in this industry 
(out of the individual managerial abilities and competencies) [14].  

Research done by Genet and Liebman analysed the situation of steel industry (as one representative of metal 
industry) worldwide and its competitive position with other industries. This comparative analysis demonstrates 
much weaker position of steel companies in terms of profitability among all as the impact of raising costs for 
raw materials and energy and owing to less efficient operation management  [15]. As mentioned above reverse 
logistics can enhance improved efficiency and effectiveness [16]. 

3. METHODOLOGY 

Data from the empirical survey were analysed to get answers to the research questions. Survey was realized 
during the winter months of 2013 and 2014 with the random sampling approach. 179 questionnaires answered 
by the respondents (typically top managers of firms or functional managers) from the same number of firms 
were employed for the analysis. Firms established in the Czech Republic were surveyed. Questionnaire 
contained 29 questions. For the purpose of this paper only 11 questions entered the analysis. Eight 
dichotomous questions (with the answers yes or no) related to the drivers to manage reverse flows and the 
respondents should state if the individual factor is perceived as the driver to manage reverse flows in firms.  
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One question inquired the perceived rate of profitability. It means that no concrete figures were given by 
respondents, who were asked just to evaluate the average profitability of their firm during the last three years 
of the existence on the 7-points scale (1 stands for “high loss” and 7 stands for “high profitability”). One question 
explored the perception of the reverse flows impact on profitability (7-points scale question where 1 means 
that reverse flows are the reason of high loss and 7 means that they are very contributive for profitability). One 
nominal question helped to rank companies into the industries. This question was recoded into the 
dichotomous one and divided companies to the group of Metal industry with several sectors, mainly from steel 
producing business (Metal or Metal group in the text below) - and to the group named “Other” (or Other group), 
where very diverse industries were included. Only 32 firms belong to the group of Metal industry, while the 147 
firms represented the other industries and sectors. 

For the comparison of both groups several statistical methods were applied, namely frequency analysis, chi-
square tests and non-parametric Mann-Whitney U test for the scale questions (the obtained data are not 
normally distributed). Statistical significance of difference is measured at the 0.05 level. 

4. RESULTS 

As introduced above, 147 firms from different industries and 32 from Metal industries were involved in the 
statistical analyses. The firms from Metal industries are bigger in average (size was measured as the scale 
after recording number of employees into the three categories - small, middle and big). Mean for Metal is 1.78 
(Median = 2) and Mean for other is 1.69 (Median = 1). 10 firms (31.25%) from Metal group are subsidiaries of 
multinational companies on comparison with only 24 firms (16.3%) from Other group.  

• Drivers of reverse flows management 

Perception of the individual drivers influence on reverse flows management is distinctively different as it is 
illustrated by outcomes in Table 1  a Table 2 .  

Table 1 Drivers of reverse flows management- frequencies and ranking 

drivers of RF management Metal 

frequency (N) 

Total = 32 

Metal 

ranking 

Other 

frequency (N) 

Total = 147 

Other 

ranking 

competition 23 3. 108 3. 

value retrieval 27 2. 76 6. 

cost reduction 30 1. 109 2. 

productivity increase 27 2. 65 7. 

customer satisfaction 14 5. 128 1. 

customer loyalty 23 3. 108 3. 

governmental requirements 21 4. 35 9. 

image of a firm 10 7. 93 4. 

differentiation 11 6. 79 5. 

CSR 7 8. 45 8. 

In Table 1  the rankings of drivers are shown. As can be seen, Metal firms are more efficiency oriented - cost 
reduction took the first position, productivity increase and value retrieval the second position while for Other 
group cost reduction was placed second and productivity and value issues are ranked much lower. The results 
show that effectiveness drivers are prevalent in perception by firms from Other groups. Customer satisfaction 
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ranked first position, on the contrary in Metal group this factor is not reckon to be so dominant. Nevertheless 
the driver of keeping and supporting customer loyalty through the management of reverse logistics holds the 
third place in evaluation of both groups as well as the driver “competition”. The same position regards also the 
driver of Corporate Social Responsibility with one difference, which is the fact that for Metal firms this driver 
took place as the least mentioned driver from all investigated but for firms from Other group the last position 
concerns the governmental requirements. On the contrary this factor positioned higher with Metal group (4th 
rank). Image and differentiation through reverse flows management is more frequent with Other group as well.  

Statistically significant results are documented in Table 2 . The biggest differences between two groups of firms 
are with productivity increase (more often stated by Metal firms), customer satisfaction (more often stated by 
Other firms) and governmental requirements (more often stated by Metal firms), followed by value retrieval 
(more often stated by Metal firms) and image of a firm (more often stated by Other firms) and finally cost 
reduction (more often stated by Metal firms). When taking into consideration 1-sided effect of statistically 
significant difference, also the driver of differentiation is another factor that stands for the distinctness of both 
groups (more often stated by Other firms). In other words, Chi-square statistics verified the above introduced 
idea that firms from Metal industry are more efficiency and on financial performance oriented compared to the 
more varied group of other industries  

Table 2 Drivers of reverse flows management - Chi-square 

drivers of RF management frequency (%) 

Metal → other 

Chi-square p value 

(2-tailed) 

Chi-square p value 

(1-tailed) 

competition 71.9→73.5 0.829 0.505 

value retrieval 84.4→51.7 0.001* 0.001* 

cost reduction 93.8→74.1 0.018* 0.010* 

productivity increase 84.4→44.9 0.000* 0.000* 

customer satisfaction 43.8→87.1 0.000* 0.000* 

customer loyalty 71.9→73.5 0,829 0,505 

governmental requirements 65.6→23.8 0.000* 0.000* 

image of a firm 31.3→63.3 0.001* 0.001* 

differentiation 34.4→53.7 0.053 0.036* 

CSR 21.9→30.6 0.394 0.223 

• Profitability and reverse flows management 

As the figures in Table 3 shows profitability of firm is perceived nearly on the same level by the respondents 
from both groups of firms.  

Table 3 Profitability of firms and perceived impact of reverse flows on profitability 

 Metal Other All    

 Media
n 

Mean Median Mean Median Mean n U p 

profitability 5 4.56 5 4.5 5 4.51 178 2207,000 0.564 

RF impact on 
profitability 

4 3.94 4 4.56 4 4.45 178 1850,000 0.058 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1809 

The findings are different when analysing the perceived impact of reverse flows on profitability. This impact is 
evaluated as more negative by managers from metal industry (more answers evaluate reverse flows as 
inducing the loss for firms) in comparison with the managers’ evaluation of Other firms. They consider reverse 
flows to be more profit-making or helping the firms to earn profit (1-tailed p-value = 0.029, statistically significant 
difference).  

Such finding has the strong implication for management. It shows that understanding and perception of some 
trends and the openness to the driving forces is very important issue in managing business. There are not 
many other explanation of such result as just this reflection and proof of managers’ views. 

5. LIMITATIONS, DISCUSSION AND CONCLUSIONS 

Presented survey has several limitations that can be overcome through the future research with the 
development of some areas that were not well or enough deep elaborated in our case. First limitation is with 
the number of companies in the sample and specifically with number of metal industry companies. These 
numbers are very small and no generalization of results is possible. Very simple statistical tools were applied 
as well that together with the size of the sample do not enable to bring rich picture of the situation.  

Despite these limitations the findings show some interesting facts and offer much space for thinking. The most 
important finding lies probably with the evaluation of reverse flows as causing more loss than to boost 
profitability of business. Of course, this can be true; just there is the question behind if managers of companies 
from metal industries really utilize every opportunity that reverse logistics in their environment offers. As the 
findings indicate, metal industry managers are much more efficiency oriented and much less effectiveness 
oriented and this orientation may have negative impact on profitability, especially on long-term profitability. 
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Abstract 

Strong competition on the market has led to increased customer's requirements according to manufactured 
products. Customers expect unique products that meet their individual needs; low prices and a very good 
quality service. Strong competition is also a reason for seeking more and more opportunities to gain a 
competitive advantage by firms in the market, leading to a significant increase in the number of unique orders 
with specific characteristics definite by the customer. This trend is clearly visible in the metallurgical production, 
which is steadily growing share of the make-to-order systems. 

The article presents the latest trends and issues related to the order management of metallurgical production 
and proposes improvements in the planning and verification of production orders. The proposed solutions are 
dedicated for make-to-order systems of especially medium metallurgy enterprises. 

Keywords: Order management, make-to-order system, metallurgical production 

1. INTRODUCTION 

Customers expect wide range of newly design, high quality products, which meet their individual needs and 
specific requirements. Therefore, offered products on the market are becoming more complex. Also a strong 
pressure for shorten time of delivery is observed. For these reasons, a main trend in manufacturing sector is 
increased specialization in production. Nowadays, products are manufactured by a group of specialized 
companies that deal with the implementation of high-quality components and the provision of professional, 
highly specialized services and represent only a small part of the entire product development process. 
Complex supply chains are created where significant tasks of companies are to make products exactly due to 
customer's specification and strictly within a specified period [2]. The high performance of processes and 
employees are needed [8], [10], [11]. Also using many modern methods which help to improve production and 
increased efficiency is expected [14], [15], [16] [17]. These trends are clearly visible in metallurgical production, 
which is steadily growing share of the make-to-order systems (MTO). 

Big enterprises, which apply metallurgical production, the most often use ERP systems, which help them to 
manage of order planning. The real problem arises in the group of small and medium-sized enterprises that 
do not typically use ERP systems due to the high costs of implementation and maintenance. The lack of 
methods and tools which support an order management in the sector of MTO small and medium enterprises 
is clearly observed. 

The article presents the latest trends and issues related to the order management of metallurgical production 
and proposes improvements in the planning and verification of production orders. The proposed solutions are 
dedicated for make-to-order systems of small and medium enterprises applied metallurgical production. 

2. CHARACTERISTIC OF MAKE-TO-ORDER SECTOR 

Make-to-order means companies which produce bespoke and customized products to particular customer 
specifications but not repeated on a regular basis or in a predictable manner. In the MTO sector, some or all 
of the production takes place after the customer order has been received. MTO companies have few standard 
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products and difficult-to-predict, volatile demand. They manufacture products to customer specification. For 
this reason, in the MTO sector is needed more flexibility to customize the products to the specific needs and 
requirements of individual customers [9]. The main characteristic of MTO companies is shown in Table 1.  

Table 1  The significant features of the make-to-order systems of small and medium enterprises [1], [3], [4],  
   [5], [6], [9], [12], [13]. 

Criterion Features of make-to-order systems 

Type of products bespoke  

high-variety 

customized to customer specifications 

Production not repeated on a regular basis  

only few standard products 

Demand difficult-to-predict 

volatile  

Key problems  dealing properly with enquiries 

Key strengths  flexibility  

quick decision making 

quick and effective cooperation from employees 

Weaknesses  lack of technical superiority 

lack of infrastructural facilities 

lack of financial resources 

Competitive factors  price 

technical expertise 

delivery time 

reliability in meeting due dates 

Crucial factors in 
winning the order 

realistic and currently competitive delivery dates 

realistic and currently competitive prices 

reputation for technical skill 

reputation for quality 

financing package 

archiving and retrieval of product data 

assessment of available design, product skills and facilities 

estimation of lead times, costs, profit margins 

effective communication and coordination between all departments 

The MTO sector includes especially small and medium sized enterprises (SME’s). From a manufacturing 
strategy point of view, the key strengths of make-to-order SME’s are flexibility, quick decision making and 
cooperation from employees. The most important weaknesses are: the lack of technical superiority, 
infrastructural facilities and financial resources [7]. Two types of make-to-order companies can be identified in 
relation to contract type [1]:  

1) Repeat Business Customizers (RBC); 
2) Versatile Manufacturing Companies (VMC). 
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The type has a huge influence on market strategy [1]. VMC’s operate in all levels of supply chains and explore 
of new markets. They manufacture a high-variety of products but compete for each order separately. Repeat 
Business Customizers provide customized products on a continuous basis over the length of a contract. RBC’s 
are able to establish more stability by enticing customers into a more committed and predictable relationship. 
They are generally located upstream in supply chains. The retention of existing customers is especially 
important for RBC’s.  

The customer enquiry stage can be considered to be the most critical as it deeply affects the subsequent 
stages amongst the identified production planning and control (PPC) stages in MTO companies. The job entry 
stage is a key point at which capacity planning is undertaken as jobs are confirmed. Additionally, these 
companies are mostly SME’s requiring affordable solutions; hence, the corresponding software needs to be 
flexible enough to support activities. These companies are mostly positioned midstream and upstream in 
supply chains, which causes MTO companies to be prone to and most affected by any changes that their 
customers may make to their production plans. Thus, software needs to enable successful and up-to-date 
information sharing. Finally, MTO systems need to constantly entice new customers, or convert one-off jobs 
into repeat business, due to competitive and volatile market conditions. Information systems have become an 
indispensible part of manufacturing but a good fit is needed. Therefore, software solutions applicable to this 
idiosyncratic production strategy are essential. In addition, Customer Relationship Management (CRM) 
systems which can help MTO’s to turn one-off customers into repeat-purchasers are required [1]. 

3. THE ROLE AND IMPROVEMENTS OF A PLANNING AND VERI FICATION PROCESS   

The process of production order planning and verification is a key issue in order management of today’s MTO 
systems. As literature analysis and industrial practice indicated, a key problem of MTO companies is dealing 
properly with enquiries [9]. This kind of enterprises are in competition with other companies on the basis 
of price, delivery time, technical expertise and reliability in meeting due dates [18, 19]. The bid has to contain 
realistic and currently competitive delivery dates (DD) and prices, which are crucial factors in winning the order, 
although aspects such as the enterprise’s reputation for technical skill, quality, or the financing package can 
also be significant.  

In MTO systems, each order may be different. When a customer provides a request for quotation or invitation-
to-tender for a particular product, he requires due date and the determination of price. Therefore, these 
decisions require: the archiving and retrieval of product data; the assessment of available design, product skills 
and facilities; the estimation of lead times, costs, profit margins; and effective communication and coordination 
between all departments involved in the activities [1], [7].  

The decision support system requires to include the following significant features [6]: 

• effective capacity planning and control; 

• flexibility to be able to document aspects of product development throughout the order processing cycle; 

• effective mechanisms to generate alternative due date plans and pricing to deal with customer enquiries; 

• incorporation of a job release decision point in planning; 

• a need for aggregate, dynamic planning and control which takes unconfirmed bids into consideration; 

• a need to enable a high level of coordination amongst departments playing a critical role in MTO 
planning. 

The analysis of literature shows that many problems of small and medium enterprises from the MTO sector 
are caused by a limited set of decision points in the flow of orders. A review of concepts for MTO SME’s 
indicates that these areas have been neglected in literature to date [9]. 

In the paper is proposed a new procedure of the planning and verification of production orders which the main 
aim is to improve this process to make a possibility to give a quick response to customer inquiries. The 
proposed solutions are dedicated for make-to-order systems of small and medium enterprises applied 
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metallurgical production. The proposed procedure based on the Theory of Constraints and relies on the 
propagation of constraints. Sequentially sufficient conditions to be met are tested to ensure that order 
realization is possible within a specified due date by customer and is consistent with the strategic goals of the 
enterprise. To shorten time of response, only these constraints are checked which: 

• determine whether it is possible to realize a production order in the manufacturer’s  system; 

• have a direct impact on the time and cost of order realization [13];  

• are connected with the realization of the most important aspect of an enterprise strategy [12]. 

The result of the verification is a set of production batches which meets the defined constraints. The eventual 
variant selection is carried out during negotiations with the client. The proposed procedure of production order 
planning and verification consists of seven stages (Table 2 .). 

Table 2  The procedure of production order planning and verification process [12], [13]. 

Stages Constraints 

1 Obtaining data about production order 

2 Forming a set of production batches due to production capacity 

3 Availability and capacity of internal transport 

4 Availability and capacity of buffers 

5 Time of order realization 

6 Cost of order realization 

7 Key Performance Indicators for significant strategic objectives 

4. CONCLUSION 

In metallurgical production increases the sector of small and medium make-to-order enterprises. Order 
management plays a key role in such systems. The strong pressure for quick creation of answers for customer 
enquires is observed in MTO enterprises. Therefore, there is a need to develop methods and tools which help 
quick to answer for the customer questions about possibility of production order realization in manufacturing 
system, about price and time of realization. 

The proposed solution is an alternative to time-consuming and cost-intensive simulation methods, in which the 
planning of the order is much more accurate and aims to find the optimal solution, but in which it is not possible 
to quickly (in the "on line" mode) prepare information for the process of negotiating the terms of the agreement 
with the customer. In the simple way allows realization of production order to be planned taking into account 
only the most important constraints. 
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Abstract  

Stable process can be called a process in which variability is the result of many accidental causes, resulting 
in minor changes, not a specified number of reasons, resulting in significant changes in the parameter values. 
In the article the map of process stability, which is a result of process stability (X axis) and product quality (Y 
axis), was used. This map consists of four areas. The area called “Leave the process without any changes or 
possibly make small corrections” is the most important and most valuable one. The data for the construction 
of this map was obtained from the results of BOST survey carried out in the company from the metal industry. 
At the beginning the structure of the respondents participated in the survey was presented. Analysis of results 
consists of the number of individual evaluations for both factors, as well as the distribution of evaluation pairs 
in each area of the map. Statistical analysis of the results was also presented. 

Keywords: Process stability, quality, metal products, metal industry 

1. INTRODUCTION 

A customer, buying a product on the market, expects that it will meet all his requirements. Level of compliance 
with the requirements decides about the quality of the product. 

A process stability is one of the factors determining high quality of the products. By stable process operations, 
conducted in order to produce a given product, are repeatable, and at the same time products manufactured 
in such process are repeatable and theirs quality is predictable [1-4]. 

A process can be called stable if it runs in a consistent and predictable manner. This means that the average 
process value is constant and the variability is controlled. If the variation is uncontrolled, then either the process 
average is changing or the process variation is changing or both. There are not only different sources of 
variation, but there are also different types of variation. 

Two important classifications of variation are controlled variation and uncontrolled variation. Controlled 
variation that is characterized by a stable and consistent pattern of variation over time. This type of variation 
will be random in nature and will be exhibited by a uniform fluctuation about a constant level. 

Uncontrolled variation that is characterized by a pattern of variation that changes over time and hence is 
unpredictable. This type of variation will typically contain some structure. In the course of process 
characterization we should endeavour to eliminate all sources of uncontrolled variation [5-6]. 

The aim of the article is the use of stability map in order to evaluation of the production process of metal 
products in the rolling mill in one of the Polish steelworks. The analysis conducted in the research company 
showed the position of this company on the stability map according to its production process and produced 
products, and thus indicated what actions should be implemented in the company to improve the stability of 
this process. However, it is not the statistical analysis of the process, but an analysis on the basis of the 
evaluations given by employees from the research company who have to deal with this process every day. 
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2. METHODOLOGY 

In the research, one of the elements from BOST method was used. The BOST method, that is Toyota's 
management principles in the questions, is an surveyed method which investigates intangible resources of the 
company. It is the result of years of research. This survey occurs in two versions: for the employees and for 
their superiors. With the answers it is possible to evaluate importance in areas such as enterprise mission, 
quality, standardization, visual control, competitive products and manufacturing process, important areas of 
improvement, etc. So it is very comprehensive research tool [1]. It should be emphasized that the technical 
and economic analysis of a company is an integral part of management, including metal industry companies 
[7-9]. And the BOST method can be part of such analysis. 

The map of process stability described in paper [1] was chosen to be used. It has the form of a 2x2 matrix, 
where the variables are: process stability (X axis) and product quality (Y axis). Both characteristics are 
evaluated on a scale 1-8, where 1 means low stability or quality and 8 means high stability or quality. This map 
consists of four areas which can be used as an element of company’s plans or strategy. Graphical 
characteristic of the map of process stability was presented in Fig. 1 . 

 
Fig. 1 General characteristics of the map of process stability [1] 

The most important area of the map of process stability is the area called “Leave the process without any 
changes or possibly make small corrections". Such situation takes place when respondents (employees) highly 
evaluate both the stability of the production process and quality of the products resulting from this process. 

3. CHARACTERISTICS OF THE RESEARCH OBJECT 

The research steelwork is a modern company with a stable production process, organizational system, friendly 
for the surrounding environment. The mission of the company is to strengthen the company's position in Poland 
and abroad as the most efficient producer of long steel products with high quality. 

The rolling mill of the research company is a continuous average type of rolling mill. It was launched in 1999. 
At the beginning its assortment included rounds flat steel bars, round steel bars and reinforced bars. 

The research rolling mill is equipped with devices from the company Danieli Morgardshammar. It is one of the 
most modern rolling mills in Europe, and the most modern in Central and Eastern Europe. In this rolling mill it 
is possible to implement the stringent requirements of designers connected with engineers or technical 
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parameters and quality of ribbed bars, for both domestic and foreign market. This rolling mill is still modernized 
in order to meet the requirements of the customers. 

4. CHARACTRISTICS OF RESPNDENTS 

The survey was conducted among 37 production workers of the rolling mill in one of the Polish steelworks. In 
Table 1  it is shown the general characteristics of the respondents (demographics of the survey). However, in 
Table 2 the characteristics of surveyed employees were presented. The research characteristics of the 
respondents are following: gender (MK), education (WE), age (WI), job seniority (SC) - that is experience, 
mobility (MR) - that is which place of work, mode of the employment (TR). 

Table 1  Features of respondents. Characteristic [own study] 

Symbol 
Features' marking and their characteristic 

MK WE WI SC MR TR 

1 Men High school < 30 < 5 1 Regular 

2 Women Professional 31 - 40 6 do 10 2 Transfer 

3  Secondary 41 - 50 11 do 15 3 Finance 

4  Higher 51 - 55 15 do 20 4   

5   56 - 60 21 do 25 5   

6   61 - 65 26 do 30 6   

7   > 66 31 do 35    

8       > 36     

Table 2  Features of respondents. Percentage characteristic [own study] 

Symbol    
Features' marking and their rate characteristic 

MK WE WI SC MR TR 

1 62.2 32.4 11.2 18.9 29.7 62.2 

2 37.8 43.3 30.6 24.4 16.2 16.2 

3  5.4 30.6 8.1 21.6 21.6 

4  18.9 11.2 18.9 8.1   

5   8.3 16.2 13.7   

6   5.4 8.1 10.7   

7   2.7 2.7    

8 37     2.7     

As it results from Table 2 , the structure of the respondents participating in the survey was very diverse. 
However, on its basis, the statistical characteristic of employee who took part in the study can be given. 
Statistical employee of the research company, who participating in the study, is the man with professional 
education, aged 31-40 or 41-50 years, with 6-10 years of experience, for who the research company is the 
first place to work, and who has been employed in the regular mode. 

It should be emphasis that the research was conducted in rolling mill in one of the Polish steelworks. Work in 
such company is hard, intended mainly for the strong young men, regardless of their education. This can 
explain the structure of respondents in the research company. Women belong to administrative staff. 
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5. RESULTS 

In Fig. 2  the results of process stability research was presented. The results were given in two forms. From 
the map of process stability (Fig. 2a ) exact pairs of evaluations given to both variables can be seen. While 
from the histogram (Fig. 2b ) it can be indicted which area of the map of process stability dominates in the 
research company and identify future activities of the company. 

 

Fig. 2 Process stability: a) evaluations distribution on the map of process stability,  
b) evaluation structure according to map’s area [own study] 

Analysing Fig. 2a it can be noted that the employees the most often gave two pairs of evaluations: 7;7 (6 times) 
and 4;4 (4 times). Most of pairs of evaluations of respondents were placed in the middle or up part of the map. 
Fig. 2b , from which it results that most of pairs of the evaluations were placed in area A of this map (47 %), 
confirmed this fact. It means that for most of the respondents the production process in the research company 
is stable and at the same time the product quality is adequate. The research company, according to the map 
of process stability, should leave the process without any changes or possibly make small corrections. 

High process stability means that the research company is able to repeat the results obtained during the 
production process, and at the same time to produce products with constant parameters. This is also reflected 
in the quality of product, because customers get products with very little diversity in their orders. What is very 
important especially in the case of the ribbed bars produced by the research rolling mill. Because the order for 
such product does not include a single piece of the ribbed bars, but large number of the same products. 

It is worth noting that none of the employee gave to the process stability evaluation 1 nor 2. The highest 
evaluation of this factor was recorded twice. While in case of the products quality employees do not gave only 
evaluation 1, but it is important that evaluation 8 was given to this factor 5 times. Pair of the highest evaluations 
(8;8) was given during the research only by one respondents, additionally once both pairs 7;8 and 8;7 were 
given once. 

In Fig. 3  basic statistics of evaluations given to both factors were presented. 

From Fig. 3a  it results that average evaluations of both factors were very similar. The difference between both 
averages was only 0.03. 

Analysing Figs. 3c and 3d  it can be concluded that the evaluations of the process stability were slightly more 
diverse (higher value of the standard deviation and coefficient of variation). This fact has also an influence on 
the greater asymmetry of the distribution of the factor (Fig. 3e ). However, it should be noted that both the 
diversity and the asymmetry still are minor. 

In Fig. 4  a box-and-whisker plot presenting evaluations distribution was shown. 
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A box-and-whisker plot (Fig. 4a ) provides a wealth of information on the empirical distribution. The location of 
the box in relation to the numerical axis is the location of the distribution, the vertical line separates them into 
two sets is a central tendency. On the other hand, the length of the box representing the difference between 
the first and third quartile, shows the diversity of characteristics for 50 % of the central unit. 

 

 

Fig. 3 Process stability. Comparison: a) average, b) standard deviation,  
c) variance, d) coefficient of variation, e) skewness, f) kurtosis.  

FX - process stability, FY - products quality [own study] 

 

Fig. 4 Process stability. Box-and-whisker plots: a) its characteristics,  
b) plot for both factors. FX - process stability, FY - products quality [own study] 

A vertical line representing the median divides the whole box into two parts, covering 25% of the observations. 
Depending on the location of the median in the box it indicates skewness in the central part of the distribution. 

Complementary part of the plot are "whiskers" located outside of the box. When the whiskers are of equal 
length, they prove about the symmetry of the distribution. Longer right whisker than the left one shows the 
positive skewness (asymmetry). Longer left whisker than the right one shows the presence of a negative 
asymmetry across the distribution. 

Correct image of the skewness on the basis of the box-and-whisker plot may be disturbed when some 
observations "stand out" from the rest, they are denoted with x * (x of "star"). 
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Analysing the box-and-whisker plot (Fig. 4b ) it is possible to see that in research case there is no observation 
which "stand out" from the rest. For both variables median is moved up in the range of variation. This is because 
none of variables got the lowest evaluations, while the highest were given in both cases. In case of process 
stability distribution is more asymmetric, which is evidenced by whiskers of different lengths. 

6. CONCLUSION 

Process stability decides about product which is produced during this process, and above all the quality of this 
product. The process stability and product quality are two factors which can decide about success of the 
company on the market. The process stability allows the company first of all on repeatability of results, that is, 
to produce products with constant parameters. 

The map of process stability, which is a result of process stability (X axis) and product quality (Y axis), was 
used to evaluate the process stability and level product quality. The research in form of survey was conducted 
between employees in the rolling mill in one of the Polish steelworks. 

In case of the research company the average evaluations of the process stability and product quality was 
approximately 5.5. Most pair of evaluations were placed in area A of the map of process stability (47%). It 
means that for most of the respondents the production process in the research company is stable and at the 
same time the product quality is adequate. An important element of management in this area of the company 
operation is continuous observation of the process and the quality of products, which aims to determine if such 
situation in the near future will not change. However, for now the managers of the company should leave the 
process without any changes or possibly make small corrections, according to suggestions in the map of 
process stability. 
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Abstract  

The paper deals with the influence of important macroeconomic parameters on development of ironworks 
production prices. Macroeconomic factors and their effect on final prices (and pig nod foundry charge iron) are 
often undervalued next to closer surrounding forces inside industrial branch. There was applied evaluative 
partial PEST analysis and three factors considered as important were highlighted and closely observed: 
Ukrainian civil war conflict, Czech central bank (CNB) currency interventions and quantitative easing. 
Significant timeline dates on 2012 - 2015 pig iron production price trend line were pointed and discussed. 
Necessary statistical calculations as correlations were provided. Kind advice and data of industrial partner 
were utilized. Results are presented and conclusions are proposed. 

Keywords: Macroeconomic factors, quantitative easing, Ukraine, ironworks production, prices 

1. INTRODUCTION 

First motivation of the paper was a trial of ex-post analyses of pig nod prices for the purpose of searching for 
macro-surrounding influences affecting the price of foundry iron charge. 

Conclusions of the paper should help to explain if we are able to foresee the development trend of the prices 
of raw materials used by ironwork (steelwork) companies in production (compare to [1]) and particularly those 
raw materials which form a significant part of the costs (and hence final price of the product). Previous research 
[2] evaluated impact of electric power prices on total costs of foundry casting production and discovered that 
percentage of charge (pig nod, liquid iron and additives) is about 67% of foundry variable costs. 

Companies aim to reduce working capital (especially funds tied up in inventories and receivables), but if the 
company is able to predict at least price trends, it may decide to buy a larger quantity of (speculative) stocks 
at the expense of worsening working capital indicator.  

The question remains whether common company is able to consider all relevant factors affecting the price of 
raw materials (the product). 

1.1. Contribution and goals of the paper  

Main goal of the paper is to analyze selected factors and determine if they influence change in pig nod (foundry 
charge iron) prices and how. There were formulated two research questions: 

Q1: Were pig nod prices influenced by currency intervention of Czech National Bank and are these 
effects remaining? 

Q2: Were pig nod prices influenced by Ukrainian conflict and are these effects remaining? 

Secondary goal was to carry out related analyses as comparison to index of industrial production prices for 
basic metals and fabricated metal products or calculation of mutual correlation coefficients and provide some 
more detailed information. 
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2. THEORY AND METHODOLOGY 

2.1. PEST(LE) analysis 

PEST(LE) analysis is an analytical technique used for the strategic analysis of organizational outer (macro) 
surroundings. PESTLE (sometimes also PESTEL, SLEPTE etc.) is an acronym and each letter represents a 
different type of external factors (Political, Economic, Social, Technological, Legal, and Ecological) [3]. 

Full PEST(LE) analysis was not possible to perform due to big number of possible influences. Table 1  brings 
list of some important possibly affecting forces. We realized weighting of impact strength and selected for 
partial analysis three factors categorized under political and economic forces. 

Table 1 PEST(LE) analysis - important factors (Data source: own processing) 

Political and Legislative Factors (PL): Political stability 

Enforcing law and anti-corruption Business and employment legal codex 

Tax politics Customer protection, antimonopoly laws 

Economic Factors (E): Economic cycles 

GDP trends, inflation, bank interest Currency politics, exchange rates 

Average wage, purchasing power Trends in power prices, tax burden 

Social Factors (S): Unemployment 

Level of education Demographical trends of population 

Lifestyle changes Approach to work and leisure time  

Technological and Environmental Factors (T E): New findings and discoveries 

Changes and developments of technologies Global situation in technology 

Infrastructure, ICT level Government support of R&D 

There were selected factors to examine: Ukrainian conflict (political factor), quantitative easing and CNB 
interventions (economic factors). Partial PEST(LE) analysis is than provided and factors are discussed later. 

2.2. Political factors regarding Ukrainian conflict  (P) 

The ongoing unrest in Ukraine affects entire European Union at least by developing a negative cost effect on 
inputs in the form of oil and gas. Czech Association of Exporters also suggests that the major issues may not 
lead to a direct decrease in exports of Czech companies to countries in crisis, but also the risk of indirect 
damages such as unrealized import of Ukrainian iron ore. 23 billion CZK of imported goods in 2013 had 
consisted of raw materials, especially iron ore created more than half, about 13 billion CZK. Shortfall in imports 
of raw materials could adversely affect entire Czech industry, especially automotive [4]. 

Important milestones of Ukrainian conflict can be observed at Fig. 1 . Especial negative effect had ceasing of 
EU approximation dialogues and later Maidan square incidents. Quite positive effect can be attributed to 
elections won by Petro Poroshenko and later Minsk peace agreements and armistice [5]. 

2.3. Economic factors regarding currency interventi on of Czech National Bank (E) 

The CNB has an inflation target of 2 % ± 1 %. This objective could not be fulfilled, since the main monetary 
instrument was on so called technical zero (0.05 %), therefore have been on 7. 11. 2013 opened interventions 
in order to weaken the Czech crown (CZK) at a value of circa 27 CZK per EUR. These interventions should 
last until disappear inflationary pressures, but at least until the end of 2016. The reason of CNB interventions 
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was imminent deflation in the CR that would last at least two to three quarters, which was a very optimistic 
assumption [6]. CNB intervention and CZK/EUR exchange rate effect is well apparent at Fig. 1 . 

2.4. Quantitative easing (E) 

Reducing the cost of loans will cause that banks will have an incentive to provide more loans and therefore 
companies should begin to spend more and invest. These are the main reasons why the American central 
bank FED launched quantitative easing. This mechanism is aimed to support higher demand for labor and 
thus to reduce the unemployment rate. FED explicitly stated that the bond purchase is aimed for job creation. 
Employment growth is the main task of the FED, unlike the CNB, which is aimed at monetary stability. FED 
completed on 29. 10. 2014 third round of quantitative easing, which inflated its balance sheet of 1.66 trillion 
dollars to more than 4.5 trillion USD, which is eight times the pre-crisis levels. 

Dollar price 

Year 2014 and early 2015 were typical by strengthening of US dollar, which caused a good condition of the 
US economy and the favorable macroeconomic data. This trend confirmed on 29. 4. 2015 US central bank 
(FED). In the very question of monetary policy normalization FED reiterated its position, on the labor market 
expects further improvement, in inflation a sufficient conviction on the gradual shift to the target of 2 %. 

2.5. Methodology applied 

Following methodology was applied in course of creation of presented article and related analyses. After 
formulation of questions implied from industrial company based on assumptions mentioned above, there were 
done research of theory and relevant information sources as internet newsletters, statistical and industrial 

partner enterprise data. Data analyses, comparisons and correlations (MS Excel 2010) were performed and 
composite x-y chart was constructed (Fig. 1 ). Trends in timeline were compared to actual events and results 
together with discussion were formulated. 

3. RESULTS AND DISCUSSION 

Following paragraphs present most important findings followed by chart and correlation analysis. Later final 
results, answers to research questions and discussion can be found. 

3.1. Pig nod prices time chart including PE factors  

The situation of pig nod (foundry charge iron) prices index (IPNP) together with index of industrial production 
prices (ICPV) section CH (basic metals, fabricated metal products) is depicted at Fig. 1 . Index of pig nod prices 
was normalized at 1.000 on 1. 1. 2012 and show change in prices in CZK - data were provided by industrial 
our partner. Both indexes are drawn at y1 axis. There are depicted exchange rates of CZK/EUR and CZK/USD 
too - both indexes are drawn at y2 axis. Obviously is exchange rate CUK/USD much less stable then CZK/EUR. 
Time period covered by data is since 1. 1. 2012 to 30. 1. 2015. 

There are also present text boxes with arrows pointing specific dates, where some important event occurred 
having apparent or expected influence on price indexes. Red bordered boxes are characterizing Ukrainian 
crisis milestones and blue box is describing CNB intervention. Green box characterize the “big fall” price effect. 
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Fig. 1 Timeline 2012 - 2015. IPNP is index of pig nod prices, ICPV (CH) is index of industrial production 
prices (basic metals, fabricated metal products), CZK/EUR and CZK/USD are exchange rates. IPNP data are 

interposed by polynomic trends (Data source: own processing with data of ArcelorMittal Engineering 
Products Ostrava, Ltd., CNB [7] and CSO [8]) 

There can be observed three periods according trend of index of pig nod prices: 

I. Period (Q1 - Q3. 2012): characteristic by big fall of pig nod prices 

II. Period (Q4. 2012 - Q1. 2014): slow growth of pig nod prices culminated by CNB interventions and 
Ukrainian crisis 

III. Period (Q2. 2014 - Q1. 2015): corrective fall of pig nod prices typical by stabilization on Ukraine and 
massive growth of US dollar 

Big fall (period I) 

In 2012 were the fall of iron ore prices mostly associated with the slowdown in GDP growth and the related 
drop of demand in China and the crisis in Europe [9]. Iron ore processors in China have started to sell their 
stocks for cash, which they then used to finance and sustain its operations. This increased the pressure on 
prices to fall further. Some mining companies have subsequently fallen into operating losses. On Fig. 1  is 
visible about 21% fall of pig nod prices caused by mentioned events. 

Culminated growth (period II) 
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Period II can be characterized first by slow corrective growth caused by economic recovery of markets and 
later by culmination, which we assign to combination of political and economic factors, connected with 
Ukrainian crisis and CNB interventions - see text boxes above the Fig. 1 . Total change in pig nod prices is 
about 12% growth. 

Corrective fall (period III) 

Third period is characteristic by approximate 10% fall of pig nod prices attributed to stabilization of political 
situation in Ukraine and growth of USD caused (at least partially) by quantitative easing. The fall of exchange 
rate CZK/USD in period III is about 20%. 

3.2. Correlations 

Correlation coefficients among index of pig nod prices, index of industrial production prices (basic metals, 
fabricated metal products), CZK/EUR and CZK/USD exchange rates were calculated (see Table 2 ). 

Table 2 Triangular matrix of Pearson product-moment correlation coefficients calculated by MS Excel 2010®  
   (Data source: own processing). 

Kc IPNP ICPV (CH) CZK/EUR CZK/USD 

IPNP - 0.429 -0.195 -0.253 

ICPV (CH)  - 0.491 0.536 

CZK/EUR   - 0.680 

CZK/USD    - 

The result show, that highest correlation is between CZK/EUR and CZK/USD currency exchange rates (0.680). 
This indicates interdependence of CZK on these two important currencies. Average correlation is between 
index of industrial production prices ICPV (CH) and CZK/USD exchange ratio (0.536) and similar CZK/EUR 
(0.491) exchange ratio. Index of industrial production ICPV (CH) is so more dependent on CZK/USD exchange 
ratio than CZK/EUR exchange ratio. Next correlation between index of pig nod prices (IPNP) and index of 
industrial production prices ICPV (CH) is 0.429. The value indicates weak bond between these two indicators. 
In other hand correlation of index of pig nod prices (IPNP) to CZK/EUR (-0.195) and CZK/USD (-0.253) is small, 
but rather negative. 

Answering research questions Q1 and Q2 

We can consider that pig nod prices were influenced by mix of currency intervention of Czech National Bank 
and Ukrainian conflict which occurred simultaneously. These increase prices more than 12% during one year 
(2013/ 2014). These effects however disappeared and pig nod prices seem to stabilize at prices of 2012/ 2013 
before CNB interventions and Ukrainian conflict. 

4. CONCLUSION 

Contribution of the paper lies in tracing of some important political and economic factors with apparent 
influence at price indexes. Interesting is, that Ukrainian conflict did not influenced ICPV (CH) index but quite 
strongly influenced IPNP index. In other hand CNB interventions visible influenced both price indexes - but IPNP 
only temporarily and ICPV (CH) effect looks more permanent. 

One of scientific conclusions can be that the direction of research is promising, but for better and more accurate 
future results it is necessary to develop wider and deeper data processing and sophisticated system of 
analyses. As an example can be mentioned reasoning and decision making at milestone of November 2013. 
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On the basis of accessible information available at that time, buying reasonable speculative stock in advance 
could positively influence company economics in perspective of real price trend development in next months. 

There would not be so difficult to create a computer program (compare to [10]), where can be simply entered 
basic PEST parameters and output can bring a kind of probabilistic trend that can serve as a tool for economic 
decisions. 
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Abstract   

A new original model of access to welded structures economic production; Design - Material - Technology - 
Quality model is here presented, explained and demonstrated on the practical case of GMAW (gas metal arc 
welding) fillet welding 4 mm steel sheets. Together 7 various methods of producing this type of joint were used. 
Newly experimented welding methods, firstly used on this thickness, and new equipment were applied and 
compared with traditional advances, using various technical-economical criteria. Various aspects were 
combined, with the respect to real conditions of praxis, to reach less costly, easily accessible and acceptable 
quality solution of this problem. The purpose of this work is to demonstrate that properly chosen and innovative 
experimented technology has a great influence to finished costs. 

Keywords: Economic model, welded structures, GMAW, fillet weld, Rapid Arc 

1. INTRODUCTION     

Weld is the most expensive part of welded structures and the basic rule to their economical production is "less 
welding, lower costs". However the problem is too complex to reach it with only one common advance. Input 
conditions vary in accordance to the type of structure, required level of quality, producer conditions, etc. that 
creates a wide scale of possible solutions. Every welded structure is based on simple triangle of conditions: 
design - material - technology . During the history of welding, these conditions had various importances that 
at various stages made one to influence other two. 

1.1. History     

In the very beginning, in 40-ths of last century, the material  was the most important and its weldability was the 
crucial problem that had limited all others. Now, after about 70 years research, this problem seems to be solved 
out for the most part of welded structures. Now-a-days there is available a great scale of easily welded 
materials of required properties for designers to their disposal. Design  is the most important economic factor. 
Number of welds, their size and position depend only on design of welded structure. Design came to the fore 
especially during the first expansion of welding technology after Second World War, when a lot of products, 
especially castings, were rebuild to weldments, and now, in the age of automation. Welding technology  with 
its permanent advance is the stable factor of costs lowering. It is known rule that the design of every welded 
structure should be subjected to the whole revision during every few years, in accordance to possibility of a 
new welding technologies application. 

1.2. New conditions 

Above presented model of base conditions had dramatically changed during 90-ths when common quality 
assurance rules by ISO 9000 row were implemented to welding structures production. Quality  was nominated 
as a main factor of welded structures design and production. In consequence of this, some of the cheapest 
technologies e.g. resistance welding was replaced with more expensive ones, which could offer quality 
assurance. Fundamental drawback was application of an old DIN code for RTG testing as the base of defects 
acceptance. Application of fracture mechanics that found expression in "fitness for purpose (service)" access 
now reduces economical damages that this sudden transformation caused. 
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1.3. The present 

Automation of welding is the main problem that is solving now-a-days. The main obstacle to reach high and 
efficient production is an old access to its solving, similar to manual welding access, especially in choosing 
proper wire and gas and in setting of parameters with trial-and-error method. DOE (design of experiments) 
statistical method of process parameters optimisation is the only way to productivity increasing. Rare examples 
of this access are objects of technical articles [1, 2] and usually are focused on special problem solution. 
Comprehensive conception is very seldom [3]. Here presented work demonstrates the new access, based on 
DOE statistical method of process parameters optimisation of various source-wire-gas systems and their 
comparison in accordance of reached weld size and other technical and economical criteria. 

2. NEW MODEL DESCRIPTION 

A new model of design - material - technology - quality  conditions (Fig. 1 ) is presented here for general 
solutions of welded structures production economy. This model consists with solution of three problems: 

 

Fig. 1 Model of welded structures design and production 

2.1. Design - Material - Quality  

First triangle represents choosing the right material for the design requirements. This was traditionally 
determined with ultimate yield strength and ultimate deformation. Now designers have a lot of other criteria, 
besides others based on fractural mechanic research. Crucial problem is evaluation of defects that welding 
accompanies and that was traditionally based on very old RTG code. This old access generates a lot of 
needless repairs and therefore useless increasing of costs. “Fitness for service” is the only reasonable access 
to choose the right material for specific structure and to evaluate accessibility of post-weld defects. 

2.2. Material - Technology - Quality   

Second triangle represents material´s weldability in its old meaning, before its definition was changed in 
accordance to quality assurance concept. On the contrary of C-Mn steels, based on carbon and alloying 
elements increasing that cause worsening of weldability; the new weldable steels are based on another 
strengthening mechanism - micro-alloying that creates precipitational strengthening and fine-grain structure; 
and thermo-mechanical strengthening. These steels have, except of high strength, especially low transition 
temperature that guarantees their toughness at low-temperature service. Low carbon and alloying elements 
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content guarantee their weldability without any heat treatment - before, during and after welding. On the 
contrary, they require limited heat input due to conservation of their good properties. That agrees with required 
low stress and distortion occurrence. 

2.3. Design - Technology - Quality   

Third triangle represents "Design for Fabrication" access that is the domain of our research [4]. 
The main rules: 
1) Minimum number of welded parts  that ensures minimum number of welds. It is based on using of 

semi finished products, especially made with forming. Bending is cheaper and less quality damaging 
than welding.  

2) Minimum thickness of sheets  ensures minimum weld size. Using HSS (high-strength-steels) and 
AHSS (advanced HSS) we can chose material of easily welded thickness and required strength.  

3) Minimum input heat . When we let the design and material choice on designers, the base of economy 
in production of welded structures is weld itself. The weld design is not so self-evident thing as it would 
be seemed. Of course, using modern GMAW sources, we can to choose some synergic program from 
machine producer. In fact, simplest solution is not cheapest. There are more ways, how to design and 
produce weld of the same size. Every solution requires different input heat, costs and its quality differs 
in accordance of many other factors, involving accessible equipment, technological discipline and level 
of production quality assurance. The most efficient methods are not so easily accessible. The 
automation and positioning are the base of workshop welding and here will be supposed as 
commonplace.  

3. PROBLEM DEFINITION 

3.1. Fillet weld specificity 

In the case of fillet welds, weld size depends in a great deal on the right performance with deep penetration 
and low reinforcement. Overwelding is common problem that can increase costs up to 200 % [5]. Welding 
travel speed is the main factor not only to productivity but also to lowering of required input heat and also for 
reaching minimal distortion or residual stress. The reason is fact that increasing of travel speed increases 
melting efficiency [6] of base metal. More heat is consumed for creating of welding pool and less is lost due to 
conduction. Synergic effect of deeper penetration and higher welding speed makes automatic welding, under 
special conditions, several times more productive than manually mannered welding. Manual welding is limited 
with welding speed about 30 cm per minute, where melting efficiency and penetration is even 8 times lower 
[7] than at welding speeds, reached with modern methods. 

3.2. Case study 

The work, here presented, is focused on partial problem of costs, efficiency and quality of fillet weld, made 
with the most employed technology GMAW in automated performance on 4 mm thick steel sheets.   

Commonly the weld can be produced with various processes: short arc, pulsed-arc, spray-arc, rapid-arc and 
other high performance techniques. It can be produced also with special low-heat wave-forming processes, 
using of solid or cored wire of various diameters and shielded with various gas mixtures. In this case sheet 
thickness 4 mm was chosen because it is out of low-heat (“cold”) processes efficiency that have place for 1 - 
3 mm thickness and it is still not enough to reach to high-performance processes. These are efficient for sheets 
over 6 mm and are the domain of our research [5].  

Selecting the right conditions for this case we have chosen one shielding gas - Ferromaxx 7 (90.5% Ar, 7% 
CO2, 2.5% O2) that has proven the best properties for this thickness and considered methods. We have chosen 
two types of solid wires - 0.8 and 1.0 mm and two metal cored (tubular) wires 1.2 mm. Considered methods 
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for this case there are: short-arc as the base, most employed method for this thickness, pulsed-arc, spray arc 
with metal cored wire. Furthermore, a new experimental research of usability two high-performance methods 
is here presented: high deposited and high speed rapid-arc method and deep-penetrated short-spray method 
that was developed in our department. This method proved its high efficiency for sheets over  8 mm [8]. Some 
processes were varied with using of special FastTIP [9] equipment.   

3.3 Experimental conditions   

All fillet welds were performed as to be as close as possible to size of the sheet - 4 mm. That is not the same 
as the size of the weld a. Size of fillet weld a4 assume a weld without penetration z and without reinforcement 
r (Fig. 2.1 ). Its deposited cross-section area is a2 = 16 mm2. Real weld thickness that is acceptable in 
accordance of standard EN ISO 25718 is fillet throat v . Manual welds are usually reinforced and therefore 
required size a is greater, especially when improper penetration could be expected. Well experimented 
automated welds that we use, have proper penetration of various depth but also expected reinforcement of 
various height. Hit the right required size of throat v  during experiments is hardly accessible. Usual penetration 
reached with automated welding was between 0.5 and 2 mm and reinforcement below 1.0 mm. That supposes 
required cross-section area between 10 and 16 mm2 in accordance to expected penetration and reinforcement.  

    

  Fig. 2.1  Weld geometry    Fig. 2.2  Torch travel geometry 

Fillet cross-section area is defined as the weld size squared (a2) and hence every millimetre over size results 
in a significantly increased deposited fillet weld area A. Every overwelding leads to increased costs and general 
shrinking forces. On the other hand required deposited fillet area dramatically decreases, when penetration z 
is taken into account in computing the weld throat thickness v  (Fig. 2.1, 2.2 ). This is particularly the case when 
root penetration with proper torch travel eccentricity is set and directed to the joint gap, using 300 torch positions 
(Fig. 2.2 ) as recommended with Blodgett [10] but yet not commonly used. 

4. EXPERIMENTS 

Using preliminarily performed short-spray (SS08, SS1) and rapid arc (RA) statistical DOE experimental 
optimization, we have chosen suitable parameters for performing welds of required properties. Other classical 
methods where performed only with using synergic program and our experience that was based also on our 
preliminarily work with these methods and wires. Together seven method - gas - wire conditions with other two 
variants were performed. 

4.1. Methods that were compared 
1) Short-arc welding (SA) is commonly the most widened method that can be produced with cheapest 

equipment, standard wire and gas. Used low current creates shallow penetration and low travel speed 
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means low productivity and high spatter. Benefit there is welding in all positions but at the cost of 
productivity. Copper-free wire 1.0 mm was used. 

2) Pulse-arc welding (PA) is based on very smooth metal transfer without spatter but it requires better 
welding source and gas, with advantage of higher travel speed and deeper penetration. 

3) Using metal cored wire creates smooth spray-arc process without spatter. Higher melting rate enables 
increasing of travel speed and greater wire diameter creates wide and flat bead. Two cored wires 1.2 
mm were used. Both were developed for high speed robot welding - PZ 6102 (T6102) and Tubrod 14.11 
(T1411). 

4) Rapid arc (RA) is high deposited method based on longer stick-out (electrode extension) and sharp front 
torch angle. This requires shielding with high content of Argon gas and good wire feeding - with pull-
push system or with short torch. Good inverter source is a main condition and the right setting of torch 
travel and welding parameters in accordance to preliminarily experimented parameters optimization is 
necessary. 

5) Deep penetrated short-spray process was developed on our department and is based on increased 
melting efficiency of base metal that was reached with the help of DOE statistical optimization. Two 
diameters of wire were optimized on 4 mm sheet - 0.8 and 1.0 mm (SS08, SS1). 

6) FastTip is contact tip that includes 10 mm insulated lead for store of resistant heating energy of wire 
stick-out. The benefit of this equipment should be expected in increased penetration, especially in 
methods, based on high melting rate and longer stick-out. Here it was used for cored wires (T6102F, 
T1411F). 

4.2 Criteria  for process evaluation and comparable results  

Table 1 presents selected input and output parameters. The main process variables are current I (A) that 
demonstrates power density and travel speed TS (m/min) that determinates melting efficiency and 
productivity .  

Weld geometry  is presented with deposited cross-section area A (mm2), penetration z (mm), throat v (mm).  

Process efficiency  is demonstrated with specific input heat H (kJ/cm). Weld quality  Q is assessed in 
agreement with standard EN ISO 25718 and depends especially on the rate of reinforcement to bead width 
r/w  and toe angles. Only accessible welds without defects were evaluated. Performance demands  D (e.g. 
special know-how, precise set of torch travel geometry, DOE optimization) were evaluated with 1 to 3 degree 
(1 - low, 2 - medium, 3 - high). 

Total  costs  assessment Σ  (CZK/m) includes all factors for calculation of 1 m weld price  in Czech crowns - 
price of consumed wire C, gas G, work W, all in (CZK/m); and energy that is negligible entry. 

Table 1 Comparable results of chosen set and measured variables and calculated outputs** 

method  I TS A z v H Q r/w D C G W Σ∗ 

SA 214 0.61 10.4 0.7 4.0 4.2 1 0.11 1 6.6 8.2 41.3 56.3 

PA 317 0.96 10.3 0.5 4.3 5.2 1 0.12 1 6.5 5.8 25.9 38.4 

T6102 322 1.33 9.9 1.9 4.4 3.1 3 0.21 1 12.4 4.2 18.7 35.3 

T6102F 323 1.23 10.1 2.0 4.7 3.7 3 0.15 2 12.6 4.6 20.3 37.5 

T1411 340 1.22 10.0 2.1 4.7 3.9 3 0.28 1 13.1 4.6 20.5 38.3 

T1411F 337 1.24 9.9 2.9 4.5 3.9 3 0.23 2 13.0 4.5 20.2 37.8 

RA 386 1.56 10.2 2.6 5.4 4.1 1 0.1 3 6.4 4.8 16.0 27.3 

SS1 310 1.12 8.9 2.2 4.7 3.8 1 0.15 3 5.6 5.0 22.3 33.0 

SS08 293 1.36 7.8 1.5 4.0 2.8 X 0.11 3 5.1 4.1 18.4 27.6 
Σ∗ energy included, ** units of data are depicted above, the best input and output parameters are red coloured 
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4.3. Discussion 

The most employed short-arc process on his maximal reached parameters at transition part to spray regime 
was taken as the base (100%) of our comparison. Pulsed-arc requires about 20% more heat for reaching the 
same throat but its productivity is about 50 % higher. Productivity of both cored wires is about twice higher but 
their quality is here on limited accessible level, especially bead reinforcement at T1411. Input heat is only 
about 75% of the base. Rapid arc, even here is operating out of its optimal regime, demonstrates highest travel 
speed and therefore the best productivity and surprising penetration. Earlier DOE optimization of short-spray 
regime with 1.0 mm wire showed its optimum for deposition cross-section area at about 12 mm2 that is more 
than required. Out of this high efficient area there were found welds suitable for this case with throat over 4 
mm and area under 10 mm2. Wire 0.8 mm created narrow beads with high reinforcement that was less stable 
and proved changing quality. Twice more experiments had to be performed to reach DOE optimum and only 
a few welds reached throat over 4.0 mm. Even it has proved lowest input heat, for using in praxis we could not 
recommend it. 

Macrostructures on Fig. 3 (short-arc), Fig. 4 (metal cored wire), Fig. 5 (rapid arc) and Fig. 6 (short-spray) 
demonstrate great differences in weld shape and penetration of various processes that were investigated.   

 

Fig. 3  Short-arc  Fig. 4  MCW PZ 6102  Fig. 5  Rapid Arc Fig. 6  Short-spray 

5. CONCLUSION 

Using recommended advance we have found two suitable methods for reaching highest efficiency and 
productivity of GMA welding fillet weld on 4 mm sheets. The easiest way is using of metal cored wire (PZ 
6102), where both - low input heat and low costs are combined with easy access and minimal required 
preparation. Process that proved highest productivity and efficiency, Rapid arc process, needs know-how and 
good preparation, based on previous optimized experiments. Twice less cost as compared with usual short-
arc process is bonus for this effort. So as short-spray process that needs special know-how and parameters 
statistical DOE optimization.  

Comparing experiments that were carried out demonstrated that higher price of cored wire and 3-component 
gas does not play the role when price of work has decisive rate on total costs. 

Every economical calculation of welded structure is based on the price of 1 m weld. As was mentioned in 
introduction, proper design has the greatest effect on these calculations that determine metal thickness and 
sum of welds length, but their size and welding travel speed that determine cost of production depend only on 
the right choice of technology, based on experiments, optimization of welding parameters and conditions with 
the respect to accessible equipment and required quality. This work demonstrates the comprehensive access 
to reach optimal process quality, efficiency and productivity for real input conditions that is based on previous 
design-process optimisation of various source-wire-gas systems and final economic comparison. 
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Abstract 

The paper describes the application of SMED methodology in a chosen enterprise dealing with production of 
deep drawn steel parts for automotive industry. Acronym SMED stands for "Single Minute Exchange of Die". 
The main goal of SMED methodology is to reduce the time needed for tool exchange and adjustment. Radical 
shortening of these times, for instance from several hours to a few minutes, is achieved progressively by 
changes in the tool exchange organization, standardization of the tool exchange procedures, staff training, 
special aids and technical modifications of the tool or of the press machine. The aim is to move as many 
internal activities as possible into external. The internal activities are those that are done during machine 
shutdown, the external activities are done while the machine is running. The goal of this paper is to define the 
main contributions of SMED methodology application in the case of the chosen product series running on a 
specific machine. The instrument used to achieve the intended aim is the above defined sequence of SMED 
methodology steps.  

Keywords: Deep drawn stamping, SMED methodology, external activities, internal activities, tool exchange. 

1. INTRODUCTION 

The world around us constantly changes and develops, as well as the enterprises and business environment. 
Nowadays, it is not enough to capture new trends in marketing, technology and information systems for 
enterprises. Companies increasingly turn their attention to the needs, methods and approaches to managing 
and optimizing internal processes. And directly here is placed emphasis on the downsizing. Lean processes 
are free from all the activities that increase costs without increasing the added value of realized outputs. One 
of the tools used for process analysis is the SMED methodology. “SMED is an acronym for Single Minute 
Exchange of Die. The term is based on the notion that it is possible perform the setup operations in under ten 
minutes, i.e., in a number of minutes expressed in a single digit. Although not every setup can literally be 
completed in a single digit number of minutes, this is the goal of the system, and it can be met in a surprisingly 
high percentage of cases. Even in cases where it cannot, dramatic reductions in setup time are usually 
possible.” [1] This concept of reducing setup and changeover times is not new; it arose in the late 1950s and 
early 1960s. It originated from the work of Shigeo Shingo, a Japanese industrial engineer, who significantly 
reduced the setup and changeover times in case of large presses in the Toyota Production System (set-up 
time was reduced from 8 hours to one minute [2]). Focusing on the increase of production capacity without 
purchasing new equipment, he realized that the critical point is reducing setup and changeover times. His 
pioneering work led to significant reductions in setup and changeover times and became a basis of today’s 
SMED. The essence of the SMED methodology is to make as many internal changeover activities of as 
possible external. What is the changeover time? It is the time taken to stop the production of a product “A” and 
start of the same product “A”, or another product “B”. What are internal and external activities? Internal activity 
is an activity that does not require the machine/line to be stopped; on the contrary, external activity is an activity 
that requires the machine/line to be stopped (it cannot be performed if the machine/line in not stopped). [3] 
The submitted paper deals with application of SMED in deep drawn stamping used to produce airbag 
components. Deep drawing can be defined as “the process by which a punch is used to force sheet metal to 
flow between the surfaces of a punch and a die. A flat sheet is formed into a cylindrical, conic or box-shaped 
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part. With this process, it is possible to produce a final workpiece - using minimal operations and generating 
minimal scrap - that can be assembled without further operations.”[4] 

2. SMED APPLICATION IN THE CHOSEN ENTERPRISE 

“SMED is especially applicable to problems of flexibility and availability. Whether the production loss occurs 
because equipment requires reconfiguring to make a new product (flexibility) or simply needs repair or 
maintenance (availability).” [5] The subject of this study was mainly the first task, i.e. to obtain a part of the 
machine capacity which is lost due to long tool changeover and to enable production in small doses by ensuring 
fast transition from manufacturing one type of product to another. SMED application in the chosen company 
was based on a detailed analysis of the current tool changeover process. The analysis was done by 
observation in the workplace. Subsequently, a SMED workshop took place, a SMED team was created 
(Process Engineer, Quality Engineer, Setters and Shift Leaders) and regular SMED meetings were set up. In 
these meetings, procedure of SMED implementation was analyzed, corrective actions were taken and 
documentation based on project requirements was created by all the team members. The entire SMED 
application was implemented in accordance with the following steps: 

• analyze current changeover process, 

• identify internal and external activities, 

• transfer internal activities to external, 

• decrease internal activities, 

• decrease external activities, 

• evaluate benefits of the SMED application. 

Given the nature of the stated goal, our attention was mainly focused on the first three above-listed steps. 
Shortening the time needed for tool changeovers was reached by a gradual change in working organization, 
standardization of procedures and by staff training. 

2.1. Analysis of current changeover process 

Describing the initial status - the analysis of all the steps of production tool changeover was a key point of 
SMED application in the chosen company because only a perfect knowledge of real operational conditions 
can lead to an effective adoption of corrective measures. The tool used for manufacturing deep drawn airbag 
components consists of several manufacturing stations (shear, drawn, test etc.), through which the formed 
material (typically stainless steel) passes and acquires its final form. The production tools used for the stated 
product line are made of 20 stations. The number of stations determines the tool complexity and affects the 
time needed for its changeover. The changeover process includes activities such as tool preparation and 
check, disassembly and assembly, tool setting itself or testing and subsequent tool tuning. The time required 
for its changeover and setting then simply represents a period from end of the last part A production to start of 
the first part B production. In this study, the changeover from tool A to B of tracked product line was analyzed. 
The description of current process tool changeover was based on the observation of working activities in the 
workplace using time study tools, such as workday survey and spaghetti diagram. A video was recorded and 
analyzed together with the setters in both cases. This procedure identified the time needed for execution of all 
activities during tool changeover -see Table 1 for more details. The table below shows further phases of SMED 
application, which will be described below. 

 

 

Table 1  List of all changeover actions 
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Operation Operation Description Time [min]  
Operation 
Type (I/E) 

Time 
Savings 

[min]  

Time after 
SMED [min]  

OP1 
End of production (parts transport, waste 
removal, documentation completion). 

30 IED 5 25 

OP2 
Binding and dismounting of steel coil used 
for previous production. 

30 IED 0 30 

OP3 Pumping of emulsion into container. 20 IED 0 20 

OP4 Dismounting of trimmed chips chute. 20 IED 0 20 

OP5 
Dismounting of transfer, sensors, and 
cables. 

30 IED 0 30 

OP6 
Inserting of shim under stripper plates, 
removal of 4 pcs bumper supports. 

10 
IED > OED 

(partly)  5 5 

OP7 Inserting of 8 pcs tool supports. 5 IED 0 5 

OP8 
Dismounting of the top part of the tool, 
Dismounting of the bottom part of the tool. 
Blank pusher dismounting. 

100 IED 20 80 

OP9 
Dismounting of the highest parts of the tool, 
dismounting of air cables. 

60 IED 15 45 

OP10 
Removal of the tool from the press and its 
transport to the tool shop. 

45 IED 0 45 

OP11 

Cleaning - tool, transfer, ram, table, space 
under the press, emulsion sump, waste 
container. Old filter dismounting and new 
one assembly, new emulsion pumping. 

180 
IED > OED 

(partly)  60 120 

OP12 Control program change. 10 IED 0 10 

OP13 Transfer and preparation of new tool for 
inserting to the press. 

30 OED 30 0 

OP14 
Inserting of the new tool to the press, blank 
pusher assembly. 

45 IED 0 45 

OP15 
Assembly of the highest parts of tool and air 
cables. 

60 IED 5 55 

OP16 Assembly of the new tool as a whole. 180 IED 60 120 

OP17 Bumper support assembly. 5 IED 0 5 

OP18 Assembly of the transfer, sensors, cables. 60 IED 15 45 

OP19 Transfer and transfer fingers setting. 90 IED 20 70 

OP20 
New steel coil setting/new material inserting 
and feeder wheels setting. 

30 
IED > OED 

(partly)  5 25 

OP21 Setting of the feeder as a whole. 15 IED 0 15 

OP22 Setting of the emulsion spray nozzles. 10 IED 0 10 

OP23 
Trial punching and setting of the tool as a 
whole. 

150 IED 30 120 

OP24 
Preparation of measuring gauges and 
needed documentation. 

15 OED 15 0 

OP25 Release of the first piece. 30 OED 30 0 

OP26 Cleaning of workplace (no lost time). 30 OED 30 0 

OP27 
Dealing with unexpected repairs and 
adjustments (possible lost time) 

60 OED 60 0 

  Total Time needed for SOP 1350   405 945 
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Based on the description of the initial tool changeover status of the monitored product line, it is clear that the 
current process took 1350 minutes in total. This time means three working shifts. The entire tool changeover 
process is composed of 27 basic operations. The time or even the current process of tool changeover has not 
changed after this phase of SMED system application. The whole process is now well described and ready for 
the reduction of the potential waste of time. 

2.2. Identification of internal and external activi ties  

In the second and the most important step of SMED application, it was necessary to distinguish and separate 
internal (IED) and external operations (OED). The nature of individual operations from the list above was 
analyzed by the SMED team. A checklist which contained information required for preparation and execution 
of all operations was used for this purpose. The result was defining the following operations as external: 

• OP13: transfer and preparation of new tool for inserting to the press - a transfer is generally considered 
as an external activity. The same also applies in this case because the tool may be prepared for next 
production already during production of previous product A. 

• OP24: preparation of measuring gauges and necessary documentation for product B - this operation 
was previously done as internal by a setter. However, the operation is external due to its nature, because 
it does not affect the smooth run of the machine. Gauges or documentation preparation can be provided 
after machine start or in simultaneously by an operator. 

• OP25: release of the first piece of product B production - similarly to OP24, this operation was carried 
out as internal by a setter. However the operation also has an external character, since it does not affect 
smooth run of the machine. The first box can be provided with a special status and released after 
measuring the first pieces. 

• OP26: workplace cleaning - external activity that includes activities that do not affect machine run. 

• OP27: unexpected repairs or additional adjustments - external activities, which are nor essential in most 
cases. However, there may be situations when the operation has the nature of the internal activity. If 
this situation arises, it is mainly caused by errors in previous internal operations or by a failure in 
following established procedures and work organization. 

When this phase of SMED system application is complete, the time needed for tool changeover has already 
changed. In practice, this means saving of 165 minutes in comparison to the original tool changeover process, 
because activities identified as external are performed while the machine is running. 

2.3. Transfer of specific internal activities to ex ternal activities 

Although in the previous step there are significant time savings, it is followed by a phase of shift some internal 
activities to external. This transformation of selected activities brings further significant savings. When looking 
for ways to carry out the transformation, the possibilities of all procedures which are otherwise performed 
during machine stop were analyzed. Consequently, the actions which can be implemented as external were 
identified as follows: 

• OP6: inserting of shims under stripper plates - a part of internal operations was moved among the 
externals, since shims can be prepared on a special auxiliary cart in advance. In practice, there is a time 
saving of 5 minutes. 

• OP11: cleaning of new tool - this part of internal operations has the nature of an external operation, 
because it can be performed by a setter within machine run (i.e. in case of product A production). That 
was possible thanks to establishing working teams (pairs) consisting of a setter and an operator for each 
shift. At the moment, when the setter was preparing the tool B for production, the operator managed the 
machine. In practice, a 60 minute time saving was ensured by this. 

• OP20: preparation of new steel coil for product B production - transfer is generally considered as an 
external activity. The same also applies in this case because the raw material can be prepared for next 
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production already during production of the previous product A. After putting this idea into practice, there 
was a 5 minute time saving. 

Summary of the above mentioned means saving 70 more minutes as compared to the original tool changeover 
process, because activities which were identified as external are performed without a machine stop. After the 
completion of this phase of SMED system application, it can be said that all possibilities of time savings which 
could be implemented without any additional investments in production technology have been exploited. 

2.4. Decrease of the external and internal activiti es 

While it is possible to reduce the time needed for tool changeover significantly by implementation of the 
previous steps, in most cases it is appropriate (sometimes even necessary) to do one more step of SMED 
application which consists in strong concentration on single operations, their detailed analysis with following 
improvements and investments in technological modifications. It is not possible to perform this step without 
additional time and mainly financial investments in case of the chosen enterprise (e.g. change of tool clamping 
technology, modification of individual tool stations, purchasing new warehouse space etc.). Due to the above 
defined goal of this study - to ensure increasing company output without having to invest into a new production 
equipment or tool - this point was not examined in detail. However, the "basic" reductions of internal and 
external activities were carried out for instance by optimizing of storage and preparation of tools, gauges and 
instruments, staff distribution between operators and setters, spare parts identification etc. For the company, 
this reduction of time wasting meant saving 170 minutes. It is planned by the company to realize this step in 
more detail (including additional investments if needed) in a long-term period.  

It was necessary to discuss and plan all the prepared steps with the shift leaders, setters and operators within 
implementation of SMED system. Using their knowledge and experience was the key to practical application 
of the agreed steps. The modified process of tool changeover and setting was verified during the following 
three tool changeovers. Single steps were again monitored (video of all thee verifying changeovers was 
captured and analyzed), corrective actions were taken in next step (PDCA used) and the particular working 
teams were trained (setters and operators). All the steps taken were recorded into detailed working instructions 
- so called prescription of tool changeover and setting after verifying of SMED system implementation. To the 
brief and structured text of these prescriptions sub-tasks photographs were added. It was ensured that the 
“lesson learned” (Yokoten) was implemented as well. In fact, this "live" document is updated within each next 
tool changeover. 

2.5. Evaluation of the benefits of SMED application   

When standardization process of tool changeover and setting was finished, implementation of the last step of 
SMED methodology application in the chosen company took place - evaluation of its practical benefits. 
Evaluation criteria were derived from the defined goals of this study - to ensure an increase in the company 
outputs. Total time savings during tool changeover and setting after implemented changes were 405 minutes. 
If we recalculate these savings in case of the products A and B, we will achieve an increase in production 
volume of both products of 18 630 pieces per month and 223 560 pieces annually. Sales increased 47 134 
CZK monthly, which means 563 371 CZK annually, in case of product A and 43 035 CZK monthly or 516 424 
CZK annually in case of product B. Overview of the benefits of SMED system application in the company are 
shown in the Table 2. 

If we evaluate the benefits of SMED application, we should mention also the non-financial benefits, i.e. the 
benefits which are not immediately expressible in money. Despite initial negative attitudes of the shift leaders 
and the setters, the entire SMED application process was widely accepted. To involve workers already in 
analysis phase, project planning, making decisions or SMED practical application phase itself was good 
motivation for them. 
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Table 2 SMED contributions 

Changeover time savings            405 [min] 

Increase in output (monthly)   18 630 [pcs] 

Increase in output (annually)   223 560 [pcs] 
PRODUCT A 

Increase in sales (monthly) 47 134 [CZK] 

Increase in sales (annually) 563 371 [CZK] 

PRODUCT  B 

Increase in sales (monthly) 43 035 [CZK] 

Increase in sales (annually) 516 424 [CZK] 

3. CONCLUSION 

SMED system represents nonphysical investments - it means possibilities realized immediately with minimum 
temporal and financial requirements. Nonphysical investments are not only cheaper, but their implementation 
is also immediately visible and measurable. And that was the goal of this study - to ensure an increase the 
enterprise output without investing in new manufacturing equipment or tools. Above-mentioned evaluation of 
the SMED application benefits shows that this goal was met. In total, the financial benefit resulting from 
reducing time of tool changeover and setting was 1 079 795 CZK per year. In addition to these absolute 
indicators, SMED system implementation had a significant impact on simplification of work, reducing labor 
intensity of setting, eliminating of tool searching etc. in the chosen company. Another benefit is the 
standardization of all setting activities and particularly ensuring the same quality of setting done by each setter. 
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Abstract 

The article presents efficiency and productivity analysis of US metal industry in 2006-2014. The main purpose 
of this paper is to compare the efficiency of 6 sectors manufacturing metal products in US. The study applies 
the Malmquist Productivity Index (MPI), which was used to analyze changes in metal industry productivity. The 
study indicated that technological progress had a greater impact on the change in productivity of metal industry 
in US than changes in technical efficiency. Meanwhile, the highest average index of changes in MPI during 
the period was achieved by metal pipe and tube manufacturing. 

Keywords : Efficiency, productivity, metal industry, Malmquist Productivity Index 

1. INTRODUCTION 

The global metal industry experienced a robust growth during 2008-2012 but is expected to slow down, and 
the industry revenue is forecast to reach an estimated $2.374 billion in 2017 with a CAGR of 5.5% over the  
years 2012-2017 [1].The metal industry consists of establishments primarily engaged in manufacturing all 
types of metals such as iron and steel, aluminium, base metals, and precious metals [2]. The industry sells a 
variety of products, but revenue is predominantly generated from the sale of iron and steel products. Products 
within this segment include sheet and tin plate bars, wire rods, forgings, beams, hot-rolled and cold-rolled 
strips, hot-rolled sheets, strappings and reinforcement mesh, pipes, tubing and concrete reinforcing bars. 
Together, these products are expected to generate at least 51.2% of revenue in 2015 and are expected to 
remain the main revenue-generating segment going forward. On the other hand the increasing growth rate of 
construction, automobiles, heavy machinery, and equipment is expected to drive consumption of metals used 
in these industries [3].  

The metal industry is highly fragmented. Some of the major players in this industry are Arcelormittal, 
ThyssenKrupp, Rio Tinto, and BHP Billiton. A combination of factors such as growth in related industries and 
governmental regulations, cyclical fluctuations in metal prices, general economic conditions, and end-use 
markets are witnessed to impact the industry dynamics significantly. Moreover government regulations, rising 
cost of input materials, increasing operational efficiency in order to reduce operating costs, and improving the 
quality of output are some of the challenges being faced by the industry. 

Government and the top management of the metallurgical companies expect benchmarking comparison of the 
efficiency and productivity of metallurgical units (companies, sectors) and they are interested in ranking 
metallurgical units from the best to the worst [4,5]. Whereas productivity evaluation approach considers actual 
infrastructure outputs, efficiency evaluation approach takes into account the maximum potential output which 
can be produced with the available inputs. 

Full efficiency is attained by any industry sector if and only if none of its inputs or outputs can be improved 
without worsening some of its other inputs or outputs [6]. Many researchers have used various approaches to 
evaluate metal industry efficiency. There are numerous studies with Data Envelopment Analysis (DEA), for 
example, Lenort et al (2014) applied a DEA model to measure the efficiency of sectors manufacturing base 
metal in 25 European countries [7]. Similarly, Wysokinski et al (2014) compared the efficiency of mining and 
quarrying sector in 22 European countries [8]. Morfeld and Silveira (2014) used a DEA to investigate the energy 
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efficiency of European iron and steel production from 2000 to 2010 [9]. Ma et al (2002) used DEA to evaluate 
the efficiency of China’s iron and steel industry [10].  

Productivity growth is considered necessary to produce higher quality goods in a more efficient manner, which 
results in lower costs to consumers, and also to raise per capita incomes over time [11]. In the industry, 
productivity traditionally has been considered important to the development process, allowing countries to 
produce more products at lower cost and release resources to other sectors [12, 13]. There are two partial 
productivity measures. First is labor productivity, the other is capital productivity. Moreover, the Malmquist 
Index is a bilateral index that can be used to compare the productivity of two economies, sectors or companies. 
In this paper, Malmquist Index approach was used to examine metal industry efficiency and productivity. In 
contrast to conventional production function or other index approaches, the Malmquist approach can 
distinguish between two sources of productivity growth: changes in technical efficiency and technical change 
[14]. When applied to panel data, this approach can also identify the innovator sectors over time. The 
Malmquist approach does not require the assumption of efficient production, but instead identifies the ‘best-
practice’ countries or sectors in every period, which gives an efficient production frontier, and measures each 
country's or sector’s output relative to the frontier. The purpose of this article is to determine changes in the 
productivity of the metal sector in US. The study aims to verify the following hypotheses:  

H1: Changes in the technology were the main factor for improvements in the productivity of metal industry in 
US in 2006-2014. 

2. THE METHODOLOGY OF MALMQUIST PRODUCTIVITY INDEX 

The Malmquist Productivity Index (MPI) was employed in order to verify the research hypotheses on the basis 
of data for the metal industry in US.  Malmquist Productivity Index is the most frequently used approach to 
quantification of changes in total factor productivity. MPI first introduced by Malmquist [15] has further been 
studied and developed in Färe et al. [16; 17]. Färe et al. [16] constructed the DEA-based MPI as the geometric 
mean of the two Malmquist productivity indices of Caves et al. [18] - one measures the change in technical 
efficiency and the other measures the shift in the frontier technology. Färe et al. [17] developed it into the 
output-based Malmquist productivity change index. The input-oriented Malmquist productivity index of a DMU 
can be expressed as 
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where  xt and  xt+1 are input vectors of dimension l at time t and t+1, respectively. yt and yt+1 are the 
corresponding k-output vectors. Dt  and Dt+1 denote an input - oriented distance function with respect to 
production technology at t or t+1, which is defined as: 

{ })y(L)ρ/s(:ρmax=)y,x(D ∈                                                                                                                       (2) 

where L(y) represents the number of all input vectors with which a certain output vector y can be produced, 

that is, L(y)=ÌB: � ðKL Ü< t�ÍMsð<M ?�Áℎ BÏ. ρ in eq. (2) can be understood as a reciprocal value of the factor 
by with the total inputs could be maximally reduced without reducing output. 

M measures the productivity change between periods t and t + 1, productivity declines if M < 1, remains 
unchanged if M = 1 and improves if M > 1. The frontier technology determined by the efficient frontier is 
estimated using DEA for a set of DMUs. However, the frontier technology for a particular DMU under evaluation 
is only represented by a section of the DEA frontier or a facet. Färe et al. [17] decomposed the MPI in eq. (1) 
into two terms, as shown in eq. (3), that makes it possible to measure the change of technical efficiency and 
the shift of the frontier in terms of a specific DMU. This implies that productivity change includes changes in 
technical efficiency (EFCH) as well as changes in production technology (technical change TECH). 
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The first term on the left hand side captures the change in technical efficiency (EFCH) between periods t and 
t + 1. EFCH > 1 indicates that technical efficiency change improves while EFCH <1 indicates efficiency change 
declines. The second term measures the technology frontier shift (TECH) between periods t and  
t + 1. A value of TECH >1 indicates progress in the technology, a value of TECH < 1 indicates regress in the 
technology. TECH = 1 indicates no shift in technology frontier. The technical efficiency change can further be 
decomposed into scale efficiency change (SECH) and pure technical efficiency change (PTEC) [15]. 

3. RESULTS 

The studies undertaken cover the US metal manufacturing sectors in years 2006-2014. The study was based 
on source data collected in the IBISWorld Industry Report regarding the following metal manufacturing sectors 
in US:   
• metal pipe and tube manufacturing, 
• metal stamping and forging, 
• metal can and container manufacturing, 
• metal plating and treating, 
• metal tank manufacturing, 
• metalworking machinery manufacturing. 

In order to determine factors for changes in total productivity of US metal industry, the Malmquist Productivity 
Index was used. The calculated model uses the following variables: 

• effect y1 - revenue ($ m), 

• effect y2 - industry value added  ($ m), 

• input x1 - number of people employed in metal industry (people). 

 

Fig. 2  Malmquist Productivity Index, changes in technical efficiency, changes in production technology 
calculated for metal industry in US 

Source: Own calculations 

The average annual growth of the Malmquist Productivity Index for US metal industry amounted to 3.2% 
(Fig. 2 ) in the period covered by the study. The most significant increase in metal productivity was recorded 
between 2009/2010. The Malmquist Index for the period was 1.18. The increase of the Malmquist Index was 
influenced primarily by changes in the technology employed. The average growth of the technological change 
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index (TECH) was 4.7% for this period. In turn, the average change of the technical efficiency index (EFCH) 
was about 1% for the studied period. 

In the period from 2006 to 2009 and 2009 to 2011 a visible decline in metal industry productivity in US has 
been observed and only in the (2009/2010) period did the Malmquist index increase to the level of 1.18 (Fig. 2). 
It can be concluded that a decrease in metal industry productivity was mainly influenced by adverse changes 
in technical efficiency. The index for these changes (EFCH) from 2009/2010 to 2011/2012 fell from 1.11 to 
0.93, indicating a decrease in the technical efficiency of a metal industry over this period. 

When analysing the average level of the Malmquist Index (MPI) in individual sectors one should consider that 
respectively, 5 out of the 6 sectors improved overall productivity over the studied period. The highest average 
annual increase in productivity was recorded in the following sectors: metal pipe and tube manufacturing (9%), 
metal plating and treating (3.4%) and metal stamping and forging (2.8%), with the lowest in metal tank 
manufacturing (Fig. 3 ).  

 

Fig. 3  Average annual Malmquist Productivity Index (MPI) calculated for sectors 
Source: Own calculations 

The highest average indices of changes in technical efficiency (EFCH) were recorded in metal pipe and tube 
manufacturing (1.04) and metal can and container manufacturing (1.01). In turn, the lowest (less than 1) annual 
average indices of changes in efficiency were observed in metal stamping and forging, metal plating and 
treating, metal tank manufacturing and metalworking machinery manufacturing (Fig. 4 ). 

The largest average annual increases in the index of technological change (TECH) were recorded in metal 
can and container manufacturing (5.1%), other sectors recorded a similar index of technological change for 
example metalworking machinery manufacturing (4.9%), metal plating and treating (4.8%) and  metal tank 
manufacturing (4.8%) (Fig. 5 ). 

 

Fig. 4  Changes in technical efficiency (EFCH) for sectors 
Source: Own calculations 
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Fig. 5  Changes in production technology (TECH) for sectors 
Source: Own calculations 

4. CONCLUSIONS 

In the article an analysis of the changes in the productivity of US metal industry in the 2006-2014 period was 
performed using the Malmquist Productivity Index. The results of the study have made it possible to indicate 
the general trend in the change of productivity in metal industry at the national level, as well as for individual 
sectors. The results of the analysis indicate that in 2006-2014 there was a relative increase in metal industry 
productivity (annual average by 3.2%). In 5 out of the 6 US metal sectors the average MPI index for 2006-
2014 period was higher than one, which indicates an increase in sectors productivity. However, between 
individual periods both increases and decreases in productivity were observed. The highest annual average 
MPI indices were seen in: metal pipe and tube manufacturing, metal plating and treating. 

A decomposition of calculated Malmquist indices has made it possible to identify what factors determined the 
change in metal industry productivity in US. It was found that technological progress was the main factor 
influencing the change in productivity of US metal industry in 2006-2014 - the conducted studies have therefore 
made it possible to accept hypothesis H1. 
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Abstract 

Ecodesign of blades used in steam turbines is the example of integrating environmental aspects into the 
process of designing and development of a product during life cycle. The life cycle of blades begins with 
extraction of raw materials and manufacturing steel products used as material charge in the process of their 
production. Among the activities that can decrease environmental impact of blades during life cycle is 
considering the environmental profile of used steel. The aim of the article is identification of environmental 
impacts connected with alternative ecodesign variants created during modeling of using different steel products 
to manufacturing the blades and also determining potential and needs connected with elaborating 
environmental profile of blades life cycle. Environmental aspects concerning using different steel products are 
considered in relation to various forms of material and types of steel. The design variants are analyzed basing 
on LCI data concerning steel, taking ecodesign approaches and principles into account. The usability of 
specific LCI databases and LCIA methods was also considered. The analyzed problem can lead to determine 
possibilities of integrating environmental aspects concerning steel into design of blades, also in context of life 
cycle management. Presented considerations can be helpful in improving logistic chains and in making 
decisions connected with elaboration and implementation of eco-innovations. 

Keywords: Ecodesign, Life Cycle Inventory, steel products, steam turbine blades, eco-innovations 

1. INTRODUCTION 

The turbine together with the components - blades - this is one of the elements of the energy system influencing 
on the environment throughout the life cycle from pre-production phase through manufacturing and using 
phase until waste management including recycling. 

Usually the impact of energy on the environment is considered in the context of fuel to production electricity 
and heat, which is the basis of all production processes. The extension of this approach can be achieved by 
estimating the environmental impact related to the manufacturing of the turbine components as well as their 
modernization and repairs. Minimization of this impact can be achieved among others by increasing turbine 
efficiency and also by reducing the influence of the life cycle elements of turbines on environment. The 
significance of this problem is expressed in quantitative scale - steam turbine plants remain the most common 
type of systems used for combined production of electricity and heat [1]. Additionally steam turbine blades are 
the critical component in power plants, especially low pressure blades are generally found to be more 
susceptible to failure [2], so they need to be produced constantly. Existing power plants are equipped with old, 
even 50-years-old turbines working based on old and inefficient technologies. That is thus field for research to 
achieve both higher efficiency and performance as well as reducing the environmental impact. 

In this paper the attempt of considering the environmental impact of the pre-manufacturing and manufacturing 
phases in turbine blades production is made. Different steel products are considered as input for manufacturing 
process as well as potential and needs related to elaborating environmental profile of blades life cycle is 
determined. The procedure of ecodesign is applied to define the best variant taking the environmental profile 
into account among the other criteria. 
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2. ECODESIGN OF STEAM TURBINE BLADES - INSPIRATIONS  AND POSSIBLE SOLUTIONS 

Blades that are used in stationary energy industry are elements of thermal turbines in professional and 
industrial power plants and in combined power plants. Since one of the elements of innovation implementation 
in a company is identification of the needs and opportunities to implement innovations using the network of 
cooperation and relations with clients [3], the inspiration for ecodesign of blades was the option of using the 
results of analyses related to various environmental parameters in B2B relations. 

Within planning of the design process possible ecodesign approaches were considered. It was decided to 
begin ecodesign in the range of material efficiency improvement, energy efficiency improvement and durability 
increase. Those approaches can be particularized (according to ISO/TR 14062 [4]): minimization of the 
materials consumption, use of materials with lower environmental impact, use of recycled materials, 
consideration of total energy consumption in the whole product life cycle, consideration of long product lifetime 
and consideration of environmental improvements resulting from new technologies. Taking these approaches 
into account the possible ecodesign solutions can be identified (Table 1 ). 

Table 1  Ecodesign solutions for steam turbine blades 

Ecodesign approaches Possible ecodesign solutions f or the blades 

Material 
efficiency 
improvement 

Minimization of the materials consumption 
Selection of constructional variant with lower 
consumption of steel 

Use of materials with lower environmental 
impact 

− Use of steel that has the lowest environmental 
impact 

− Cooperation with suppliers of materials in range 
of reduction of the environmental impact 

Use of recycled materials Use of steel with the high recycling rate 

Energy 
efficiency 
improvement 

Consideration of total energy consumption in the 
whole product life cycle 

Minimization of energy consumption on different 
stages of life cycle 

Durability 
increase 

Consideration of long product lifetime 
Looking for the optimal constructional solution 
taking into account failures reduction 

Consideration of environmental improvements 
resulting from new technologies 

Looking for the optimal constructional and 
technology solution 

As we can see in Table 1 , the possibilities of reducing the environmental impact of blades in the range of 
selected ecodesign approaches, relate mainly to the three stages of life cycle - acquisition and processing of 
raw materials, manufacturing of blades and waste management. The first phase of blades life cycle is 
acquisition of raw materials and processing them in the process of manufacturing the steel products. By using 
steel that has the lowest environmental impact, the designer can influence on the environmental profile of 
blades life cycle. 

On the other hand the possibility of inclusion of the environmental criteria in blades life cycle design depends 
strongly on the supply chain condition, beginning with the steel producers. Steel industry has significantly 
limited its environmental impact in the recent years, but eco-innovative solutions still need to be developed 
and implemented in numerous areas [5]. Moreover the steel industry is development-oriented sector. There 
are continually developing new types of steel for specific applications as well as there are R&D departments 
in the steel plants working [6, 7]. Thus the developing potential can be the other inspiration for including the 
stage of steel manufacturing in this study. 

3. ECODESIGN VARIANTS OF STEAM TURBINE BLADES 

Making the choice of specific ecodesign solutions it is necessary to achieve a reasonable balance between 
the various environmental issues and other relevant aspects such as safety and health, technical requirements, 
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functionality, quality, performance, and economic aspects, including manufacturing costs and marketability, 
while complying with all relevant legislation [4, 8]. 

Taking the above into account, searching for the eco-innovative solution was preceded by initial assumptions 
formulation and defining technical parameters, criteria related to safety, manufacturing and environmental 
requirements (see [9]). Finally two constructional variants of possible solutions have been identified - (A) stator 
blade - spacer and shroud made separately (standard solution) and (B) stator blade - spacer and shroud made 
of one piece of material (innovative solution) (Fig. 1 ).  

 

Fig. 1 CAD models of stator blades - two analysed variants in ecodesign 

Working conditions of blades installed in turbine (high temperature, high stress and vibrations) determine the 
necessity of taking the strength and other important parameters of material into account. Material for blades 
manufacturing should be stainless steel for example the grades X12Cr13, X20Cr13. For the analysis the 
constructional and material variants were selected (Table 2 ). 

Table 2 Constructional and material variants of analysed solutions 

Constructional variants 
Variant A spacer and shroud made separately 
Variant B spacer and shroud made of one piece of material 

Material variants 
Variant 1 X12Cr13 

Variant 2 X20Cr13 

4. ENVIRONMENTAL EVALUATION OF VARIANTS OF STEAM TU RBINE BLADES 

Within integration of environmental aspects into design process designers need to have reliable information 
concerning environmental impact of considered solutions. Such information can be provided by the quantitative 
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analysis, mainly through the use of Life Cycle Assessment LCA [10]. For the designer developing the 
ecodesign solution the real difficulty is gaining the data and carrying out the life cycle impact assessment of 
the pre-production phases that are outside of the enterprise control, especially if the acquisition and processing 
of raw materials in order to obtain material for production is so complex process such as steel production, even 
if it is supported with the software and databases. 

In the case of blades the life cycle assessment was carried out for the functional unit equals 100 blades, taking 
two phases of life cycle into account into account - (1) acquisition and processing of raw materials, (2) 
manufacturing of blades. Due to the lack of the data concerning steel grades that are considered as the input 
material for blades manufacturing, the available data from databases were used. The data come from the 
ecoinvent database (in SimaPro) as well as from International Stainless Steel Forum and in both cases 
concerns 304 steel grade. The results of the LCA are presented in Table 3 . 

Table 3 Comparison of LCIA (characterisation, ReCiPe Midpoint H) of two constructional variants of blades 
with using different data sources concerning steel 

Impact category Unit 

Variant A Variant B Variant A Variant B 

Data on steel from 
ecoinvent 2 (chromium 

steel 18/8 (Europe)) 

Data on steel from ISSF 
(world mean) 

Climate change kg CO2 eq 2717.92 2011.61 2665.58 1960.88 

Ozone depletion kg CFC-11 eq 0.00005 0.00004 0.00004 0.00003 

Human toxicity kg 1,4-DB eq 1719.88 129081 1650.66 1223.85 

Photochemical oxidant formation kg NMVOC 6.20 4.64 6.10 4.54 

Particulate matter formation kg PM10 eq 5.01 3.91 4.18 3.11 

Ionising radiation kg U235 eq 108.42 90.28 51.88 35.58 

Terrestrial acidification kg SO2 eq 14.44 10.61 15.26 11.41 

Freshwater eutrophication kg P eq 2.38 1.76 2.25 1.64 

Marine eutrophication kg N eq 0.70 0.52 0.68 0.50 

Terrestrial ecotoxicity kg 1,4-DB eq 0.13 0.11 0.11 0.09 

Freshwater ecotoxicity kg 1,4-DB eq 54.59 44.70 33.79 24.58 

Marine ecotoxicity kg 1,4-DB eq 54.64 44.95 33.25 24.26 

Agricultural land occupation m2a 51.03 38.88 43.97 32.05 

Urban land occupation m2a 12.43 10.06 8.25 6.01 

Natural land transformation m2 0.11 0.09 0.08 0.06 

Water depletion m3 12.22 9.08 10.42 7.34 

Metal depletion kg Fe eq 839.24 810.12 6.27 4.46 

Fossil depletion kg oil eq 737.85 548.69 705.35 517.25 

The obtained results indicate that the lower environmental impact corresponds to the constructional variant B 
that is manufacturing of blades elements of one piece of material. It is associated with another processing 
method, differences in the technology. The differences between the same constructional variants analysed 
using different data sources concerning steel in this case don’t affect the proportion of the comparison.   

The further research focused on answering the question if it is possible to acquire data unequivocally indicating 
the best solution from the acceptable material variants. The set of environmental parameters of a few steel 
grades (among others for material variants) is presented in Table 4. 
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Table 4 Energy Demand and Carbon Footprint of selected steel grades 

Steel grades or 
types AISI CED1 [MJ/kg] Carbon Footprint (or Global 

Warming Potential) [kg CO 2 eq./kg] Source of data 

1.4006 410 83.6 4.5 
[11] 

1.4021 420 89.8 4.9 

1.4016 430 28.5 1.9 
[12]2 

1.4301 304 31.7 2.0 
1CED - Cumulative Energy Demand - in this column are presented the data calculated as CED or PED (Primary Energy 
Demand) - according [13] this is the same indicator differing in names and compatibility to databases and/or software. 
2Characterisation factors for these results come from CML-IA Characterization factors. Leiden: Leiden University. 

Table 4 shows that the better variant of the two possible materials in blades manufacturing taking the 
environmental aspects into account is using the X12Cr13 steel (AISI 410) because it is the steel grade 
characterised by lower energy requirement and lower GHG emissions relating to the same functional unit. Data 
for two other steel grades are presented for comparison. It should also be noted that the difference between 
the CED for 410 and 420 grades of steel and 304 steel grade for which the analysis was taken above is more 
than 2.5 times, which is a substantial disparity.   

Using as input material the various forms of steel may also influence on the final balance of life cycle 
environmental impact. Using the matrix forgings for blades manufacturing contributes to reducing the 
consumption of material, energy and tools (basing on qualitative assessment). Using hot rolled steel bars and 
forged bars in this respect is worse solution, although it would be necessary to determine the environmental 
impact associated with the whole life cycle. 

Practitioners in the design teams need to have the data and information facilitating inclusion of ecodesign 
parameters in their work. The needed data can be searched in LCI databases, such as data accessible from 
World Steel Association (LCI for 15 main finished products of the steel industry but there is no data for 
engineering steel and stainless steel products), Eurofer (European stainless steel study available for grades 
304, 316, 430 and 2205 Duplex) as well as from International Stainless Steel Forum ISSF (for grade 304). 
Another source of data concerning steel is ecoinvent (above 340 records concerning the steel, including 
stainless steel) and European reference Life Cycle Database ELCD shared by JRC (datasets also concerning 
stainless steel). Apart from the above mentioned data sources the designers can also use data in scientific 
publications as for example [12, 14]. However many practical problems related to the use of data on steel 
result from the differences in datasets versions and updates. The similar situation is relating to use of the LCIA 
methods. Among many LCIA methods that are using in studies on steel we can indicate ReCiPe, CED, IPCC, 
CML, IMPACT2002+, EPS, Eco-indicator 99. In [15] authors describe five LCIA methods taking different criteria 
like value choices and assumptions, scientific and technical validity, applicability into account. They stated that 
there are many problems in using and interpretation of the LCIA methods. Using CED method in this study is 
simple but there are methodological intricacies that can be another barrier for practitioners.   

5. CONCLUSIONS 

Presented study can be illustration of carrying out the ecodesign modelling of the solutions and inclusion of 
the wider perspective of the product life cycle in design process. Based on the conducted analysis it is stated 
that the best solution is production of integrated blades (constructional variant B) using the X12Cr13 steel. But 
simultaneously the difficulties in gaining the data, their interpretation and selecting the appropriate methods 
were evident. To stimulate the elaboration and implementation of eco-innovations the support in ecodesign 
process is highly needed. For steel considered in ecodesign of the products further research concerning 
databases integration and unification of methodology should be conducted. 
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Abstract 

The key elements affecting the technology of pig iron production include zinc and all its compounds. Zinc 
generally belongs to heavy metals. It has very negative impact during the production of iron, as well as on the 
quality of the produced metal itself. With regards to the physical and chemical properties of these metals, there 
is a cycle between the lower parts of blast furnace with high temperatures, which lead to reduction and 
vaporization, and upper parts of the furnace shaft with low temperatures, where the vapour condenses. Zinc 
affects especially the quality and life of blast furnace lining within the blast furnace process. Zinc gradually 
builds up and causes continuous degradation of blast furnace lining. The amount of zinc in blast furnace lining 
is different in its individual parts. This is given by the blast furnace process sequence, especially the amount 
of zinc entering the process in the form of the input raw materials. The research has experimentally determined 
the amount of zinc in the input and output raw materials and the quantities allocated in the selected parts of 
blast furnace lining. The objective of this article is to analyze the main sources of zinc entering the blast furnace 
process and to identify its effect on the life and quality of blast furnace lining. 

Keywords: Iron, steel, costs, zinc 

1. INTRODUCTION 

Industrial production of iron from natural raw materials is currently performed using three most important 
technologies: production of pig iron in blast furnace, production of pig iron by means of smelting reduction, and 
direct production of pig iron from iron ore [1]. It must, however, be noted that approximately 98 % of produced 
pig iron comes from blast furnaces. Blast furnace production of iron can be classified into two basic processes. 
The first one is associated with the preparation of the blast furnace charge and the other one is the blast 
furnace operation itself [2, 3]. 

The input raw materials into the blast furnace process can be divided according to a number of aspects. The 
blast furnace charge itself consists of fuel, iron ore raw materials and fluxes [4]. All input raw materials must 
be supplied in such a ratio that ensures the production of certain amount of pig iron in the given quality. The 
function of fuel in the blast furnace is to supply sufficient amount of heat and reducing agent, to carburize iron 
until it is saturated and to create a solid frame, especially in the lower part of the furnace, which facilitates the 
flow of gases through charge at temperatures at which the ore materials soften and melt [5, 6]. The function 
ensuring the passage of gases from the lower parts of the blast furnace to higher ones significantly affects the 
entire blast furnace process. That is why coke can be pinpointed as the elementary fuel in the production of 
iron. Other forms of heat and reducing substances can be fed into the blast furnace process in the form of 
natural gas, oil or powder fuels [7]. 

The amount and the effect of negative elements represent an important aspect of the production of iron. The 
basic harmful elements in the blast furnace process include, in particular: S, P, Cd, Zn, Pb, As, Na2O, K2O [8]. 
The key elements having negative impact on the course of the blast furnace process include zinc and its 
compounds [9]. Zinc, as well as lead, belongs to heavy metals. These elements enter the blast furnace along 
with the blast furnace charge in the form of oxides and sulphides. With regards to the physical and chemical 
properties of these metals, the blast furnace creates a cycle between the lower parts with high temperatures, 
which leads to reduction and vaporization, and the upper parts of the furnace shaft with low temperatures, 
where the vapours condense. Zinc enters the blast furnace mainly as part of ore, but also through coke [10, 
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11]. Generally, it can be stated that the zinc content in sinter and pellets is higher than in natural ores. This is 
mainly caused by the processing of waste, such as sludge, which often contains high amounts of this element 
[17, 18, 19]. However, an effective utilization of all input raw materials then naturally affects the cost aspects 
of metallurgical production. It will always be necessary to take into account both the metallurgical factors, and 
the aspects affecting the overall production cost [20, 21, 22]. The objective of this article is to analyze the main 
sources of zinc entering the blast furnace process and to identify its impact on the quality and life of blast 
furnace lining. Shorter life of blast furnace lining can therefore significantly affect the costs of production of 
iron. 

2. PROBLEM FORMULATION   

Iron ores contain zinc in the form of compounds, such as: ZnS, ZnO, ZnCO3, Zn2SiO4 and others. Zinc gets 
into the blast furnace from ore, but also as part of coke [12]. The zinc content in sinter and pellets is higher 
than in natural ores. This is the result of frequent processing of blast furnace waste materials. The amount of 
zinc in the blast furnace charge is crucial, especially due to its repetitive entry into the process [13, 25, 26]. 
Blast furnace charge moving down during the process is gradually heated up, which leads to the reduction of 
zinc compounds. The melting of zinc occurs at a temperature of 440°C - 930°C. In case of the presence of 
CaO, zinc may react according to the following reaction formula: 

ZnS + CaO + C → Zn + CaS + CO                                                                                                                 (1) 

The reaction of zinc directly with carbon can be generally regarded as more frequent. This is due to the fact 
that the contact of ZnS with iron is closer than with solid CaO. At the same time, zinc is reduced by means of 
CO and H2. The fundamental problem in assessing the impact of zinc is its cycle within the blast furnace 
process. Reduced zinc immediately evaporates and returns with gas to the upper parts of the furnace, where 
the temperature is lower [14, 23]. Zinc is oxidized by means of carbon dioxide and condenses on the surfaces 
of larger pieces of charge. These pieces of charge gradually fall down into the lower parts of the blast 
furnace [15]. Here, the conditions of high temperatures logically cause vaporization. The entire process of the 
cycle of this element is thus continuously repeated [16, 24]. A smaller part of zinc leaves the blast furnace 
process as part of the output products of the process. At the same time, zinc and its compounds are further 
added in the input raw materials. The zinc content is therefore a key parameter that needs to be constantly 
monitored. The conducted research has experimentally determined the amount of zinc in the main input blast 
furnace raw materials. The values are shown in Fig. 1 .  

 
Fig. 1 Share of zinc in the basic blast furnace input raw materials 
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The largest share of zinc enters the blast furnace in the form of sintering mixture (69.20 %). All other input raw 
materials bring significantly lower shares into the blast furnace process. The highest share of zinc from other 
input raw materials can be found in coke (10.20 %). The amount of zinc contained in the sintering mixture can 
then be reduced by selecting suitable and high quality ore, but also by the composition of the sintering mixture. 
At the same time, its content can be reduced through suitable conditions during the mixture sintering. It can 
be generally stated that the amount of zinc entering the blast furnace process significantly affects its following 
cycle in the process and its ratio in the output raw materials. 

3. EXPERIMENTAL WORK 

The conducted research was focused not only on the amount of zinc in the input raw materials, but also on its 
content in the output products and in the individual parts of the lining. Nearly half of all zinc leaving the blast 
furnace process is allocated in the form of pig iron (45.60 %), as shown in Fig. 2 . Blast furnace sludge 
contained an average of 31.80 % of this metal out of the total volume of the output raw materials. The throat 
dust and blast furnace slag are relatively insignificant in terms of the zinc content (10.20 % and 10.40 %). The 
majority of zinc therefore passes directly into the produced metal. That is why it is very difficult to remove zinc 
from the process in the form of slag, such as, for example, in case of sulphur or other negative elements. 

 

Fig. 2 Share of zinc in the basic blast furnace output raw products 

The research conducted in this case also simultaneously analyzed samples of blast furnace lining which had 
been taken during the repair and reconstruction of the blast furnace. The analyses have shown two areas 
where the largest concentration of zinc had penetrated into the lining. These were areas in the upper part of 
the furnace (6-13 m) and in the lower part as well (18-25 m). The content of zinc and its compounds in these 
parts was almost twice as high as in the other parts. At the same time, the most frequent and the largest 
damage of the lining has also been found in these parts. This may be caused by the change in volume that 
occurs during the transition of zinc from gaseous to solid state. Exact data on the individual shares of zinc in 
the specific parts of the blast furnace are shown in Fig. 3. 
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Fig. 3 Zinc content in blast furnace lining 

4. CONCLUSIONS 

Zinc and its compounds have a number of negative properties which manifest themselves both within the 
scope of the actual blast furnace process and within the scope of sintering, as well as in secondary metallurgy 
processes. The most important negative effects within the blast furnace process itself include mainly the 
consequences of the effects of zinc and its compounds on the blast furnace lining. The main causes of blast 
furnace lining damage include, in particular: thermal stress, mechanical stress, oxidation and reaction with 
alkali. In real practice, we do not see the action of one key cause, but a synergy of all these aspects, which 
ultimately affect the degradation of the blast furnace linings. The deposition of zinc in the blast furnace lining 
significantly affects its life. This is primarily due to the catalytic effect of zinc oxide. Another key factor is the 
formation of low-melting eutectics, or the evaporation of some of the lining components. An analysis of selected 
samples of lining has simultaneously identified carbon deposits around zinc silicates, which have also been 
frequently found in areas of significant damage to the lining surface. Crucial problems are also caused by 
metallic zinc vapours. They penetrate into the blast furnace lining, where they are oxidized. This is 
accompanied by the volume increase of metal, which ultimately causes damage to the blast furnace lining. 
The thermal expansion of zinc is much higher than in case of the lining itself. The amount of zinc allocated in 
the blast furnace lining was directly proportional to its damage and its surface defects. 

The research has demonstrated that part of the oxidized zinc vapours condense on the walls in the upper 
sections of blast furnace. These deposits can affect the gas-dynamic conditions and disrupt the effective 
course of this technological process. Releasing these parts can bring potential cooling of the blast furnace 
hearth. 

The re-entry of zinc into the blast furnace process and its negative effect on the blast furnace lining increase 
the requirements to reduce its content in the input blast furnace raw materials. One of the options how to 
reduce the content of zinc is its removal within the scope of the sintering process. It is possible to remove zinc 
from charge by supplying sufficient amount of fuel within the frame of the sintering process. A significant 
reduction of zinc can be observed with 25 % fuel content in charge. This reduction is very significant with 30% 
of fuel share. Higher fuel content is primarily associated with higher temperature of the sintering process. This 
has crucial affect on the volatility of zinc. The presence of zinc in the hot gas leaving the process can be within 
the interval ranging from 30 to 160 mg of zinc / m-3.        

Generally, it can be stated that increasing the fuel content in the sintering mixture creates favourable reducing 
conditions for the removal of zinc in the sintered mixture. However, these reduction conditions are very 
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unfavourable from the viewpoint of the removal of sulphur from the sintering mixture. One of the ways of 
removing zinc from the sintering process is also the addition of CaCl2. This compound significantly contributes 
to the evaporation of zinc during sintering. The amount of zinc, which is transferred in the form of sintering 
mixture into the blast furnace, is primarily determined by its amount in the input sintering raw materials. 

Zinc in the blast furnace process affects not only the quality of the produced metal, the lining life, but it can 
also affect the working environment. Zinc allocated in charge is exposed to direct reduction in the hearth and 
tuyeres section, and it is transferred into pig iron. The hot issue here is the fact that it oxidises during tapping. 
White gas, which predominantly contains ZnO and PbO, is formed during the oxidation. This gas can have 
adverse affect on the working environment and the health of employees. Determining the maximum limit of 
zinc in the blast furnace is always very individual. It is always necessary to consider a number of factors, such 
as the construction of the blast furnace, the wall thickness, the type and intensity of cooling, and the useful 
volume of the blast furnace. 
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Abstract  

Stock is generally considered to be a sign of incomplete material flow control in logistics and supply chains. 
However, it often cannot be eliminated, because the specific conditions in the link do not allow doing so for a 
variety of reasons. It is not possible to achieve full coordination of material flows based on the implementation 
of modern methods of material flow management, such as the CPFR method (Collaborative planning, 
forecasting and replenishment). The paper presents results of two primary researches carried out in metallurgy 
wholesale and an engineering company that uses metallurgical materials as input. It evaluates the research 
results and makes comparisons between inventory management approaches of the two companies. It also 
shows how the inventory management approaches in these companies affect the specific conditions prevailing 
among their suppliers of metallurgical materials, i.e. the specific conditions associated with metallurgical 
production.    

Keywords: Stock, supply chain, logistics, CPFR, metallurgy  

1. INTRODUCTION  

In today’s globalized and highly competitive business era the manufacturing organizations have begun to 
realize that in order to gain and sustain the competitive advantage they have to deliver the best customer value 
at the lowest possible cost [1]. The need to better anticipate changes in the market environment and quickly 
adapt to them, however, requires multilateral cooperation among all those involved in the creation and delivery 
of value. It is from the uniqueness of the network of partners, their activities and relationships that much of the 
competitive advantage currently stems [2]. It is already quite obvious that successful businesses are those that 
can develop cooperation with their business partners and build supply chains of various lengths with them. 
Increasingly in the past three decades several companies have established collaborations with other supply 
chain (SC) partners [3]. According to literature [4], SC collaboration will be beneficial to the parties only when 
all members in SC cooperate. What seems to be ideal is a total coordination of material flows based on the 
implementation of modern methods of material flow management, such as the CPFR method (Collaborative 
Planning, Forecasting and Replenishment). The lack of collaborative forecasting leads to formation of 
independent forecasts performed at several places of the supply chain and leading to incorrect coordination 
of company activities and to disproportional amount of stock along the whole material flow [5]. However, the 
CPFR method it is not fully recoverable in all chains. For example in metallurgical supply chain, cooperation is 
still at a low level, in relation to other areas [6]. In that case, it is desirable to develop cooperation between at 
least two immediate links, i.e. between the supplier and his customer.   

Regarding the possibilities of developing cooperation between the manufacturer of metallurgical products and 
other parts of the supply chain, they are affected not only by which part of the chain the direct purchaser is in, 
what function it performs and how it uses the products, but also by what customers it serves (what their needs 
and requirements are) and how it has decided to satisfy them. At the same time, the possibilities of cooperation 
are greatly affected by the size of bargaining power that it can apply towards its business partners. The final 
form of cooperation is then determined by the necessity to respect the needs, wishes and requirements of 
customers, but also the necessity to respect its own limitations (given especially by the nature of metallurgical 
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production) and specific conditions prevalent in the chain. It can be noted that the final form of cooperation is 
the result of a compromise reached between the supplier and the customer. This compromise then affects the 
form of material flow in that part of the chain and, at the same time, also the location of stock and the amount 
thereof by individual items sold to the customer.    

The form of cooperation between the manufacturer of metallurgical products and its direct customers, including 
the impact of this cooperation on stock management in that part of the chain, became a subject of the research 
performed. When choosing enterprises where to perform the research, the authors proceeded from the fact 
that the metallurgical enterprises are located in different places of the supply chain and their customers can 
be divided into three basic categories [6]:  

• direct customers (process metallurgical material in their own production processes),  

• distribution and service centres (taking over both non-technological and certain technological operations 
of the manufacturers), 

• wholesalers of metallurgical products (sell products in small quantities for final consumption and small 
businesses).  

One primary research was carried out with the direct customer - in an engineering company that processes 
metallurgical material, the other one took place in a metallurgical material wholesaler. Both of these businesses 
are characterized by a difficult-to-predict demand for their products, which needs to be promptly satisfied to 
keep the market position, but each of the enterprises is in a different point of the chain (at a different distance 
with respect to final customers) and also they both have different bargaining power in relation to the supplier 
of the metallurgical material.  

The main goals of the primary researches were to explore how suppliers of the metallurgical material are 
chosen, how contacts are made with them, what level and what specific form the cooperation between the 
customer and the supplier of the metallurgical material has and how the cooperation translates into the stock 
management. At the same time, the authors explored the impact of commercial transactions on the economic 
situation of the customer.   

Both primary researches were conducted through personal interviews according to a survey scenario, which 
contained questions designed to fulfil the primary objective (and partial objectives of the research derived 
therefrom). The respondent in a manufacturing company was the Logistics Director; respondents in the 
metallurgical wholesalers were a worker responsible for the execution of business operations and the chief 
economist of the company. The research was conducted in the period December 2014 - February 2015. 
Information obtained was processed using a content analysis.    

2. THEORETICAL BACKGROUND - INVENTORIES AS A RESULT  OF SPECIFIC CONDITIONS IN 
THE CHAIN, INCLUDING A LACK OF COOPERATION  

As mentioned above, the form of cooperation in the particular chain is given partly by objective factors arising 
from limitations of the business partners and partly by specific factors, arising from the conditions of the 
particular chain and the chosen customer service strategy. Metallurgical supply chains are specific, especially 
thanks to the nature of the production systems that are contained in them [6]. The following factors appear to 
be restrictive with regard to the metallurgical enterprise in these chains: 

• The nature of its own metallurgical production entailing limitation of flexibility.  
The production equipment of metallurgical companies is often designed to process relatively large 
quantities of products within one cycle, i.e. production has the character of mass and batch production 
[7]. The problem is that increasing demand of customers for decrease in order volume and the growth 
of assortment range [8, 9] lead to a significant increase of conversion and setup times of equipment [7].  

• The necessity to produce in large volumes allowing it to achieve acceptable economy of the 
manufacturing processes. 
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Only mass or batch production allows maximizing the capacity exploitation of the capital-intensive 
production facilities [7]. If frequent setups necessary for small orders of wide assortment range are 
accepted it can make production uneconomic [8]. 

• The nature of the metallurgical production outputs and the scope of production. 
While the metallurgical products are apparently simple, their quantity is enormous [7]. These are 
products often entailing large volumes and large weight. They need to be produced in a wide range, so 
that diverse requirements of a wide range of customers can be met. It is the type "V", i.e. large numbers 
of finished products is produced from small number of input raw materials [10]. The combinations of 
grades, shapes, sizes, heat treatments and surface treatments create up to tens of thousands of items 
of rolled products [7, 11].  

• The necessity to move large mass volumes (which results from the nature of the products manufactured) 
and the associated limitations in terms of types of transport that can realistically be used, either for 
technical and economic reasons. 

• The storage capacity, the size of which needs to be proportionate to the nature, quantity and range of 
the manufactured products. 

Metallurgical companies are characterized by their large extent given by their great space requirements for 
each technology and storage of raw materials, semi-finished and finished products [7]. The above factors also 
show that the metallurgical companies keep relatively high amounts of raw materials, materials, intermediate 
products and finished products in stock [7].  

These objective reasons create an enormous pressure on the formation of inventory in the chain, in which the 
manufacturer of metallurgical products is involved. The task of inventory management in an industrial company 
is to keep the inventory at such a level that enables high-quality performance of its functions, which include 
especially levelling of the geographical, time and quantitative discrepancies between the processes of 
suppliers and customers and also absorbing or completely eliminating random fluctuations during the follow-
up processes, so as to maintain the continuity of the material flows in the supply chain [12]. However, stocks 
of metallurgical products not only present a huge mass contained in the chain, but also a tremendous value 
expressed in monetary terms, which usually means an enormous economic burden for selected links of the 
chain and reduction of the economic success of the whole chain. The only way to resist this fact is to cooperate 
in the chain with business partners, integrate corporate logistics systems into higher units - supply chain 
systems and continuously improve material flow throughout these chains by implementing modern methods 
such as Quick Response, VMI, CRP, CPFR.  

Implementation of these methods in the final form, however, is likely to be precluded by the specifics of 
metallurgical productions and products based thereon. However, this means that it is not possible to completely 
eliminate the stock of the chain and the costs associated therewith, but both can be substantially reduced 
through cooperation. The selection of the right system of inventory management is a strategic decision that 
will fundamentally affect the operation of the whole industrial company [12]. The characteristics that affect the 
choice of the inventory management system are mainly the purpose of the inventory in a concrete plant, the 
character of needs/demand, the economic conditions of company, the quality of information sources and the 
system of material flows within the supply chain [13].  

3. PRACTICAL RESEARCH - METHOD OF COOPERATION BETWE EN CUSTOMERS AND 
SUPPLIERS OF METALLURGICAL MATERIAL INCLUDING EFFEC TS ON INVENTORY  

The primary research was conducted in two companies (referred to as Company A and Company B) that 
represent a group of industrial manufacturers, who purchase metallurgical outputs to manufacture their own 
products (Company A) as well as a group of metallurgical wholesalers selling in small quantities to end-users 
and small businesses (Company B). 
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3.1. Results of Research - Company A (Industrial Ma nufacturer)  

Engineering company A is a major direct purchaser of metallurgical industry products (annually it processes 
more than 100 thousand tons of metallurgical material). It is one of the production units of a large multinational 
company. The production unit is supposed to produce products at the required time and in the required quality 
at reasonable costs as required by the pattern company and send them to the logistics centre, which will fulfil 
a marketing strategy specified by the centre. The products are mainly intended for further processing. Sales 
including any additional services are provided by specialized sales unit, which ultimately means that the 
company, except in exceptional cases, does not know its customers (not only end customers, but not even 
direct ones). 

The company's products are divided by the purpose of usage into five relatively independent groups, 
distinguished only by the metallurgical material and the method for processing thereof (shaping, finishing). In 
these groups, by a wide range of products is produced that are intended for different uses, they also differ in 
the way and size of packaging. 

The production is relatively simple with a reasonable degree of flexibility. Framework production plans are 
based on the plans of the sales units. Operational production plans are made on the basis of current 
requirements of the centre (a make-to-order system, with delivery in a very short time, often within 24 hours). 
Individual requirements are assigned identification codes that uniquely identify the product, including the 
packaging, the required quantity and delivery date and subsequently the required production time. This 
approach to orders allows the company to meet requirements flexibly while contributing to reducing the locked-
up working capital. 

Given that the technical parameters of the input metallurgical material and its price significantly affect the costs 
of the company (material costs account for about 80% of the cost of products), the company has a relatively 
large discretion in choosing suppliers, even though the purchase of strategically important items is controlled 
by the centre. There are a lot of possible suppliers of the input metallurgical material. With regard to the specific 
quality requirements for purchased materials, the company cannot buy from unverified suppliers and, for the 
same reason, neither simply change the supplier. In addition, quality requirements for inputs are so specific 
that adaptation of the supplier to the company’s quality requirements is a long-term affair. Long-term 
relationships with suppliers are therefore important to the company. It is therefore quality and its stability and 
reasonable price (assessed 10 at a 10-point scale), the speed of response to the demands (assessed 9) and 
variability and adaptation of the packaging and supplier reliability (assessed 8) that are considered to be the 
most important criteria when choosing a supplier.    

The company purchases directly from manufacturers. For a given item/group of items of the metallurgical 
material it usually has one main supplier that covers up to 80 per cent of needs and one add-in supplier. Large 
purchases from one supplier allow the company to achieve better prices while contributing to establishing 
deeper cooperation and strengthening relationships. The company has signed contracts for consignment 
storage with almost all suppliers; the consignment does not include only small-volume and low-turnover items. 
Consignment stores are set up directly at the customer’s place of business. All activities associated with 
consignment storage are provided and funded by the customer, the cost of capital locked-up in inventory are 
borne by the supplier. Since business plans are not shared, the customer also determines stock replenishment. 
The company considers the system to be optimal.  

3.2. Results of Research - Company B (Metallurgical  Wholesaler) 

Company B is a wholesaler of metallurgical material, but it also provides retail activities. Its annual sales are 
about CZK 250 million (EUR 10 million). The company focuses on a wide range of common metallurgical 
material for engineering and construction purposes. It is one of the leading firms in the field in our country. Its 
customers are mainly local metalwork, engineering and construction companies (60 %), smaller retailers 
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(30 %) and consumers (10 %). Competition in the sector is growing, which creates pressure on prices. 
Customer loyalty is declining, they often buy based on the current lowest price offered. Differences in selling 
prices among customers are mainly due to quantity rebates.   

The company considers speed, quality, reasonable prices and a wide range of metallurgical material offered 
in stock to be its strengths. Other advantages include storage capacity and sufficient financial resources. The 
company is thus able to compensate for the gap between series production in the metallurgical industry and a 
relatively balanced demand for its products. Smaller companies find it difficult, either for financial or storage 
reasons, to buy one-off large amounts.   

The basic criteria for selecting suppliers are quality and price. As for basic items, the company cooperates with 
a long-term one supplier from the Czech Republic, only in case of problems it purchases from other suppliers. 
As for other materials, it chooses according to the current price. It makes use of the total of 6-7 stable suppliers, 
for a half of which it is a key customer in each commodity. Purchase plans are compiled monthly being primarily 
based on an analysis of sales for the last three months, while manufacturing capabilities and plans of suppliers 
are taken into account. 

Mainly due to the demands for the quality of purchased items, stable long-term relationships with suppliers are 
preferred. The current level of cooperation with suppliers is evaluated as good, but it is in accordance with 
normal business relations. The main reason is a required commercial freedom, which is more valuable than 
the potential benefits of linking information systems and sharing information on stocks, automatic stock 
replenishment with the supplier, sharing plans, etc. The current system of supply and the stock levels meet to 
the needs and goals of the company.     

3.3. Evaluation of the Results of Research   

The enterprises examined are located in different parts of the supply chain and they also differ in fields of 
activities, yet common factors can still be specified that influence their approach to inventory management of 
inputs. A common feature is the general effort to accommodate customers. Both companies seek an immediate 
or almost immediate satisfaction of customer demands, which contributes to the fulfilment of the chosen 
marketing strategy. Both companies are significantly determined by the specific conditions of metallurgical 
production and the nature of its outputs. 

Their approach to stock and management thereof, however, is quite different. The main reasons, in addition 
to different business focus and the ensuing different character of their customers’ requirements, can be seen 
in the differences in bargaining power and the size of the interest in deepening cooperation. The different 
approaches to stock management also have different economic impacts, especially a different impact on the 
size of the necessary working capital. 

The basic problem, which affects the approach to inventory management in the manufacturing enterprise, is 
low flexibility of the supplier in relation to the needs of the customer. The supplier is not objectively able to 
achieve the desired flexibility. The different nature of production of the supplier and that of the customer leads 
to a certain level of stocks, but the question is where in the chain they are to be placed. Given the bargaining 
power of the customer, the stock is held by the supplier, with regard to the specifics of material flow and efforts 
of both parties to establish long-term cooperation, under these conditions consignment storage is a reasonable 
compromise. The cost of locked-up working capital is borne in this case by the supplier.         

The discrepancy in the necessary flexibility of the customer and the limited flexibility of the supplier as well as 
the specifics of metallurgical material flow are also dealt with by the wholesaler with creation of stock. Creation 
of stock in the customer’s place, however, arises from the nature of the business (concentration of supply of a 
wide range of metallurgical materials and resolving of the discrepancy between the necessary purchase in 
bulk and sale in small quantities). Although the difference in bargaining power between the supplier and the 
customer is not as large as in the previous case, nevertheless the wholesaler is advantaged due to the excess 
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supply. Neither party, however, has a deeper interest in cooperation. For the supplier, the company is not a 
key customer; the wholesaler sees no significant benefits in closer cooperation. Relationships in the chain are 
highly competitive and trust between partners is minimal. Information sharing and other forms of cooperation 
are therefore perceived as factors that could jeopardize the implementation of marketing and business 
strategies, especially those of the metallurgical material wholesaler. 

4. CONCLUSION 

The described modern supply systems are not applicable under the existing conditions in the surveyed 
enterprises. The main reasons are: 

• on the demand side - the lack of accurate demand forecasting (with respect to the contract management 
system of the parent company and the nature of the demand for products of the trade organization), 

• on the supply side - metallurgical productions are mass productions, it is necessary to order sufficient 
quantities in advance, because it is not possible to solve the lack operatively - suppliers are unable (due 
to technological and economic reasons) to respond flexibly to changing manufacturing requirements, 
nor do they usually have storage facilities for the creation of adequate stock, 

• nature of the material flow - for economic reasons it is not possible to transport small quantities, nor is 
it realistic in terms of deadlines.    

Stocks are generally considered to be a sign of imperfect control of material flow in supply chains. As is 
apparent from the results of the research, they often cannot be removed, because they are the result of specific 
conditions in the chain. Then, the location and the amount of stock are results of a compromise between the 
supplier and the customer. If the compromise is satisfactory to both parties, it may constitute a basis for 
cooperation. 
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Abstract 

More than half of the material outputs throughout the production of iron and steel passes into outputs in the 
form of off-gas and solid waste, respectively. In the past, waste deposited in landfills, but new technologies, 
especially new ways of producing iron allows for greater share increase reuse and recycling of metallurgical 
waste. Utilization of metallurgical wastes in a closed production cycle, it means: the contribution of economic 
balance, reduce the need for dump, improving hygiene.  

Keywords:  Waste, recycling, economic balance  

1. INTRODUCTION     

Growth of worldwide production of iron and steel in previous years has led to the increased influence of 
metallurgy on the environment both in the area of greenhouse gasses and in the area of recycling waste 
products. 

World production of steel has been increasing significantly since the year 2000 and it exceeded 1000 tons for 
the first time in the year 2004. World production of steel was increased to more than 1200 mil. tons in the year 
2006. This increase was reasoned by the fact that steel production in China was increased from 127 mil. tons 
to 421 mil. tons in the year 2006.  

From the very beginning the metallurgy as a branch of industry ranks among great factors being harmful to the 
environment. Air pollution and generation of a great amount of wastes are number ones in the hierarchy of 
impacts on environment components.  

2. WASTE MANAGEMENT      

The environment is a very important factor that determines the life of organisms on earth. To avoind further 
degradation of the environment, all companies are forced to act according to the sustainable development 
concept. 

One of the methods, which allow for action in accordance with the sustainable development concept, is the 
process of recycling. It allows for the re-use of waste and production of new materials. What is more it allows 
to reduce exploitation of natural resources of the earth [1]. An important element of waste management is also 
optimalization of the use of materials to decrease amounts of waste arising in the production process. 

Generally the waste management means the collection, transport, recovery and disposal of waste, including 
the supervision of such operations and the disposal sites. 

The various methods of waste management create the waste management hierarchy (Fig. 1 ). This hierarchy 
included in the art. 4 of the Directive of the European Parliament and of the Council on waste and repealing 
certain directives [1,2], should apply as a priority order in law and policy relating to both the prevention of bio-
waste and its management. 
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Fig. 1  Waste management hierarchy [2] 

3.  STATE OF AFFAIRS WITHIN EC 

As follows from Fig. 2  Europe is poor in ores in comparison with other parts, there is only 2 % of world 
resources of metal ores falling on our continent [2].  Therefore use of possibilities of metal production by 
recycling secondary raw materials and wastes is a topical present theme because it saves first of all primary 
resources; to obtain metals from wastes requires 5-10 % of fuels and energy in comparison with energy 
demands on exploitation, treatment and metallurgical processing raw materials; and waste treatment has minor 
impact on environment by gas exhalations, dust and sewage water.   

 

Fig. 2 Iron ore exploitation in the world [2] 
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Generally a substance or subject which has stopped being a waste or has never become a waste is considered 
to be a secondary raw material.  

According to statistic data 530 mil. tons of scrap iron and steel  is used on average worldwide. At total 
production of iron and steel amounting to 1 412 mil. tons it represents only 38 % share of secondary raw 
materials  on steel production in comparison with Europe where this share reaches the value of 54.5 %. 
Industry of secondary raw materials uses 700 -800 mil. tons of secondary raw materials a year. 

4.  METALLIC METALLURGICAL WASTES  

Currently there are worldwide developed a number of processes for treatment of metallurgical wastes. 
Nevertheless so far there were not found unambiguously beneficial technologies for treatment of these wastes. 
Solution of these problems is concentrated on the area: 

• Direct reduction which is used for example in Japanese model  for treatment of wastes with higher iron 
content, 

• Melt reductions are preferred in Europe which is proved by successfully developed technologies, first of 
all PRIMUS, THERMOSELECT and also ZERO WASTE processes (Fig. 3 ) [3, 4]. 

 

Fig. 3 Process THERMOSELECT [3] 

Recently metallurgy has been introducing more and more sophisticated separating devices and it results in 
great increase of captured flying ashes (dusts). Dusts are caught at gas treatment plants and sludge originates 
by spraying it.  

Metallic metallurgical wastes can be divided according to the content of slag-making components into three 
groups:  

• wastes with a very low share of slag-making components, for example scales and metal chips from 
machining shops, 
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• wastes with a medium content of slag-making components, such as dusts and sludge from oxygen 
converters. These wastes contain a considerable share of volatile components and heavy metals, 

• wastes with a high share of slag residues, such as slag from converter steel production. 

Blast-furnace slag 

Slag amount accompanying production of pig iron has been reduced in recent years. In 1950s 800-1200 kg of 
slag originated during production of 1 ton of iron. Now-a-days the share in Poland ranges in between 300-400 
kg of slag per ton of pig iron.  

Blast-furnace slag is considered to be the most important blast furnace waste. Now-a-days the entire 
occurrence of blast-furnace slag is processed; it means that it does not concern production waste. As a result 
of increase of abundance of blast-furnace charge in recent years slag specific occurrence has decreased from 
600 kg.t-1 to approx. 430 kg.t-1 of slag per ton of produced pig iron. Slag from blast furnace process during 
desulphurization has rather high iron content.  As per granulation type the slag is divided into several different 
categories for next processing [5]. 

Slag treatment in sintering process is one of the possibilities how to recycle it. A high sulphur share producing 
SO2 during sintering is disadvantageous. This gas causes typical acid rains which is harmful to the 
environment. The total emission limit for sintering process is 2000 t of SO2 per year. It is 10 % of total number 
of emissions during sintering process with a waste or fuel containing a high share of sulphur. 

SO2 in sintering process is eliminated by processing blast-furnace slag into briquettes. Experimental results 
gained from a blast furnace operation confirm that it is possible to process blast-furnace slag and influence the 
environment or technological procedure in this way. Advantages of recycling blast-furnace slag in metallurgical 
aggregate were verified and other technologies are expected to be developed in the nearest future. 

Steel slag 

Amount of steel slag is lower than during pig iron production and it is approx. 10 % with regard to the amount 
of produced steel. As far as reduction of silicon content during pig iron production is concerned, this share is 
constantly lower. Steel slag differs from blast-furnace slag in acidity and much higher phosphor content as well 
as a higher share of iron oxides and metal iron. Historically steel slag was used as a fertilizer, especially that 
one with higher phosphor content.  

Scale 

Scale is produced from surface oxidation of ingots, bars at high temperatures. Scale is made up from iron 
oxides and a small amount of impurities and therefore it is a precious metallic material. It can be used directly 
or it is processed in a blast furnace after a suitable treatment. Presence of more than 1 % of oil results in 
difficulties with its use. 

Scrap iron 

Scrap iron can originate from steel works and then it is in-house scrap. Composition of this scrap iron is similar 
to the composition of steel produced in steel works and it enables its recycling.  On the contrary foreign iron 
scrap has another origin and composition. Presence of some chemical elements (zinc, lead, copper, tin) 
contained in it can cause technological problems [8,9].  

Dusts and sludge resulting from gas cleaning 

Items belonging to the dust category resulting from gas cleaning are as follows: 

• dust from cleaning of burned gases  from sintering, 

• dust from wet cleaning of sludge and dry cleaning of blast furnace gas, 
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• dust and sludge from cleaning of waste gases from steel aggregates 

Dust from sintering plants and blast furnaces is poor in iron, its content ranges from 30 to 50 %. On the contrary 
burned gas dust from BOF dust removal often contains more than 60 % of Fe. Dusts and sludge are used 
especially during ore sintering or sintering by other methods [10, 11].  

5. CONCLUSION 

Already since long ago waste management is one of the most important factors connected with the protection 
of the environment. Currently about 60 % of waste undergoes to various ways of use. Share of exploited 
materials depends on type of waste and economic branch in which they were produced. 
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Abstract  

Companies operating under conditions of global economy which can be characterized by increasing 
international competition, search for sources and methods to reach profitability and competitive edge. At the 
moment, the most important is to create and implement various kinds of innovations. Attribute of innovations 
is the changes and innovativeness that is why Increasing competitiveness and globalization as well as crisis 
phenomena affect the whole economy, including the metallurgical sector. This sector can be characterized by 
high degree of consolidation and it is susceptible to economic situation variations. In this context, metallurgical 
companies, if they want to effectively compete, introduce product, process, organizational and marketing 
innovations, which are frequently related to changes of their business model. Assessment of efficiency and 
effectiveness of the implemented business models is an important research problem, both from the theoretical 
and management practice point of view. Basic research questions regarding this issue is: how to measure 
results and effects gained by changing the business models. These changes were related to high extent to the 
introduced innovations. The purpose of the paper was the application of BSC to measure results gained upon 
implementation of changes in the business model. The following research hypothesis was extended: properly 
composed Balanced Scorecard will allow for assessing effectiveness of its dynamics in metallurgical 
companies. The subject of the research was structural changes of business models and economic, market, 
process and development results related to them. Objects of the research (case studies) were two metallurgical 
companies: the rolling mill of hot-rolled steel products and metallurgical products servicing and trading 
company 

Keywords: Balanced Scorecard, business models, metallurgical companies, effectiveness 

1. INTRODUCTION  

Globalization of economy, increasing competitiveness and crisis phenomena cause changes in strategies and 
business models of companies (including metallurgical). These are oriented at growth of effectiveness and 
competitiveness, with innovations at the source. Metallurgical sector can be characterized by high degree of 
consolidation and susceptibility to economic trends variations, what makes the companies, operating in this 
sector, to implement various innovations and it is related to changes of business models. Proper business 
architecture, representing a structure of such model should be able to create value for  
a client and enable development of company, within a long-term. Generated value represents efficiency and 
effectiveness of the applied business model. Measurement and then evaluation of efficiency and effectiveness 
of the implemented business models is an important research problem, both from the theoretical and 
management practice point of view. One may thus ask a research question related to this problem: how to 
measure results and effects gained based on the change of business models, by implementing various 
innovations .This means multi-dimensional character of the created value, thus the concept of its utilization to 
measure and evaluate Balanced Scorecard (BSC).The purpose of the paper is to apply BSC to measure and 
evaluate results and effects gained by the examined companies, based on creating business models able to 
create and absorb innovations. The following research hypothesis was adopted that properly composed 
Balanced Scorecard enables evaluation of efficiency and effectiveness of business model dynamics at 
companies implementing innovations. Structural changes of business models and economic, market, process 
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and development results related to them were examined in two metallurgical companies: rolling mill of hot-
rolled steel products and metallurgical products servicing and trading company. 

2. VALUE AS THE GROUNDS OF ATTAINED EFFECTS AND RES ULTS OF THE APPLIED 
BUSINESS MODELS  

When analyzing contemporary trends within the scope of examining competitiveness and innovation 
management, one can notice increasing interest in business models. This is related mostly to two reasons: 

• treating business models as clear concept of creating value, both for a client and company owners,  

• searching for instruments and methods of competitiveness increase, 

• perceiving business model as an architecture of business operations, which is able to provide 
organization with effectiveness by generating profit, 

• treating business model as a carrier of various innovations. 

Business models are also used as management instruments in existing companies or represent the grounds 
for planning operations of a new company or starting a business on a new market, that necessitate changes 
of business models. Development of research over business models bore fruits in the form of many definitions 
and concepts.This classification is presented by J. Brzóska in his paper [1]. In turn S. M. Shafer, H. J. Smith, 
J. C. Lindner [2], after thorough analysis of works over business models performed by  
12 researchers, formed their own concept, treating business model as a core logic representation and strategic 
selections of creating and retaining value within the area of value network. Four categories are pillars of this 
model, which cover elements necessary to create business models, i.e.: strategic selection, value network, 
creating value and capturing value. Focusing on creating value is manifested in a very brief definition of 
business model presented by B. Demil, X. Lecocq [3], saying that "this is a description of dependencies 
between company elements, where cooperation allows for creating and delivering value for client" [3]. Polish 
researchers: T. Gołębiowski, T. M. Dudzik, M. Lewandowska, M. Witek-Hajduk present more developed 
definition of business model including in it, beside logic of operation and creating value, resources, processes 
and external relationships [4]. In turn D. J. Teece when approaching to the issue from the IT point of view, 
presents the following definition: "Business model specifies logics, data and evidence that support proposal of 
value for a client and possible structure of incomes and costs of company, in order to deliver such value to 
client" [5]. Proposal of value is the central elements of business model based on nine components developed 
by A. Ostrewalder and Y. Pingeur [6] (the remaining segments are: clients segment, distribution channels, 
relationships with client, incomes streams, key resources, key partners, structure of costs). Similar concept of 
business architecture was presented by F. Newth [7] treating the proposal of value as one of its six elements, 
next to the following categories: dynamic abilities and processes, strategic resources, incomes flows, formula 
of profit and cost structure. It should be noticed that the last three elements represent specified proposals of 
sources and methods of generating incomes on sale, formula of profit and margin and show the structure of 
costs resulting from the applied resources and processes for implementation of value. Concepts of business 
model, able to create values based on innovations, have an increasing meaning. To include the proposal 
presented by the following authors: C. K. Prahalad and M. S. Krishnan [8] treating the business model as one 
of the most important elements of competitive and innovative potential structure of a company that is used for 
its transformation. This concept was used to test methodology of changes and effectiveness of business 
models of the selected metallurgical companies.  

3. METHODOLOGY OF EVALUATION OF BUSINESS MODEL EFFE CTIVENESS 

A method based on the New Era of Innovations was used to evaluate the business model changes and the 
BSC [9] to evaluate their effectiveness, as shown in Fig. 1 .  
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Elements of this model are as follows: 

• social architecture (knowledge resources, management systems, competences, development of 
employees, motivation), 

• technical architecture (ICT devices, computers, ICT systems, machines, etc.), 

• business processes representing combination of these bases (infrastructural in fact) and deriving 
resources from them necessary to implement proper product creating value for a client. 

 
Fig. 1 Scheme of the concept of the method to the assessment business model effectiveness 

Meaning of business processes in a business model is specific due to creation of value, as mentioned by  
K. Dohn [9] and due to implementation of innovations as noticed by J. Brzóska [10] and A. Szmal [11], including 
implementation of eco-innovations as mentioned by A. Ryszko [12]. Application of each business model is 
related to creation of multi-dimensional value, which in practice can be translated to attaining results and 
effects by a company. Their measurement is an important instrument that allows for evaluation of 
effectiveness, competitiveness and efficiency of implemented new business models or changes in the 
functioning models. During the research, Balanced Scorecard (BSC) was used to perform such evaluation, 
which fact is supported by [13]: 

• complex or even multiplied effects of implementation of various types of innovations, i.e. product, 
process, marketing, organization and social, 

• approach based on sustainable development, covering all areas of company operations, 

• option to measure attained results and effects. 
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It is worth to mention that the results and effects configured in the form of BSC correspond to individual 
elements of business model. For example, perspective of learning and development represent social 
architecture and business processes are represented by internal processes perspective. 

4. DYNAMICS OF BUSINESS MODELS AND VALUE CREATED BY  THEM - CASE STUDY  

Results of research are presented using case studies of two selected companies. The first of them is trade 
and service company developing steel products service centers. The second on is long hot rolled steel 
products rolling mill.  

The business model developed based on the New Era of Innovation principle is the basis of the method used 
to analyze the dynamics of change of its structures in relation to a given company. These changes were related 
to various innovations introduced in the company to high extent. These could be product, process, organization 
and marketing or social innovations. Business model based on principles (theory) of the New Era of Innovation 
covering social and technical architecture as well as business models binding them allows for analysing 
changes and creating concepts of company development. Each well composed business model guarantees 
multi-dimensional value, which decides about effectiveness and competitiveness of a company. Balance 
Scorecard was used to measure this value.  

Case study 1 - Trade and service company of metallu rgical products (company A) 

The examined company has been established in 1999 and in 2013 attained sales at level ca. 12 million EUR 
and its economy value added (EVA) is at the level 0.3 - 0.4 million EUR. At the end of 2013, the examined 
company employed 107 employees. Within the Company, research of the business model change within 2006 
- 2013 was performed. Within this period (starting with 2009), the company changed the business model from 
trading company to servicing and trading company by starting the servicing centers of steel products. This was 
related to starting innovative processes related to steel products servicing that allow for producing new 
products and services (product innovations) in modern service centers. Specialized services within the scope 
of advisory and designing were started treated as complementary product for metallurgical products. Efficiency 
of the extended scope of services was related to high extent to introduction of modern systems of customer 
services based on close relations and prosumer orientation (marketing innovation).Financial resources gained 
from the program Innovative Economy" (1.8 million EUR) were an important factors enabling implementation 
of innovations. 

The most important changes in the business model were analyzed in three main business model components, 
i.e. social architecture, technical architecture as well as business operations and processes.  

I. Social architecture  

Engineering and trading competences were developed within the scope of metallurgical products service, 
production and designing metallurgical products. The number of employees with university degree increased 
significantly. CRM system has been introduced. Prosumer relationships are built. Significantly increased range 
of formal information and knowledge (trainings, post-graduate studies, developed IT systems). Cooperation 
with metallurgical products was extended. Creating elements of the business intelligence system  

II. Technical architecture  

Increase in assets and equity. Investment into metallurgical products service technologies. Modern devices for 
plastic working, metal working and production of steel structures. Well organized logistics system (deliveries 
from leading manufacturers of metallurgical products). Good location of depots and service centers. 
Developing ICT. Using cloud computing services. Initially Software as a Service, then Platform as a Service. 
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III. Operations and business processes  

Business processes: metallurgical products service, procurement, production of metallurgical products, 
metallurgical products market marketing, designing and advisory. Developed HR process (selection of staff, 
motivation system). Developed chain of value adapted to client needs - source of value creation based on 
specialist steel products services; to less extent on trade operations. 

Results representing value created by the business model of the investigated company are given in Table 1. 

Case study 2 - hot rolled products rolling mill (Co mpany B) 

The examined company, locates in one of the EU countries, has been established in 1994 as a results of 
restructuring large metallurgical holding operating as a joint stock company, where employees were the major 
shareholders. At the end of 2013, it attained sales at level ca. 45 million EUR and its economy value added 
(EVA) is at the level 1.5 - 1.6 million EUR. At the end of 2012, the examined company employed 232 
employees. Within 2006 - 2013, evaluation concerning the change of the business model took place in the 
company. Within that time, slow changes of business model could have been noticed because innovations 
have been implemented, for years, to a very limited scope or not at all. The applied business model was based 
on limited assortment of long steel products, hot rolling technology, production assets leased on favorable 
conditions and relatively low costs of work. Changes of the business model took place after new technologies 
(process innovation) were introduced together with new products (product innovation). Further changes took 
place after starting service center (in a limited scope), in this case, they can be perceived as innovations of 
product and marketing character (CRM). 

I. Social architecture  

Slow growth of engineering competences within the scope of production and then service of metallurgical 
products. The number of employees with university degree increased slowly. Competences concerning 
cooperation with suppliers of charge from outside EU as well as wholesalers and industrial partners (including 
metallurgical service centers). Increased scope of formal information and knowledge (training). Still, significant 
meaning of utilization of hidden knowledge. 

II. Technical architecture  

Using equity to invest in new technologies and products (perforated shapes).Modern technical devices for 
servicing metallurgical products (cutting, machining, bending). Well organized system of delivers from outside 
EU. Better utilization of the leased property. Structure oriented at production of typical and innovative 
metallurgical products and services. Modern production control systems. Controlling IT system. Better 
utilization of the leased property. Structure oriented at production of typical and innovative metallurgical 
products and services related to steel products. 

III. Operations and business processes  

Business processes: production and sales of classic and innovative long products, service of metallurgical 
product, purchase of charge, project management. HR process - motivation system related to effects (BSC), 
more trainings. Quality management system ISO, controlling, risk management. More developed value chain 
- creating value based on effective production of both typical and innovative long products as well as 
metallurgical service. Competitive edge based on price / standard quality of long products (sections) ratio and 
differentiation (new products) and services flexibility. 

Results representing value created by the business model of the investigated company are given in Table 1. 

 

Table 1 Balanced Scorecard - Company A and Company B 
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Client's perspective Financial perspective 

Purpose Measure 
Scope (years) 

Purpose Measure 
Scope (years) 

2008 2011 2013 2008 2011 2013 

Level of 
client's 

satisfaction 

Percentage 
of satisfied 

clients 

75.5 

(80.1) 

85.9 

(82.2) 

85.2 

(83.0) 
Value of sale million EURO 

4.2 

(30.3) 

9.4 

(43.5) 

12.1 

(45.1) 

Level of 
client's 
loyalty 

Number of 
regular 
clients 

98 

18 

136 

24 

142 

28 

Profitability of 
sales 

Profit to sales 
ratio 

1.3 

(3.1) 

8.8 

(4.8) 

7.4 

4.3 

Sales 
value per 1 

strategic 
client 

thousand 
EURO / 

client 

36 

(280) 

93 

(305) 

99 

(350) 

Profitability of 
assets 

Gross profit / 
assets 

5.4 

(7.8) 

8.6 

(11.8) 

7.4 

(10.2) 

Clients 
retention 

Number of 
returning 

clients 

2 

(0) 

6 

(2) 

5 

(2) 

Economical 
profit - EVA million EURO 

-0.19 

(1.2) 

0.41 

(1.6) 

0.35 

(1.4) 

Business processes perspective Growth and learning perspective 

Purpose Measure 
Scope (years) 

Purpose Measure 
Scope (years) 

2008 2011 2013 2008 2011 2013 

New offers Quantity 
3 

(2) 

14 

(7) 

17 

(11) 

Number of 
satisfied 

employees 

Percentage 
of satisfied 
employees 

acc. to 
questionnaire 

research 

Drop 0.3 

(Increase) 

(1.7) 

Increase 
1.2 

(3.8) 

Increase 
0.56 

(1.8) 

Services 
quality 

increase 

Complex 
services 

value 
versus the 

whole 
services 

0.124 

(no 
data ) 

0.156 

(no 
data ) 

0.194 

(no 
data ) 

Qualifications of 
personnel 

Number of 
engineers 

and 
economists 

with 
marketing 

degree 

39 

(7) 

68 

(10) 

73 

(16) 

Decrease 
of 

complaints 
number 

Percentage 
(%) 

1.4 1.2 1.0 
Increase of 
employees 
productivity 

Value of 
sales per 1 
employee 
(thousand 

EURO) 

39 

(148) 

88 

(166) 

111 

(178) 

Decrease 
of unitary 
costs of 
clients 
service 

Percentage 
(%) 8.1 2.2 -1.8 Innovativeness 

of employees 

Number of 
reported 

innovative 
solutions 

5 

(3) 

4 

(5) 

4 

no data 

5. CONCLUSION 

Application of BSC in the examined metallurgical companies allowed for quantitative evaluation of results 
concerning the implemented innovations through changes of business model. In both companies, favorable 
changes in the employment structure took place, the productivity increase among the employees was also 
noticed. Changes in the social architecture of business models did not cause the growth of employee-based 
innovativeness, which means that the examined companies applied open innovations. Because of innovative 
changes in the business processes, there was significant improvement of quality and increase in the offered 
products, what enables large dynamics of sale - especially noticeable in the metallurgical products servicing 
and trading company. Increased number of regular clients can be attributed to changes in the business 
processes and in the social architecture. The number of satisfied clients increased moderately, what 
emphasizes the need for further implementation of marketing innovations. Changes in the technical 
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architecture related to process innovations allowed for significant improvement of profitability of assets as well 
as customer service quality. Implementation of modern devices contributed to growth of sale and operating 
profit. In case of rolling mill of hot-rolled steel products significant engagement of own capital into investment 
being the carrier of process and product innovations affected the relatively small growth of economic value 
added (EVA). To sum up, one can say that application of BSC allows for evaluating effectiveness of business 
models what can be used to change their structures oriented at larger abilities to absorption and creation of 
innovation.  

REFERENCES 

[1] BRZÓSKA J. Innowacje jako czynnik dynamizujący modele biznesowe. Gliwice: Wydawnictwo Politechniki 
Śląskiej, 2014, pp. 144-147. 

[2] SHAFER S.M., SMITH H.J., LINDER J.C. The power of business models. Business Horizons, Vol. 48, 2005, p. 
202. 

[3] DEMIL B., LECOCQ X. Business Model Evolution: In Search of Dynamic Consistency. Long range planning, Vol. 
43, 2010, p. 227-246. 

[4] GOŁĘBIOWSKI T., DUDZIK T., LEWANDOWSKA M., WITEK-HAJDUK M. Model biznesu polskich 
przedsiębiorstw. Warszawa: Szkoła Główna Handlowa w Warszawie - Oficyna Wydawnicza, 2008, p. 17.  

[5] TEECE D.J. Business models, Business Strategy and Innovation. Long Range Planning, Vol. 43, 2010, p. 172-
194. 

[6] OSTERWALDER A., PIGNEUR Y. Tworzenie modeli biznesowych, Podręcznik Wizjonera. Wydawnictwo Helion, 
Gliwice, 2012, p. 18. 

[7] NEWTH F. Business Models and Strategic Management: A New Integration. Business Expert Press, 2012, p. 8. 

[8] PRAHALAD C.K,, KRISHNAN M.S. New Age of Innovation, Driving Co-created Value through Global Networks. 
Mc Graw Hill, 2008, pp. 44-65. 

[9] DOHN K. The configurational approach in supply chain management (SCM) of steel goods. Metalurgija, Vol. 53, 
No. 2, 2014, pp. 265-268. 

[10] BRZÓSKA J. Process of Implementing Innovations at Metallurgical Products Servicing and Trading Company. In 
METAL 2014: 23rd International Conference on Metallurgy and Materials. Ostrava: TANGER, 2014, pp.1623-
1628. 

[11] SZMAL A. The competitive challenges for the polish steel industry. In METAL 2014: 23rd International Conference 
on Metallurgy and Materials. Ostrava: TANGER, 2014, pp. 1914-1919. 

[12] RYSZKO A. Drivers and barriers to the implementation of eco-innovation in the steel and metal industry in 
Poland. In METAL 2014: 23rd International Conference on Metallurgy and Materials. Ostrava: TANGER, 2014, pp. 
1852-1857. 

[13] KAPLAN R.S., NORTON D.P. Strategiczna karta wyników: Jak przełożyć strategię na działanie. [Balanced 
Scorecard: Translating Strategy into Action]. Warszawa: Wydawnictwo Naukowe PWN, 2006, pp. 55-138. 

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1878 

IDENTIFICATION AND ANALYSIS OF NON-CONFORMITIES IN PRODUCTION OF 
CONSTRUCTION MATERIALS WITH THE EXAMPLE OF HOT- ROL LED SHEET METAL 

CZAJKOWSKA Agnieszka  

Kielce University of Technology, Kielce, Poland, EU, a_czajkowska@o2.pl 

Abstract 

In times of intensive competition for survival in the market, the enterprises are forced to improve their products 
in order to satisfy customers. The only method for improving the quality is continuous improvement of all the 
processes that are used in the enterprise, which is possible only through application of the methods and tools 
of Total Quality Management. The paper analyses non-conformities identified during the process of cutting 
hot-rolled sheet metal. The non-conformities were hierarchized using a Pareto chart. Analysis of the 
examinations shows that 43.5% of all the defects identified are overlooked during the initial inspection and 
hidden (which occurred in the steelworks). An interrelationship diagram was used to identify the relationships 
between the non-conformities and causes of occurrence of these non-conformities. 

Keywords: TQM, Pareto diagram, interrelationship diagram, hot-rolled sheet metal 

1. INTRODUCTION 

Any enterprise which needs to survive in the market and to achieve competitive advantage has to ensure high 
quality of products. Market globalization forces enterprises to strive for continuous improvement of processes, 
products and services. The process of continuous improvement, also known as total quality management 
(TQM) means continuous striving for improvement of quality in order to satisfy customers [1]. 

The main areas of TQM are: [2] 

• strategy of quality oriented at customers, 

• collective approach to problem solving, 

• quality management system, 

• preventing defects and inconsistencies in all the phases of the industrial process through understanding 
processes and using methods and tools to ensure quality.  

There are a number of methods and tools which, depending on the specific nature of activities, might be used 
to achieve measurable benefits [3]. These usually include simple tools which require regularity and 
commitment.  

In the construction sector, quality depends on numerous factors, which, for example, are connected with 
condition of the ground, climate conditions or physicochemical properties of materials. It seems that the 
materials provided should be one of the most predictable components of the process of realization of the 
construction investment. However, the question is whether construction enterprises can expect high quality of 
these materials. Obviously, this depends on the type of materials used in construction since some of them 
might surprise with their response to e.g. temperature, which is connected with physicochemical properties. 
High quality of the materials used represents a prerequisite for high quality of final products.  

In the case of construction services, quality of materials is of essential importance, and the construction 
enterprises have to utilize available means of inspection to avoid using materials with insufficient quality. There 
are a number of criteria for division of construction materials. The overall division of construction materials, 
which is enhanced by modern technological solutions [4] is presented in Fig. 1. 
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Fig. 1 Division of materials used in construction [own study] 

The focus of the study is on metal materials which can be widely used in construction, starting from nails and 
rivets, through profiles, crates and bridge decks, door frames, pipes and sewage system fittings, heaters, 
products in the form of profiles for production of window and door woodwork, concrete reinforcement or roofs. 
Hot-rolled sheet metal, which is analysed in this study, are used in the sectors where thickness of sheet metal 
and easy processing are essential. It is used most frequently in the construction sector for buildings, 
gangboards, stairs, bridges [5, 6] and in the shipbuilding and machine industry. The paper analyses the 
technological process of manufacturing of sheet metal used in the construction in terms of inconsistencies. 
There are a number of techniques of cutting the sheet metal [7]: using a water stream, laser, gas, plasma or 
with guillotine cutters. The choice of the method is conditioned by the specific nature of the materials cut, their 
thickness and final application. 

In the paper, analysis of the defects that occur in the process of sheet metal cutting was based on the Pareto 
chart. The tools of quality management such as Pareto chart belong to the means that are aimed at improving 
the level of quality and do not require high financial expenditures. Identification of defects using Pareto chart 
requires regularity and persistence in observation of the technological process in terms of detection of products 
which are inconsistent with specifications. This diagram is also termed the 20/80 rule, which means that 80% 
of the effects come from 20% of the causes [8, 9, 10] i.e. high number of events is attributable to small number 
of causes. Analysis of the diagram reveals a transparent standpoint for identification of defects which generate 
the highest loss and, using the principle of step-by-step, one can identify the sources of these defects, including 
machines, people and processes [11, 12].  

An interrelationship diagram was used to identify the relationships between the defects and causes of 
occurrence of these defects. Interrelationship diagram is somehow similar to Ishikawa diagram, with one 
difference: apart from cause-and-effect correlations, it also demonstrates cause-and-cause relationships. 

2. CHARACTERISTICS OF THE PRODUCT AND MANUFACTURING  PROCESS 

The focus of the examinations is on sheet metal prepared for the construction sector. Production of sheet 
metal is performed on three manufacturing lines that process hot-rolled sheet metal coils (one longitudinal 

Division of construction materials 

Type of material 

Stone 
materials  

Ceramic materials  

Wooden materials 

Metal 
materials  

Purpose 

Structural materials 

Installation 
materials 

Insulation materials 

Place of application 

Roof materials 

Floor materials 

Materials for walls 

Concrete 
materials  Ferrous metals 

Non-ferrous 
metals 
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cutting line and two transverse cutting lines). Geometrical characteristics of the lines used are presented in 
Table 1 . 

Table 1 Geometric characteristics of manufacturing lines  

Line Line 1 (for 
longitudinal 
cutting) [mm] 

Line 2 (for 
transverse 
cutting) [mm] 

 

Line 3 (for 
transverse 
cutting) [mm] 

 

Thickness 1.5 - 5  1.5 - 6 mm 3-12 mm 

Width 25 - 1500 300 - 2000mm 750 - 2050 mm 

Length - 14000 mm 14000 mm  

Source: own study based on materials obtained from the enterprise analysed 

In the enterprises studied, structural steels (e.g. S235JR, S355J2), high temperature steels, low alloy steels 
with higher strength, steels for cold forming and other types of steel are used for manufacturing of hot-rolled 
sheet metal.  The manufacturing process of hot-rolled metal sheets is presented in Fig. 2 .   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2  Technological process of cutting of hot-rolled sheet metal [own study] 

 

3. IDENTIFICATION AND ANALYSIS OF INCONSISTENCIES I N SHEET METAL MANUFACTURING 

The research period was 6 months of the year 2012. Twelve types of discrepancies were identified in this 
period. Their identification and hierarchization was based on a quality management tool (Pareto chart). The 
substantial effect on reduced level of quality of the final product is from material defects overlooked by the 
initial inspection which occurred in the steelworks. Some of them were revealed during cutting, with employees 
having no influence on this fact. The defects identified in the sheet metal manufacturing enterprise were divided 
into those which occurred in the steelworks and those which occurred in the enterprise studied during cutting 
operation. Tables 2 and 3  present the most frequent defects in manufacturing of sheet metal with their 
percentage contribution and accumulated contribution. A Pareto chart was prepared based on the data 
contained in the table for the defects which occurred in the enterprise studied (N) (see Fig. 3 ) during cutting 

 Reception of hot-rolled sheet metal coil from the warehouse. 
 

 Transport to transverse cutting stand Centring and positioning of the hot-rolled 
sheet metal coil in the uncoiler. 
 

 Inspection. 
 

 Transition of the sheet metal through straightening rolls. Measurement of sheet 
metal thickness and inspection of the documentation for the coil cut. 
 

 Cutting of the metal sheet. 
 

 
Transport of metal sheets on the rolls combined with spray marking. 

 
Quality control. 

 
 Transport to the final product warehouse. 
 
 Final product warehouse. 
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operation and the defects which occurred in the steelworks (Nm) (Fig. 4 ) revealed in the area of the enterprise 
studied. 

Table 2 Defects of hot-rolled sheet metal identified during cutting [own study] 

Symbol Name of defect Contribution [%] 
Accumulated 

contribution [%] 

N1 Sheet metal waviness  45.41 45.41 

N2 Unequal sheet metal edges 34.28 79.69 

N3 Mechanical defects 12.48 92.17 

N4 Impressions on the surface  4.88 97.05 

N5 Improper dimensions of metal sheets 1.99 99.04 

N6 Other 0.96 100 

 

Fig. 3  Hierarchy of defects that occurred in the process of sheet metal cutting [own study] 

Table 3 Defects in production of sheet metal manufacturing in the steelworks [own study] 

Symbol Name of defect Contribution % 
Accumulated 
contribution 

Nm1 Delamination on the sheet metal surface 51.93 51.93 

Nm2 Mechanical defects 12.81 64.74 

Nm3 Transverse bend of sheet metal 10.83 75.57 

Nm4 Falcate sheet metal  9.92 85.49 

Nm5 Bends along sheet metal surface  7.37 92.86 

Nm6 Lapping on the sheet metal surface 6.04 98.9 

Nm7  Corrosion of the sheet metal surface 1.1 100 

Analysis of Pareto chart prepared for the defects that occurred during the process of sheet metal cutting 
(Fig. 3 ) shows that two defects represent almost 80% of all the defects in sheet metal production. These 
include: N1 - Sheet metal waviness, N2 - Unequal sheet metal edges. Analysis of Pareto chart prepared for 
discrepancies that occurred in steelworks shows that two defects (Nm1- Delamination of the sheet metal 
surface and Nm2 - Lapping on the sheet metal surface account for 64.74% of all the defects in this area. The 
interrelationships diagram (Fig. 5 ) was used for attempting to indicate the relationships between defects in the 
process of cutting sheet metal and their causes.  
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Fig. 4  Hierarchy of defects that occurred in steelworks [own study] 

 

Fig. 5  Interrelation diagram for the causes of defects in sheet metal cutting process [own study] 

The analysis revealed that the causes of defects in the process of sheet metal cutting can be organized in four 
areas: material, machine, method and human. Analysis of the diagram (Fig. 5 ) shows that the substantial effect 
on quality of hot-rolled sheet metal is improper organization of work in the enterprise studied. Lack of 
commitment of the managers influences low experience of employees, lack of qualifications, poor motivation 
of employees for manufacturing of products consistent with standards. The causes of defects include non-
observance of the technological procedures by employees, which results from low skills, negligence and 
insufficient understanding the technology. These defects are caused by damaged machines and production 
equipment. The source of defects is lack of commitment of managers and employees to implement TQM 
principles. 
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4. CONCLUSION 

Metal sheets used in the construction sector have to undergo several processes before they become the final 
structural product. The investigations presented in this study show that many defects result from insufficient 
final inspection in steelworks and initial inspection in the enterprise that cuts sheet metal. This means that the 
major part of the defects identified occur before transportation into the area of the enterprises and they are 
revealed only during cutting process. It was found after analysis of these defects that six of them result from 
negligence in steelworks, a part of them are caused by overlooking during inspection and another part is 
detected during cutting. The analysis also shows that the defects that occurred in the steelwork account for 
43.5% of all the defects identified. The third most important defect that occurs during sheet metal cutting is 
mechanical defects, which account for 12.48% of all the defects. The cause of deformation and material 
damage is negligence during transportation and warehousing.  
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Abstract  

This paper discusses OEE index used for identification of critical locations in the technological processes of 
manufacturing casting products. Analysis involved nine stages in technological process, starting from casting 
through cutting to washing and drying. Then, we analysed how product quality varies at the stages of 
technological process in order to verify whether it depends on the presence of bottlenecks. For this purpose 
we used r correlation coefficient. 

Keywords: OEE, die casting, bottlenecks 

1. INTRODUCTION  

The final product undergoes several consecutive processes used in manufacturing. Therefore, the 
effectiveness of the whole technological process depends on individual sub-processes. Each of them are 
performed by means of another machine which has specific processing capabilities. Based on the data from 
production process and data that result from specification of individual machines, we evaluated the 
effectiveness of nine stages/processes: Die Casting, Clipping, Trimming, Tambling, Drying I, Drilling, Milling, 
Washing, Drying II. Evaluation of the effectiveness was carried out using OEE coefficient, which helps measure 
the effectiveness of using machines and equipment [1, 2, 3]. OEE (Overall Equipment Effectiveness) is a key 
index to describe the effectiveness of the equipment installed in an enterprise. This index is used to 
comprehensively describe the three main areas of business activity in the enterprise: availability, effectiveness 
of use and quality of the products manufactured.  

OEE (Overall Equipment Effectiveness) is and index that measures the effectiveness of the use of machines 
and devices based on a simple analysis of the time of stoppages, maintenance, failures and other factors that 
affect the effectiveness. Fig. 1 . presents the main types of wastes which limit the equipment effectiveness. 

AVAILABLE TIME 
 
 

TIME OF OPERATION 
 
 
 

PLANNED 
DOWNTIME 

EFFECTIVE 
PRODUCTION 

Losses on 
quality 
 

Losses on 
productivity  

Losses on 
availability 

Time 

Fig. 1  Types of wastes which limit the equipment effectiveness 
Source: own study based on [1÷5] 

These losses are mainly related to the failures of machines and equipment. An analysis of damages and 
failures of machines and structures caused by material defects is possible using modern research methods, 
such as reported in [6, 7]. The main aim of computation of OEE is to reveal the directions of operations that 
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improve manufacturing processes [2, 3]. The next step was to identify the stages in the technological process 
which do not meet the production requirements (bottlenecks). Bottlenecks are represented by a machine, 
function, division or resources, which, due to their manufacturing capability, exhibit high level of use [5]. Such 
places in specific technological lines have the lowest manufacturing capability and limit the production size 
that can be achieved in the whole chain of interrelated workstations [3, 4]. Bottleneck points determine 
production in the whole system. Elimination of critical locations is achieved through synchronization of the 
processes in a production department [8, 9]. Level of utilization of non-critical resources should cover the 
demand for critical resources, which means that an hour lost in a bottleneck point is lost for the whole system, 
whereas an hour saved outside this point has no actual effect [1, 8, 10]. The aim of identification of bottleneck 
points is to reduce costs presented in Fig. 1 through determination of a production schedule. The production 
schedule that includes times of individual operations allows for meeting the assumptions of such systems as 
Just in Time or SMED. Just in Time system helps reduce warehouse surface area and rationally manage 
stocks and time. Scheduling also helps eliminate additional changeovers (SMED) and the related technological 
failures. 

 

Fig. 2  Effect of bottlenecks in the production process on the components of the system 
Source: own study based on [1, 8] 

3.  RESEARCH AND THEIR ANALYSIS 

Based on the data from production process and data that result from specification of individual machines, we 
analysed processes involved in die casting in terms of a throughput for each of them. The aim of this analysis 
is to identify bottleneck points as a basis for production scheduling.  

Table 1  [Analysis of die casting capacity] OEE calculation is presented to one of the process steps in which a 
finished product casting - casting process (1). 

From the analysis of Table 1  indicates that the device is not fully used (OEE = 64.5 %). We observe also a 
large level of quality (QR = 96.6 %). Percent above/below DPV for Die casting process was -3.28 %. Percent 
above/below for other processes taking part in the production of die-cast presented in Table 2  (Percent 
above/below DPV for other processes). Graphically level DPV process for all processes is presented in Fig. 3 . 
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Table 1  Analysis of die casting capacity 

Operating pattern and machine data: Formula Die Casting 
A. Shifts/day  3 

B. Hours/shift  8 

C. Minutes/shift =B x 60 480 

D. Planned downtime: lunch, breaks (minutes/shift) Note: If tag relief 
is used, enter 0 

 30 

E. Total planned production time/shift (minutes) =C - D 450 

F. Total planned production time/day (minutes) =A x E 1350 

G. Days/week  5 

H. Total planned production time/week (minutes) =F x G 6750 

    

Sample production run data: Formula  Die Casting 

I. Total minutes run  6750 

J. Total breakdown time + time for minor set-ups and adjustments 
(minutes) 

 600 

K. Total number of parts made (good + bad)  48610 

L. Total good parts (first time through only- do not include parts that 
were re-processed or reworked) 

 46940 

M. Total bad parts =K - L 1670 

N. Actual cycle time (sec/part) =((I - J)*60) / K 7.6 

    

Other data: Formula  Die Casting 
O. Planned cycle time-the one used for capacity planning 

(seconds/part) 
 6.00 

P. Projected time per changeover (minutes)  240 

Q. Projected changeovers per shift  0.166 

R. Projected downtime: changeover time/shift (minutes) =P x Q 39.8 

S. Projected downtime: (breakdown time+time for minor set-ups and 
adjustments)/shift (minutes) 

This should agree 
with field J 

30 

T. Total projected unplanned downtime/day (minutes) = (R + S) x A 209.5 

    

OEE calculation Formula  Die Casting 

U. Equipment Availability: =(F-T)/F 84.5% 

V. Performance Efficiency =O / N 79.0% 

W. Quality Rate: =L / K 96.6% 

X. OEE: =U x V x W 64.5% 

    

Capacity analysis Formula  Die Casting 

Y. Planned uptime (hours/day) = F/60 22.5 

Z. Planned uptime (days/week) = G 5 

AA. Planned rate of production (parts/minute) = 60/O 10.0 

AB. Theoretical production capacity per day = Y x 60 x AA 13500 

AC. Theoretical production capacity per week = AB x Z 67500 

AD. Weekly Demand  45000 

AE. Weekly Parts Available for Shipment = AC x X 43524 

AF. Daily Demand (DPV) = AD/Z 9000 

AG. Daily Parts Available for Shipment = AB x X 8705 

AH. Percent above/below DPV = (AG-AF)/AF -3.28% 
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The second after casting process, which to a small extent disturbs the technological process is milling (DPV - 
4.62 %). 

Table 2  Percent above/below DPV for other processes 
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DPV [%] -3.28 -15.96 -11.93 -12.28 -7.8 -7.70 -4.62 -7.00 -6.70 

QR [%] 96.6 91.4 97.7 99.5 100 92,1 93 99.8 100 

Percent above/below DPV for bottleneck operation (Minimum value of AH) - clipping (-15.96 %). This result 
indicates that the clipping process does not comply with the whole process. Two more processes that do not 
meet the technological cycle is Tambling (DPV = 12.28 %) and Trimming (DPV = 11.93 %). 

 
Fig. 3  Percent above/below DPV for other processes 

 
Fig. 4  The level of quality for eight other subprocesses 
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Then, we analysed how product quality varies at the stages of technological process in order to verify whether 
it depends on the presence of bottlenecks. Fig. 4 illustrates the level of quality for eight other subprocesses. 
The analysis of the graph shows that the highest level of quality is at the stage of Drilling I, Drilling II and 
Washing. The lowest level of quality occurred in three processes: Clipping, Drilling and Milling. 

Analysis of this figure reveals that the lowest quality is observed for clipping, which also represents the most 
substantial bottleneck. The scatter diagram helps determine whether and to which degree these values (DPV 
and QR) are correlated with each other (Fig. 5 ). 
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 Zmn1:Zmn2:   r = 0,1710; p = 0,6600  

Fig. 5  Scattering diagram between Quality Rate and DPV [%] 

However, analysis of other processes demonstrated that the lowest level of quality was not connected with 
DPV for the processes (Fig. 5 ). Coefficient of correlation [9, 10, 11, 12] r of 0.17 represents the lack of 
relationship between quality and DPV. Pressure die casting has been known to be a specific process, where 
internal defects are often hidden and can be revealed only at the stage of cast processing. The processes 
discussed (Clipping, Drilling, Milling) are highly invasive. Therefore, they reveal pores or gas bubbles, which 
increases the number of products that do not meet quality requirements.  

3.  CONCLUSION 

The analysis of the above investigations shows that the process that meets the requirements to the highest 
degree is casting. The processes aimed at finishing of products showed worse results. A bottleneck, which is 
the process which limits meeting all the customer requirements is Clipping, followed by Tambling. The process 
of tambling can be enhanced through using additional machine of this type into the production line or replacing 
it into the more automated. The activities aimed at improved tambling process will undoubtedly cause moving 
of the bottleneck location. Analysis of the investigations presented in this study shows that quality is not 
correlated with the presence of bottleneck. The study found that bottleneck points determine the efficiency and 
productivity of a production system. In order to ensure the efficiency of a production cycle, it is insufficient to 
determine a single transport batch for all the phases of a process. The experiences from previous production 
cycles should be used to define production schedules. They should be defined based on the production flow 
rather than production capabilities. Stages in a production process should be considered as interrelated and 
interconnected components rather than individual processes. Production cycles are based on the schedules 
and should not be defined in advance. 
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Abstract 

One important aspect of business output and performance in the metallurgical industry is a specific working 
environment and related factors that affect it. In the paper, authors discuss the factors that affect the output 
and performance of individual workers, particularly in terms of psychosocial aspects of the work environment, 
whereas within the psychology of work they are generally divided into objective and subjective factors. In each 
of the groups of these factors it is necessary to consider those with short-term or long-term effects on monitored 
indicators of workers, as well as those that act upon them directly or indirectly. While changes in the output of 
individual workers can be monitored at frequent intervals and may be influenced through one-time measures, 
changes associated with the performance are a matter of a lengthier observation and may be ensured through, 
and in conjunction with long-term and gradual steps. 

Keywords: Output, performance, work environment, psychosocial aspects of work, metallurgical enterprise 

1. INTRODUCTION 

The working environment within the metallurgical industry is a specific area in the physical as well as in the 
psychological sense, where, due to the nature of the activities carried out, more attention is paid to the safety 
issues. The content definition of the expressional form of psychosocial factors and the working environment is 
essentially based on the relationship between psychological (mental) health and the perception of safety as a 
whole. The World Health Organization (WHO) describes psychological (mental) health as a state of 
psychological well-being in which the individual realizes their potential, is able to cope with the normal stresses 
of life, can work productively, successfully and is able to contribute to their community. On the other hand, the 
psychological perception of safety and everything associated with it is also defined negatively - as the absence 
of risk, actually or potentially disrupting the global state of psychological well-being - the cornerstones of mental 
health.  

The workplace is essentially a second home to every person regardless of their opinion or attitude towards 
this fact. During the time period associated with a particular workplace, one (An employee working under a 
secure employment relationship (employment contract), agreement on work activities, work performance 
agreement or other contractual/business relationship) meets a larger or smaller number of people, through 
solving various tasks and situations, and may gain pleasant or less pleasant experiences that leave them with 
positive or negative feelings, either in a short term or long term exposure, often even in a fixed form. The above 
conditions are substantially transformed into a person’s thinking, their psyche, thereby influencing their 
behavior, feelings, moods, and to a large extent they also translate into performance, efficiency, effectiveness 
and reliability of the person at the specific workplace in a metallurgical enterprise. 

2. PSYCHOSOCIAL FACTORS IN THE METALLURGICAL INDUST RY WORKING ENVIRONMENT  

2.1. Managerial Psychology 

In general, the term psychology means the science of man, which deals with the psyche and its regulatory 
role, human activity and human personality. Managerial psychology is one of the practical disciplines, which 
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means it focuses on exploring its subject and transforming the knowledge into proposals that can be used in 
management practice within a metallurgical industrial enterprise. 

Management psychology, in conformity with the general definition of the subject of psychology, is concerned 
with personality and activities of people and managers in the management process of an industrial enterprise. 
Its content characteristics can be derived by means of, or on the basis of the following theses [1]: 

• Work is a group activity. 
• The social world of adults is mainly formed on the basis of their activity. 
• Attitudes and performance of people are affected by social standards which do not only originate in the 

working process. 
• Recognition, confidence and a sense of belonging are more important to the creation of morale and 

performance of employees than the conditions under which they work. 
• Work habits and attitudes of each individual are under a strong social control by working groups and 

teams. 
• Cooperation in a working group is not random and must be continuously and systematically trained and 

managed. 
• Successful exercise of any control function is dependent on the social determinants of personality and 

reasonably mastering the social aspects of management positions and managerial roles. 
• Personnel activities of managers with controlled working groups or teams are a necessary and integral 

element of managerial work.  

A necessary and determinative psychological element of governance as one of the basic management 
functions in the metallurgical organization is leading people. In both theoretical works and practical application, 
the English word "leadership" is used. The content of leadership rests in purposeful action by a manager to 
get to know, make use of and deal with a controlled group of workers. Leadership includes all forms of 
interactions with people during the course of work. 

 

Fig. 1 The process and elements of leadership (adapted to [2]) 

Proper leadership, which is considered an essential task of executives, should ensure purposeful and 
continuous harmony of concerns and needs of workers with the goals and tasks of the company. Its essence 
is most often defined as guiding and motivating the subordinates to quality and creative work. However, this 
requires a clear and realistic business strategy resulting in personnel strategy, personnel policy and activities 
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of formation and development of staff as the basis for defining specific goals for work teams and individuals in 
the metallurgical enterprise in accordance with Fig. 1 . [2] 

Leadership is one of the most important operations in the management of metallurgical enterprises. The way 
in which the manager’s work indeed essentially determines the outcome of their work and the work of their 
team in addressing a specific work issue and work activities. 

2.2. Sociology of Management 

Sociology explores such relations between people that have a more permanent nature and form a basis for 
creating new social entities. They are first and foremost social groups and social organizations. The sociology 
of management, in conformity with the general definition of the subject of sociology, deals with the organization 
as an association of people connected in a network of technical, legal, economic, social, psychological and 
other relationships. 

The subject of management psychology is the organization and its layout, and follows the structure of relations 
between workers and units that these workers create, as well as defines phenomena that influence individual 
behavior so as to respect the existence of others. The subject of management sociology also includes social 
processes in organizations such as social change, mobility or dynamic processes associated with groups and 
teams of people. 

The metallurgical industry in a broad sense and a metallurgical company in particular outlines and links, is a 
closed loop of business processes, with high levels of physical and mental performance. This fact affects both 
the production of steel itself, but also its further processing and not least shaping the final form of the finished 
product, its refinement and handling activities in individual overlapping processes. Physical and mental stress 
in a metallurgical enterprise are divided and influenced by the degree of automating various processes and 
we can say that they mostly operate in parallel. After all, transport of heavy glowing forgings, see Fig. 2 , for 
example, causes both of these types of stress. 

 

Fig. 2 Transportation of ingot 1195 to the Forge store (adapted to [6]) 

Relationships between the metallurgical enterprise and other social entities also take an important place in 
management sociology.  

These relations can be divided according to what subjects they are associated with, as it significantly affects 
their nature. In this context, they are particularly relationships: 
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• With economic enterprises and institutions in the economy, where there are essentially partnering, 
competing or conflicting relationships. The relationship between the enterprise and trade unions or work 
councils representing the people takes an important place at this level also; 

• With the state and state institutions, where there are no partnership relations. The crucial issue is the 
creation of conditions and operating rules for the enterprise by the state through legislation (legal norms, 
social and employment policy), but also the action of lobbyists to state agencies; 

• With the public, which can be subdivided into relationships with potential future employees, relationships 
with customers, consumers and clients. 

Sociology of management follows, or includes, other applied disciplines of sociology, i.e. sociology of 
organizations, businesses, industry, labor, management, market and industrial relations. 

Besides these disciplines, the sociology of management turns, or should turn, to some other disciplines 
containing the knowledge that can be used in management, such as the sociology of public opinion (usable in 
marketing, in relation to the public), sociology of lifestyle (marketing, shaping consumer), urban sociology and 
regional sociology (market of manpower, logistics on site), sociology of culture (corporate culture), sociology 
of youth, women and families (relationship with work activity). 

3. METALLURGICAL ENTERPRISE CULTURE AND ITS INFLUEN CE ON THE BEHAVIOUR AND 
ACTIONS OF PEOPLE 

Business culture in general and specifically in the metallurgical industry significantly affects people's 
perception, thinking, emotions (feelings) and dealings. It is a decisive factor of what people accept, refuse, or 
ignore. The business culture reduces uncertainty by providing meaning and values and by facilitating the 
interpretation of events. [3] 

The human psyche and everything related to it is a complex system which is essentially addressed by an 
important scientific discipline-psychology of work and engineering psychology. Its essence rests in the fact 
that, under and through a variety of knowledge and theories, it tries to analyze different work situations, as well 
as material and social conditions of the working environment and working process. In terms of their physical 
and psychological impact on humans, relationships in the ‘man - machine - working environment’ subsystem 
are examined under the umbrella of ergonomics-the scientific discipline dealing with work. 

Managers at all organizational levels of the company should know the theory of managerial psychology and 
sociology and be able to effectively transform it into everyday life associated with the business, if they want to 
faultlessly and reasonably manage all issues related to their function. Several scientific studies and research 
works clearly demonstrate the economic recovery of the costs that are invested in recovery: organizational, 
educational and technical measures, particularly in manufacturing companies, which ultimately brings positive 
health and psychological effects. 

According to many experts and consultants, the owners and representatives of many Czech enterprises 
constitute the leading cause of creating an unhealthy corporate culture and one of the largest hindrances in 
their development. Young people are characterized by enthusiasm and courage to push something new. 
However, they may only do it in favorable environments and conditions. The problem is also that the 
predominant part of the management consists of older people, often without the competencies (knowledge, 
abilities, skills) necessary in the new business environment, inflexible in their decision-making, unwilling to 
change and learn something new-but holding fast to their functions and positions. For a metallurgical enterprise 
to achieve good results in the performance of individuals, teams and entire business through restructuring, the 
property ownership must be stabilized and a healthy and strong corporate culture has to be created. The 
problem is that the process of developing such a corporate culture takes time. The only way to speed up this 
process of change is to be able to appoint senior management consisting of capable and unconventional 
people from outside the company. [4] 
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4. THE PERFORMANCE AND RELIABILITY OF THE HUMAN FAC TOR 

With regard to negative year-on-year statistical development in various diseases in the EU, it is evident that 
the psychosocial aspects of the work environment are of appreciable importance in terms of their depth 
assessment or analyzing the root causes and reasons of their long-term adverse position. The analysis carried 
out by the European Agency for Safety and Health at Work confirms that diseases caused by physical and 
psychological stress dominate the occupational diseases in the EU. More than 38 percent represent 
musculoskeletal diseases, followed by neurological diseases, which constitute 21 percent, and respiratory 
disease, with more than 14 percent (SITA, October 8, 2014). 

When identifying the risks associated with the performance and reliability of the human factor within leadership 
and people management, with acceptance of all factors within the work process, it is necessary in particular 
to monitor and assess the processes of shaping the attitudes: 

• Activation of people, organizing the managed rotation of people, creating opportunities for self-
empowerment of individuals and support of talent, promotion of creative and innovative activities, 
respecting attitudes and themes, promotion and appreciation of successful solutions, opinions and 
suggestions from people. 

• Optimizing the working environment in all aspects, creating a positive and challenging, yet incentivized 
work climate and promoting team spirit. 

• Delegation of authority and responsibility, distribution of roles according to individual dispositions and 
abilities. 

• Level of vertical and horizontal communication and information flows. 
• Incentivized and motivational processes. 
• Respect and formation of moral principles and discipline. 
• Detection and effective use of information on attitudes and reasonable needs of the people. 

Large deviations from the ideal definition and conditions of the work environment, characterized by specific 
factors operating in the course of the work on people in metallurgical enterprises, which in the neuro-
psychological areas may include: monotony, time pressure, shift work, forced pace of work, high responsibility 
and associated authority, health and life threatening work, social isolation, as well as a combination of sensory 
and mental stress, all of which can negatively affect the adaptogens, and hence the performance and reliability 
of the human factor, health status, as well as people's outside activities and personal life. 

5. CONCLUSION 

In terms of psychosocial aspects of the work environment and a specific workplace, metallurgical cycle ranks 
as being very demanding physically and mentally for its manpower. 

Failure to respect people's psychological well-being in the workplace, which is compounded by inappropriate 
psychological stress and pace of work, ambiguous relationships, organizational structure, job description and 
contrary to the state where everyone knows what to do, as well as troubled interpersonal relationships, uneasy 
atmosphere of collegiality, mistrust and irresponsibility in the workplace and in particular people, creates a 
sense of physical and mental discomfort and stress, which people often do not even realize. They do not know 
that it is these factors that are causally related to their tiredness, poor performance, lack of concentration and 
a bad attitude to work, which ultimately brings a reduction in their performance and reliability, which is a small 
step to damaging the health of people and gives rise to incidents with injuries. 

For individuals whose health or happiness has been devastated by the effects of stress, the price of stress is 
clear. With the increasing pace of life, the changing nature of work and family life, stress is a direct cause of a 
wide range of diseases. In the developed world, stress is a direct cause of four cases (heart attack, stroke, 
accidents, suicide and homicide) and indirectly involved in another three (cancer, chronic diseases of the liver 
and bronchitis). [5] 
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Abstract 

Financial performance is a random process which could be decomposed in the particular indices. Often the 
influence function is of a non-linear form. For a performance analysis is important knowledge of the indices 
influence. One of the possible random influence measure is variance. However, the problem is more 
complicated under non-linear function of indices. There is in the paper derived a problem of the non-linear 
delta method approximation of variance decomposition. Financial performance variance decomposition in 

metallurgy sector is verified and investigated.  

Keywords: Financial performance, delta approximation method, variance decomposition 

1. INTRODUCTION  

Influence analysis and deviation analysis is one of the important instrument in the financial decision-making.  
We can distinguish the static (one-period) and dynamic (multi-period) analysis. The second aspect is 
characterised by the type of investigated function: linear (additive) and non-linear type. Financial performance 
is crucial synthetic indicator of financial and economical level. We can say the importance of the measure on 
all levels of economic subjects, companies, sectors, economy including companies and sector of metallurgy.  

The static approaches were presented e.g. Dluhosova (2014), Dluhosova (2015), Zmeskal (2013). The 
objective of the paper is to derive the method for multi-period (dynamic) influence analysis for financial 
performance of non-linear dependency function of financial performance applicable in metallurgy sector. The 
method proposal is based on delta (linear) approximation by the Taylor expansion and variance analysis. 
Example of decomposition of financial performance on Return on Assets (ROA) measure in metallurgy is 
presented. 

2. DERIVATION OF THE DELTA VARIANCE ANALYSIS METHOD   

There is in the chapter derived the variance of non-linear function on the delta approximation. The first the 
linear example is derived and subsequently, the non-linear delta approximation formula is derived. The chapter 
includes the special example of three influential factors. 

2.1. Linear variance analysis method derivation  

We suppose the linear function,   

,                                                                                                                                                     (1) 

where  is dependent variable, is coefficient and is independent (explanation) factor.  
We can express the margin as follows, 

,  ,                                                                                                                           (2) 

i

i

i FaY ∑=

Y ia iF

ii FaY ∆⋅=∆ ∑ ( )ii FEa =
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where ,  so                                                                                                                           (3) 

.                                                                         (4) 

Variance of the function is following 

                                                                       (5) 

here ,  , it implies that  

.                                                   (6) 

So formulae the variance of particular factor is as follows,  

, it stems that relative influence of particular factor is                         (7) 

.                                                                                                                                                     (8) 

Remark to the variance formulation: , because , 

and   

.                                                                                                   (9) 

2.1.1. Linear approximation delta variance analysis  method derivation  

The basic non-linear function is 

, and margin  

. 
Because of application of the Taylor expansion, the general formulae is 

,  linear part is                                    (10) 

.                                                                                                                  (11) 

 

The margin (residual deviation) is   

, then the variance formula is following,                 (12) 

,                                                                                  (13) 

where ,  .                                                                                                      (14) 
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                                                         (15) 

where ,  ,  and so                                                   (16) 

.                                                  (17) 

Therefore we can express variance of particular factor as follows,   

,                                                                                                          (18) 

and relative influence of particular factor is  

.                                                                                                                                                    (19) 

 
2.1.2. Linear approximation delta variance analysis  method derivation of three factors  
Applying procedure of previous part, for three factors 

,                                                                    (20) 

where ,                                                                                                                                      (21) 

.                                                                                            (22) 

Variance of the function is  

                                                                      (23) 

                            (24) 

                                                                      (25) 

Variance of the particular factor is  

, and relative variance                                                                  (26) 

.                                                                                                                                                    (27) 

3. APPLICATION OF DELTA NON-LINEAR VARIANCE METHOD IN METALLURGY SECTOR 

The goal of the application is to find the relative influence of the three factors (sales profitability, assets turnover 
and financial leverage) on return on equity in metallurgy sector. The input are quarterly data of metallurgy 
sector in period 1Q 2007 to 2Q 2014. 
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3.1. Linear approximation delta variance analysis m ethod formulas   

We suppose the influential function of performance in the non-linear multiplicative form,  

,                                                                                                                         (28) 

where  is sales profitability,   is assets turnover,  is financial leverage, is equity, is sales,  

is asset. 

So, the formulas of variance influence calculation in coincidence with previous part are   

,                                                                                                         (29) 

,                                                                                 (30)  

,                                                                               (31) 

,                                                                                (32) 

where , , 

.                                                                                                            (33) 

So formulas of particular factors are,   

                                               (34) 

                                               (35) 

                                               (36) 

3.1.1. Input data   

There are in the Fig. 1 
presented the input 
quarterly data data of 
indices, return on equity, 
sales profitability, assets 
turnover and financial 
leverage. 

3.1.2. RESULTS 

There are in Table 1, 
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performance by the ROE indicator, then the most influential is profitability sales (92.07%), less important assets 
turnover (6.31%) and very small influence has financial leverage (1.62%). 

Table 1 Calculated parameters 

I 1 2 3 

E(Fi) 0.0335 0.2500 1.5308 

ai 0.382690735 0.05128143 0.008375018 

Table 2 Covariance matrix 

 EAT/S S/A A/E 

EAT/S 0.0028 0.0013 0.0021 

S/A 0.0013 0.0012 0.0017 

A/E 0.0021 0.0017 0.0038 

Table 3 Influence of factors 

 EAT/T T/A A/VK ROE 

zi 0.000441826 3.0289E-05 7.76891E-06 0.00047988 

s i 92.07% 6.31% 1.62% 100.00% 

4. CONCLUSION 

The paper was devoted to the deviation influential analysis of metallurgy sector. The delta approximation 
variance method of non-linear function was derived. The financial performance of the ROE indictor was 
verified. The most influential factor of metallurgy sector of quarterly data of period 1Q 2007 to 2Q 2014 was 
founded the sales profitability. The deviation analysis is important method and results of analysis can serve as 
the important information in managing industry sector. 
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Abstract 

The article presents applied solutions in the range of supply chain structure of metallurgical products required 
in machinery and equipment manufacturing taking into account the realisation of contracts to order in selected 
machine-building enterprises. The study undertakes issues concerning different types of inter-organisational 
relationships and determinants for the effective implementation of supply processes in a selected company. 
The study indicates the complexity of an analysed supply chain combining features of both flexible and narrow 
supply chains. 

Keywords: Machine-building company, metallurgical products, supply chain structure 

1. INTRODUCTION 

Effective management of supply processes in machine-building enterprises is still the challenge for managers 
and researchers. High level of the complexity of phenomena occurring in supply processes makes this phase 
essential in the whole process of a contract realisation and particularly sensitive to disturbances. Supply 
processes determine the efficiency of a production process.  That situation is mainly determined by dynamic 
changes which take place in a market environment, and above all the change in the service of the final client 
for which a highly specialized product is developed and manufactured. And this is why there is the necessity 
of changes in the organisation of a supply chain, in the structure and the type of a production process, and in 
the organisation of distribution. Many companies, facing these changes, are focused on transforming the way 
of a manufacturing process from mass production into unitary production.  

The article refers to the problems concerning a supply chain of metallurgical products applied in the production 
of machinery and equipment in Kopex Machinery, which is the comprehensive supplier of machines and 
equipment for underground coal mining. The study includes the analysis of source materials and a direct 
interview with engineering and technical staff of an analysed company. The research has indicated the benefits 
brought in by the reconfiguration of a supply chain, mainly by strengthening the supply of steel products by 
Kopex Machinery subsidiaries. 

2. SPECIFICITY OF POLISH MACHINE-BUILDING ENTERPRIS ES 

Machine-building industry can be characterised by the great diversity of products and is essential for the 
national economy. Its main role is the supply of machinery and equipment which are the production means in 
other industrial branches and sectors in an economy. The development level of machine-building industry 
affects the general level of products’ production and products’ quality. The location of machine-building plants 
is determined by inter alia, the access to qualified engineering and technical staff, research facilities, the 
resource base (mainly steel products) and markets.  

Engineering industry in Poland can be divided into the production of: general-purpose machines, special-
purpose machines, machinery for agriculture and forestry, and machinery and mechanical appliance. 
Engineering industry is one of the strongest in Poland, especially in the context of the share of finished products 
in the export. The location of machine-building plants in Central and Eastern Europe made a positive effect on 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1903 

the scale of investment in the branch and the level of orders. In the year 2014 there is a 3% increase in 
comparison to the previous year in the number of entities involved in manufacturing of various kinds of 
machines. Presently, there are approximately 8 000 enterprises in the Polish engineering industry, of which 
more than 80% employ up to 10 people (microenterprises). A large share belongs to small enterprises, which 
employ 11-49 people (1 015 entities). Less than 5% of enterprises employ up to 250 people, and there are 79 
large enterprises which employ more than 250 persons.     

The main factors determining the competitiveness level in machine-building sector are: technological 
advancement level, access to markets, industry knowledge, labour costs, innovation potential. Innovative 
activities are mainly product and process innovations, i.e. the implementation of new or significantly improved 
designs, production methods and distribution of products. The key issue is acquiring new knowledge, changes 
in infrastructure, human resources, working methods or the combination of different solutions [5]. 

3. SUPPLY CHAIN STRUCTURE OF METALLURGICAL PRODUCTS  

The complexity of relations in present supply chains derives from dynamic changes in a market environment 
and depends upon changing needs of recipients [7]. The key fact is that the presence of enterprises in 
competitive market and the necessity of searching new demand requires enterprises’ reorientation [3].  
J. Brzóska [2], in his study emphasizes the need for more flexible and innovative business models treated as 
contemporary form of model capture of concept of the strategy and organization system or even company 
management. 

The structure of particular supply chains is given by industrial branch character (e.g. automotive, food or 
pharmaceutical industry). They are usually consisted of hundreds or thousands of companies and institutions 
which are connected through huge material, information and financial flows [6]. Operational managers must 
consider many factors in the processes of designing, developing, and restructuring their supply chains as 
markets evolve. The studies undertaken by A. Awaysheh i R. D. Klassen prove that the location of suppliers 
and the forms of interaction between supply chain members have important social implications, and cannot be 
ignored [1].  

A different approach to the structure of a supply chain is presented by M. Kruczek [9]. He suggests, first of all, 
that the analysis of a supply chain should be conducted at the formal structure level. For that type of focus, it 
is recommended to conduct the field research comprising e.g. the surveillance method, the survey study and 
the analysis of source materials. The information gathered in such a way is then supplemented with opinions 
of experts in a given field who point out the influence creation of supply chains among various companies. 
That stage of the analysis leads to identifying the companies that become particular links of the supply chain. 
Such an analysis is necessary in a simple supplier - receiver relationship which has evolved with many 
additional indirect links. Moreover, the number and scope of activities of those middlemen companies perform 
constantly changes and such a structure is very difficult to identify and, even more, to be managed.  

The management process of the whole supplies chain is not an easy task. In Fig. 1  the complexity of the 
supply chain structure is presented. 

All firms participate in a supply chain, from raw materials to the ultimate consumer. The question is how much 
of this supply chain needs to be managed depending on several factors including the complexity of the product, 
the number of available suppliers, and the availability of raw materials [10]. Dimensions to consider include 
the length of the supply chain and the number of suppliers and customers at each level. It would be rare for a 
firm to participate in only one supply chain. For most manufacturers, the supply chain looks less like a pipeline 
or chain than an uprooted tree, where the branches and roots are the extensive network of customers and 
suppliers [4].  
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Fig. 1  Supply chain network structure [11] 

The Polish metallurgy gradually changes its own production offer towards deep-converted products. The 
specialization of metallurgical enterprises becomes a market necessity. Such tendencies concern both the 
production side of the supply chain and the distributional part. Supply networks of metallurgic products consist 
of numerous cooperating nodes connected by different formal and informal relationships. Such a structure 
enables the network configuration to match current market needs [8]. 

Metallurgical supply chains are specific, especially thanks to the nature of production systems. In comparison 
with the assembly types of productions, they are based on highly material and energy demanding physical and 
chemical processes taking place in technically and technologically complicated apparatus devices. The 
character of products is different as well, since they are not composed of components, but they represent 
treated material of certain shape, size, and structure, with physical, chemical and other properties that make 
their use value [12, 13, 14].  

4. SUPPLY PROCESSES IN A SELECTED MACHINE-BUILDING ENTERPRISE 

The analysis of supply processes, especially concerning the supplies of metallurgical products and to the 
production of machines and equipment  dedicated to different industrial branches were  carried out in an 
enterprise which is the largest producer of mechanical engineering industry in Poland. Kopex Machinery offers 
complete solutions for machinery and equipment for coal companies, for all longwalls’ heights and the power 
adjusted to customers’ requirements. Processes carried out by the company result from the primary purpose 
of its activities, namely, meeting the demand of customers, mainly in the field of machinery and equipment for 
coal mining (longwall shearers, heading machines, haulage longwall complexes, transport equipment, 
equipment for mechanical processing of minerals). Despite the strong influence of technique and technology, 
it is the customers' needs which determine the size and the subject of production.  

Restructuring changes, which took place the last years in the capital group Kopex, mainly in the field of 
employment and organization, led to the changes in the structure of the supply chain from the distracted 
structure into the compact one, based on subsidiaries. Steel products are of great importance for the final 
product. Their share in total purchases is about 30%. Supplies of steel products, up to 55% are realized as 
internal supplies by subsidiaries. Other deliveries are supplied by external contractors which are not connected 
with Kopex Machinery. 
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The largest subsidiaries of Machinery Kopex are: Miilux Poland Ltd, Tagor, Poland Investments 7 Ltd and 
HSW Odlewnia Ltd.  Miilux Poland Ltd is a major supplier of hard wearing steel sheet used in the production 
of longwall scraper conveyors. Tagor is a supplier of sheet metal and alloy construction, which are components 
of shearers. Poland Investments 7 provides processed steel structures and the complex of heading machines, 
and products designed for vertical transport of excavated material and people, horizontal transport 
(conveyors), machines for enrichment and classification of coal. HSW Odlewnia Ltd is the main supplier of 
steel and iron castings. Deliveries of HSW Odlewnia Ltd cover almost the entire demand for castings in Kopex 
Machinery. 

The production of Kopex Machinery is the unitary production. Parameters of final products complies with the 
customers’ requirements. In case it is necessary consultations are held with the producers of materials for the 
optimum selection of materials. The internal supplies in Kopex Machinery have a significant impact on the 
quality of supplies, their timelines and pricing. The creation of consignment warehouses resulted in a significant 
decrease in inventories in the assortment of metallurgical products.  

The configuration of a supply chain enables more efficient after-sales service. The customer service, including 
maintenance services and the supply of spare parts, is a strategic activity of the company which makes it more 
competitive [15]. Her character is dependent on the activity of a given market and covers all activities through 
their own subsidiaries. The company participates in both the selection of equipment, their implementation, 
supervision, and maintenance management. 

In Fig. 2  the structure of a steel goods supply chain is presented. The structure is adjusted to processes 
realised in the analysed enterprise.  

 

Fig. 2  The structure of a steel goods supply chain (own preparation) 

Taking into consideration restructuring changes realised in the last few years in the group of Kopex Plc , it 
should be emphasized that there has been the significant improvement in the indicators characterizing the 
supplies of metallurgical products mainly by subsidiaries, which can be regarded as internal supplies. 
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Table 1  Data concerning the supplies of defective materials for Kopex Machinery in the years 2010-2014. 

No. Year The cost of the supplies of 
defective materials [PLN]  

The number of the 
protocols of defects 

The number of 
defects 

Defects in castings 

Total Supplied by 
HSW 

1 2010 201 798.85 183 478 174 145 

2 2011 575 760.90 174 532 122 98 

3 2012 377 291.76 158 532 119 84 

4 2013 398 122.08 105 295 48 39 

5 2014 129 800.40 68 238  -----
- 

36 

The analysis of the protocols of defects shows the scale of the need to replace materials or products in Kopex 
Machinery arising from the delivery of defects. The analysis indicates the decline in quantity and the value of 
qualitative indicators of defective deliveries as a result of the consolidation policy of the internal supply chain. 
The effect was achieved both by acquisition of companies such as HSW Odlewnia Ltd, and by creating new 
entities such as Millux Ltd. 

5. CONCLUSION 

Kopex Machinery is going to continue the solutions in the range of consolidation and optimization of an internal 
supply chain mainly by the development of existing assets and by the improvement of internal logistics 
systems. 

In a mid-term horizon, the future of Kopex Machinery, given in the development strategy of the company, will 
focus on the diversification of final products due to the difficult situation on the domestic and international hard 
coal market, and the further reconfiguration of the business model, mainly in response to external 
circumstances. 

In the area of improving the supply chain Kopex Machinery intends to undertake active actions in subsidiaries, 
which should bring in: 

• strengthening the production potential of HSW Odlewnia Ltd in the range of large-scale steel and iron 
castings (over 4 tonnes), 

• changes, in Miilux Poland Ltd, in the infrastructure and production processes for improving the quality 
and the further cost reduction of the production of hard wearing steel sheet. 

Kopex Machinery considers actions related to the implementation of the concept of Just in Time, mainly for 
internal deliveries carried out by the company's subsidiaries, which should bring beneficial effects in the range 
of logistic customer service and the optimization of the costs Kopex Machinery activity. The reconfiguration of 
the supply chain, which took place in Kopex Machinery is a good example that shows how essential are flexible 
supply chains in machine-building enterprise for the effective implementation of products for individual 
customers’ order. They bring benefits in reducing the number of defective materials in the process of 
completing the product, and on the other hand they enable to obtain the improvement of the quality of the 
product for the final consumer. 
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Abstract  

Most manufacturing companies realize its technologies, implemented through concrete machinery parts. They 
differ in terms of importance, the relevance of their selection and the level of their modernity. Modernity and 
efficiency of the machine are also very important during production process of the metal products. They have 
an influence on the quality of these products. The purpose of this article is to analyse the chosen production 
machine (CNC machine AFE-3D8-T) used during production process of metal products in terms of its 
modernity. The ABC technology method was chosen to do this research. Individual parts of this machine were 
divided into 3 subassemblies (parts of main subassembly A, parts of supportive subassembly B, parts of 
collateral subassembly C) and then each part was evaluated on the basis of Parkers' five-point scale. 

Keywords: ABC technology method, machines, modernity, technology, metal product 

1. INTRODUCTION 

Production technology and the state machinery park affect the company's competitiveness in the market, which 
is why company executives should take into account these elements when taking any decisions concerning 
the production process. The state of the machinery park, according to various sources [1-2], can be evaluated 
for various aspects: effectiveness, productivity, energy consumption, material consumption, the use of human 
labour, but also modernity. Most of the features of the machine depend on its modernity. Therefore, any 
analysis of the state of the machine park, according to the author, should start exactly from the analysis of its 
modernity. 

Most manufacturing companies realizes their technologies, implemented through concrete machinery parts. 
They differ in terms of importance, the relevance of their selection and the level of their modernity.  

Modernity of machines and devices can be classified, with use of the ABC technology method. The competitive 
advantage, expressed for example as the richness of the product assortment, can be used as a criterion for 
evaluation. This can be achieved thanks to the flexibility of devices that allow for variation in the type and 
quality of the product. 

The purpose of this article is to analyse the chosen production machine used during production process of 
metal products in terms of its modernity. In this case ABC technology method was used. Different graphical 
form was used to show more detailed information about obtained results. 

2. METHODOLOGY 

To evaluated modernity of machine and devices, the ABC technology method, described in following papers 
[3], was used. This method, called also Pareto-Lorenz method or the 80-20 rule, belongs to the techniques 
determining the actions aiming at improvement of the processes levels and quality characteristics of material 
goods and services. This analysis is based on the principle according to which, in each group several segments 
can be divided into marked with the letter A, which largely determine the results. Parts of main subassembly 
A appear at the beginning of system, at the end of the system parts of collateral subassembly C appear. In the 
middle of the system there are parts of supportive subassembly B. 
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Technologies of level A, also known as main technologies, are basic technologies, fundamental for business. 
They help to give special attributes to produced products. 

Technologies of level B are the enabling technologies of a general nature, available to all companies in a given 
industry. The company does not show interest in development, but benefits from such progress during the 
purchase of the machine. 

Technologies of level C are supporting technology, which are usually part of the overall business. These 
technologies are associated with its own machinery or equipment and are not subject to the innovative activity 
of the entity using it. User first of all cares for their proper maintenance, aiming to shorten their downtime and 
to eliminate their premature withdraw from use [4-5]. 

The evaluations of individual parts of the machine can be made on the basis of the Parker's five-point scale 
[5]: 

• Level 1 concerns of easy the machine parts manufactured with use of craft technologies. 

• Level 2 concerns of the machine parts manufactured with unchanging technologies used for years. 

• Level 3 concerns of the machine parts manufactured with more complex technologies, requiring 
technical skills and knowledge. 

• Level 4 concerns of the machine parts manufactured with modern technologies. 

• Level 5 concerns of the machine parts manufactured with the most modern, unique technologies, not 
known by other producers. 

Parts of subassemblies of the machinery park and technology used by the company are extremely important 
for the quality of products. Machinery and devices equipped with modern parts, components not only work 
more efficiently, but also produce products with much higher quality [6-7]. 

The ABC technology method was used in the article to evaluate modernity of the CNC machine cutting the 
wire with a symbol AFE-3D8-T. All parts of this machine were divided, in accordance with described method, 
into three groups: parts of main subassembly A, parts of supportive subassembly B, parts of collateral 
subassembly C. Then each of these parts was evaluated in the previously described scale. The results were 
shown in tabular manner. 

However, the division machinery on parts and their evaluation is not enough. The results are more visible and 
better understanding in the graphical form, which is why in the article these forms were used. This allows for 
easier interpretation of the results. With use of the histogram a graphical interpretation of the results, which 
shows the differences in the allocated evaluations, was presented. With use of the pie charts graphical 
summary of the percentage shares of individual levels for each part in every assembly was demonstrated. 
Final results of the ABC technology method for the entire research machine was shown in the traditional way: 
percentage shares of each level in the form of bars, and accumulated shares in the form of a linear function. 

3. CHARACTERISTICS OF THE RESEARCH OBJECT 

The research company was founded in 1975 as a production-service company. It started from performing 
minor services, mainly related to turning, metalwork and varnishing. At the beginning in the offer of the 
company a customer could find decorative metal-plastic products, often copper plated, including decorative 
plates on the walls, city coat of arms, consumer products, for example tea sets, coasters, napkin holders, racks 
for glasses, ashtrays with different themes, plant stands. They were formed mainly of steel sheet, copper 
plated steel sheet or regular steel sheet. Later the assortment was expanded to hangers for skirts or shirts, 
pasta cutters and many other household equipment, articles for shop fitting, which are produced until now. 
Nowadays, the products are sold in Poland and abroad, mainly in the European Union. 
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During production process of metal product, the company uses many different machines and devices. The 
basic and at the same time the first machine used in this production process is CNC machine cutting the wire 
with a symbol AFE-3D8-T. Its basic parameters are presented in Table 1. 

Table 1 Parameters of the CNC machine AFE-3D8-T [8] 

Machine model AFE-3D8-T 

Wire diameter range [mm] 2-8 

Max wire tensile at max wire diameter [N / mm2] 550 

Performance specifications 

Feeder axis 

Wire feed resolution [mm] +/- 0.006 

Max wire feed speed [m / min] 100 

Bender axis 

Bender resolution [˚] 0.0005 

Max bender speed [˚ / sec] 1000 

Max bender angle [˚] Unlimited 

Turret axis 

Turret axis tool change time [msec] 400 

Set-up time 

Same wire diameter [min] 1 

Change feeder rollers and bending tools [min] 15 

Power consumption, electrical and air requirements 

Average power consumption [kWh] 2.0 

Electrical requirements 50/60 Hz, 400 or 460 V, 3 phases 

Installed power 45 KVA 

Air requirements 100 PSI @ 2 SCFM 

Dimensions and weight 

Width, depth and height [m] 2.59x2.08x2.13 

Gross weight [Kg] 4220 

4. RESULTS 

The modernity research was conducted for the CNC machine AFE-3D8-T. The most difficult stage of the study 
was to specify the different parts of the machine and their division into individual subassemblies. Evaluation of 
modernity level of individual parts of the research machine is presented in Table 2 . 
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Table 2  Evaluation of the modernity of the parts of the CNC machine AFE-3D8-T 

No Parts of main subassembly A Evaluation  Average 

A1 Control system 4 

3.2 

A2 Control panel 4 

A3 Programming system 4 

A4 Controllers feeders 3 

A5 Safety device modules 3 

A6 Cutting system 3 

A7 Wire rollers 3 

A8 Wire delivery system 3 

A9 Wire bending system 3 

A10 Stationary breaking cap 2 

 Parts of supportive subassembly B    

B1 Integrated power units 3 

2.8 

B2 Height adjustment mechanism 3 

B3 Fan 3 

B4 Utilities connection system 3 

B5 Wire length measure system 3 

B6 Main power transmission system 3 

B7 Feeders 3 

B8 Start-up system 3 

B9 Rollers spacing change system 2 

B10 Bearings 2 

 Parts of collateral subassembly C    

C1 Stainless steel machine construction 3 

2.3 

C2 Shields 3 

C3 Four leg frame 3 

C4 Sensors 2 

C5 Wires 2 

C6 Switch key 2 

C7 Control buttons 2 

C8 Screws 2 

C9 Screw caps 2 

C10 Rubber pads 2 

In Fig. 1 graphical interpretation of modernity level of research machine was presented. In Fig. 2 the structure 
of modernity level of the research machine taking individual subassembly into consideration was presented. 
In Fig. 3  the final result of the ABC analysis is presented. 
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Individual parts of the CNC machine AFE-3D8-T, according to Table 2 , Fig. 1  and Fig. 2 , were classified in 
following way:  

• Parts of main subassembly A: in 60 % are on level 3, in 30 % on level 4 and in 10 % on level 2. So 3 
was the most often given evaluation (6 times). The highest evaluated parts (level 4) were: control 
system, control panel and programming system. These are parts which to a large extent determine if 
the machine is easy to use. Stationary breaking cap was the lowest evaluated (2) part of the main 
subassembly A. No part of this subassembly received evaluation 1 or 5. It should also be noted that the 
evaluations of parts of this subassembly were the most diverse. This group had the highest average 
evaluation (3.2). This means that the average part of the subassembly was manufactured with more 
complex technologies, requiring technical skills and knowledge. 

• Parts of supportive subassembly B: in over 80 % are on level 3 and in over 20 % are on level 2. So 3 
was the most often given evaluation (8 times). Rollers spacing change system and bearings are two 
part with the lowest evaluation (evaluation 2). None of the parts received evaluation 1, 4 and 5, which 
means small diversity in evaluations. In case of subassembly B, the individual parts were evaluated only 
at 2-3. The average evaluation was 2.8, which means that parts of this subassembly were manufactured 
with more complex technologies, requiring technical skills and knowledge or with unchanging 
technologies used for years.  

• Parts of collateral subassembly C: in over 70 % are on level 2 and in 30 % are on level 3. None of the 
parts received evaluation 1, 4 and 5, which means small diversity in evaluations and also lack of 
modernity. Stainless steel machine construction, shields and four leg frames are parts with the highest 
evaluations in this subassembly. Average evaluation of all subassembly was 2.3, which means that on 
average parts of this subassembly were manufactured with unchanging technologies used for years. 

 

Fig. 1 Modernity level of parts of the CNC machine AFE-3D8-T 

a)  b)  c)  

Fig. 2 The modernity structure of subassemblies of the CNC machine AFE-3D8-T in: a) main subassembly, 
b) supportive subassembly, c) collateral subassembly 
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Fig. 3 ABC analysis of the modernity level of the CNC machine AFE-3D8-T 

Average evaluation of the entire machine was 2.8, which means that, as in the case of the subassembly B, 
most of the parts were manufactured with more complex technologies, requiring technical skills and knowledge 
or with unchanging technologies used for years. It should be emphasized that the average evaluation of parts 
of subassembly A was higher than the average for the entire machine. 

Analysing Fig. 3  it can be concluded that evaluation 3 was the most often given evaluation to individual parts 
of the research machine (almost 60 %). Evaluation 2 was next in the order (over 35 %). Evaluations 4 had little 
impact on the overall evaluation of modernity of the research machine. 

It means that the research machine is not modern. Perhaps company managers should think about changing 
this machine for newer one. This is the first condition, which tends to take such decision. This would allow for 
improvement of the technical parameters of the products, increase in production efficiency and reduction of 
the amount of nonconforming products. Therefore, it can be concluded that a properly selected and correctly 
applied parts of the subassemblies contribute to the improvement in quality of products and the efficiency of 
the machine. 

5. CONCLUSION 

Modern and efficient production machinery park own by the company determines the course of the production 
process and the level of quality of products. Modernity of the machines can be evaluated with use of ABC 
technology method, which can indicate, which technologies were used during production process of the 
individual parts of the machine. This analysis is also a part of the evaluation of the technological strategic 
position of the company [9-12]. 

In the article the results of the research conducted in company producing metal product was presented. The 
analyses were supposed to show if the production machinery park used during production process is modern. 
The CNC machine cutting the wire with a symbol AFE-3D8-T was analysed. From the conducted analysis of 
the research machine it results that most of the parts were manufactured with more complex technologies, 
requiring technical skills and knowledge or with unchanging technologies used for years. 

The research machine is not modern, so managers should consider its change. It should be remembered that 
the more modern machine is and the same time the more modern its part are, the higher efficiency and 
productivity of its work are. Modernity also usually entails higher quality of products. Therefore, further research 
of the machine in terms of its efficiency and productivity of its work are planned. 
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Abstract   

Achieving high standards of a product quality at minimum cost is only possible using modern methods and 
approaches of the quality management. For most companies, their application is vital regarding their 
competitiveness in the business area. This is valid also for the automotive industry, where modern approaches 
to quality management becoming the standard. One of these approaches mainly used in the automotive 
industry is PPAP (Production Part Approval Process). The advantage of companies using PPAP consisted 
mainly in strengthening of supplier awareness of special customer requirements for the particular product. The 
paper deals with the possibilities of application PPAP for suppliers of metallurgical products. Based on the 
analysis of selected organizations producing metallurgical products for the automotive industry main 
advantages of PPAP implementation will be specified. 

Keywords: APQP, PPAP, Process Flow Chart, PSW  

1. INTRODUCTION 

Quality of the final product no longer depends solely on its manufacturer. The very important part of final 
product quality covers quality of each single component supplied by subcontractors selected and then 
approved by customer. 

In automotive industry, a considerable complexity of the product structure combined with a high pace of 
implementation of manufacturing processes (usually accompanied by requirements to assure on-time 
deliveries) created a narrow specialization of suppliers. The suppliers of Original Equipment Manufacturers 
(OEMs) along with their suppliers create a supply chain that is complicated and difficult to manage [1, 3]. 

Transferring of production from manufacturers premises to suppliers caused huge limitations with respect to 
controlling of all processes and their sub-processes. Moreover, one can notice a considerable shortening of 
the product life cycle, not only in automotive sector. Products used to be manufactured without any changes 
in past. This is no longer possible contemporary market. Currently, the life cycle of any car model amounts up 
to several years [2]. Such a situation is the one of the main reasons of frequent implementation of new 
manufacturing processes at OEMs plants and their suppliers. This has raised an important issue of processes 
control in supply base to assure quality of the supplied products and timely deliveries. As the remedy formal 
quality management systems were developed (ISO 9001 [3, 4] and its extension for automotive industry 
ISO/TS 16949 [5]). However, the requirements contained in these standards do not sufficiently protect interest 
of car manufacturers in terms of quality and timely deliveries, therefore the great American OEMs (Ford, 
Chrysler and General Motors) have developed additional so called customer specific requirements (CSRs) for 
all suppliers known under the name of AIAG Manuals including among others APQP, FMEA, SPC, MSA and 
PPAP procedure (Production Part Approval Process) [6, 7].  

2. PPAP CHARACTERISTIC AND REQUIREMENTS 

The PPAP procedure is an essential part of preparation phase of production process. It contains a number of 
guidelines for suppliers who are obliged to present a set of qualitative evidences proving readiness for start of 
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serial production (SOP). This means that supplier, before starting deliveries of purchased components, is 
required to develop and submit a particular documentation for the customer for his approval. The required 
documents correspond to 18 requirements imposed by PPAP manual (see Table 1 ). 

Table 1  PPAP requirements for suppliers [6] 

Requirements - PPAP Elements Level 1 Level 2 Level 3 Level 4 Level 5 

1. Design Record 
    -for proprietary components/details 
    -for all other components/details 

R 
R 
R 

S 
R 
S 

S 
R 
S 

* 
R 
R 
R 

2. Engineering Change Documents, if any R S S * R 

3. Customer Engineering Approval ** R S S * R 

4. Design FMEA R R S * R 

5. Process Flow Diagrams R R S * R 

6. Process FMEA R R S * R 

7. Control Plan R R S * R 

8. Measurement System Analysis R R S * R 

9. Dimensional Results R S S * R 

10. Material, Performance Test Results R S S * R 

11. Initial Process Studies R R S * R 

12. Qualified Laboratory Documentation R S S * R 

13. Appearance Approval Report (AAR) ** S S S * R 

14. Sample Product R S S * R 

15. Master Sample R R R * R 

16. Checking Aids R R R * R 

17. Records of Compliance with Customer  
Specific Requirements 

R R S * R 

18. Part Submission Warrant (PSW) 
      - Bulk Material Checklist 

S 
S 

S 
S 

S 
S * 

R 
R 

Required way of presenting the evidence to customer 

S 
The organization shall submit to the customer and retain a copy of records or documentation 
items at appropriate locations 

R The organization shall retain at appropriate locations and make available to the customer 
upon request 

* The organization shall retain at appropriate locations and submit to the customer 

** If required / applicable 

All PPAP requirements have been specified together with customer-supplier agreed level of submission. It 
determines which of evidences (documents) shall be submitted to customer as default and which of evidences 
should be submitted on customer demand. The most frequently used level of submission is level number 3 (so 
called full PPAP). After completing the required documents, a Part Submission Warrant (PSW) is filled and all 
are sent to a customer together with reference samples. A customer makes a decision based on documents 
submitted by a supplier notifying supplier of PPAP approval, temporary approval or PPAP rejection. To get 
PPAP approval on time a process of acquisition and development of PPAP required evidences should be 
planned, monitored, measured, evaluated and systematically improved on the basis of obtained results [1, 6]. 
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The standard ISO 9000 [8] defines the process as a set of interrelated activities which interact and transform 
inputs into required outputs. Tasks required by PPAP (no mentioned its name) implies that it is a process, 
therefore it is necessary to: 

• define it as a sequence of activities, 

• assign each activity its input and output with specific requirements (targets), 

• identify and assure necessary resources and assign responsibility for each single activity. 

PPAP treated as a process can be presented as flowchart (see Fig. 1 ) defining the order of activities aiming 
at obtaining evidences for PPAP submission. At the PPAP input a supplier has to gather and review all 
engineering data and records defining requirements for a product, a supplier is supposed to deliver (design, 
manufacturing), including technical changes (if any) and evidence of customer technical approval. Engineering 
data at PPAP input is usually delivered in electronic format (CAD/CAM data). At the output of PPAP process 
a customer approval status of the submitted PPAP documents is obtained. 

 

Fig. 1  The flow chart of preparing PPAP documentation at level 3 [1] 

3. ANALYSIS OF PPAP IMPLEMENTATION FOR SUPPLIERS OF  METALLURGICAL PRODUCTS 

For the analysis were selected companies supplying metallurgical products in various industry sectors. Ten 
companies were selected as a representative sample. Specifically, there were companies from both the Czech 
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Republic and Slovakia, which are suppliers of metallurgical products. Given sample of companies is used in 
the following section for the analysis and identification of the main benefits of implementation of PPAP process.  

Selected companies can be classified into the middle category with a staff of 100-300 employees, which supply 
more than ten types of products and whose main production technology is casting or forging. Most of 
companies, namely eight companies from the survey, supply their products to different sectors of the 
engineering industry. Only two of them supply their products to the automotive industry. In Table 2  are 
summarized the basic information about individual companies, which are due to preservation of confidentiality 
identified only by numbers 1 to 10. 

Table 2 Basic information about individual companies 

Company Country Production technology Supplier PPAP  implementation 

1 Czech Republic Casting Engineering industry NO 

2 Czech Republic Casting Engineering industry NO 

3 Czech Republic Forging Engineering industry NO 

4 Slovakia Casting Automotive industry YES 

5 Slovakia Casting Engineering industry NO 

6 Czech Republic Forging Engineering industry NO 

7 Slovakia Forging Engineering industry NO 

8 Czech Republic Casting Engineering industry NO 

9 Czech Republic Casting Automotive industry YES 

10 Slovakia Casting Engineering industry NO 

From the table is evident that the PPAP is implemented only in two cases involving companies that are 
suppliers to the automotive industry. The reason is that all suppliers to the automotive industry must have 
implemented this process to become a supplier in this industry sector. Other companies supplying to other 
industry sectors haven’t implemented this process, when one of the reason is the lack of customer demand for 
the implementation of the PPAP process.  

All selected companies were then evaluated on the basis of audit reports of executed audits with a view to 
show the main benefits of the implementation of PPAP. For the analysis the several parameters were selected. 
These are parameters which are always monitored during the audit and determine the organization's approach 
to the quality management. They also represent an important indicator of product quality and quality of 
production process.  

With respect to the identification of the main benefits of PPAP the following parameters were monitored: 
completeness and transparency of process documentation, results of dimensional monitoring, approved 
reference samples and application of special customer requirements.  

Given parameters were determined by the rating scale expressing the implementation level in the particular 
company. Because of the clear identification of results only three-stage evaluation scale was chosen, and thus 
"Yes", "Yes, with deviation" and "No". Yes means the fulfillment of the parameter without further action. Yes, 
with a deviation means partial fulfillment when there are weaknesses and 'no' means fail of the parameter. The 
selected range reflects the real results of audits in the particular companies. Results for individual companies 
in terms of implementation level of monitored parameters are shown in Table 3 . 

From the table is evident that companies with PPAP implementation, namely companies 4 and 9 supplying 
into automotive industry, achieve better results and fulfilled all these monitored parameters. It is also evident 
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that some companies are close to the application of PPAP, namely companies 3 and 6, because they are close 
to the fulfilment in all monitored parameters. For other companies, namely for companies 2, 5 and 7 would be 
the implementation of PPAP very complicated, since they didn’t fill any parameter. It is clear that these 
companies are not able to react flexibly to special customer requirements. 

Table 3 Implementation level of monitored parameters  

 
Monitored parameter 

Company 

Completeness and 
transparency of 

process 
documentation 

Results of 
dimensional 
monitoring 

Approved reference 
samples  

Application of special 
customer requirements 

1 YES with deviation YES with deviation NO NO 

2 NO NO NO NO 

3 YES YES with deviation YES with deviation YES with deviation 

4 YES YES YES YES 

5 NO NO NO NO 

6 YES YES with deviation YES with deviation YES with deviation 

7 NO NO NO NO 

8 YES with deviation YES with deviation NO NO 

9 YES YES YES YES 

10 YES with deviation NO NO NO 

Table 4 Fulfilment rate of monitored factors  

 Monitored factor 

Company Scrap after introduction 
of serial production 

Reaction to required customer 
changes 

Total number of 
complaints 

1 close to target below target close to target 

2 over target below target over target 

3 close to target close to target close to target 

4 below target over target below target 

5 over target below target over target 

6 close to target close to target close to target 

7 over target below target over target 

8 close to target below target close to target 

9 below target over target below target 

10 close to target below target over target 

To specify additional benefits of PPAP implementation for suppliers of metallurgical products selected 
companies were evaluated in terms of factors that significantly related to the quality of manufactured products 
and affect the production efficiency. Monitored factors were: scrap after introduction of serial production, 
reaction to required customer changes and the total number of complaints. These factors were evaluated 
under a range that reflects real results of realized audits. Since the specific values could not be published the 
rating scale showing the fulfillment rate of monitored factors was elected. Three levels of evaluation were: over 
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target, close to target, below target. Level of fulfillment of monitored factors for all selected companies is shown 
in Table 4 . 

Even in this case, the best performing companies supplying metallurgical products in automotive industry. In 
case of these companies, the scrap rate is lower than the set limit. Speed of response to changes required by 
the customer is above the set target and shows very good flexibility by the application of additional customer 
requirements for the product change. The total number of complaints is contrary below the target which clearly 
shows one of the main benefits of the implementation of PPAP. Reducing the number of complaints means 
reduction of production costs and improvement of supplier position in face of the customer. At the same time 
it is real feedback of the supplier quality. 

As for the previous analysis, with regard to the fulfilment of individual factors, there are companies where the 
implementation of PPAP is after optimization achievable, e.g. companies 3 and 6. In contrast, companies 2, 5 
and 7 show deficiencies confirming results of previous analysis. Implementation of PPAP will be, without 
application of principal changes, very difficult. 

4.  CONCLUSION  

Production part approval process defines generic requirements for production part approval. The purpose of 
PPAP is to determine if all customer engineering design records and specifications requirements are properly 
understood by the supplier and that the process has the potential to produce product consistently meeting 
these requirements during an actual production run at the quoted production tare. Any results that are outside 
specification are cause for the supplier not to submit the parts, documentation and records. Every effort shall 
be made to correct the process so that all design record requirements are met. If the supplier is unable to meet 
any of these requirements, the customer shall be contacted for determination of appropriate corrective action. 

From the above analysis it is clear that the PPAP is practically used mainly in organizations producing 
metallurgical products, that they are the suppliers in automotive industry. This fact is based on clearly defined 
and strictly following the requirements of the automotive industry. 

The implementation of PPAP means for suppliers at early stage increasing of costs, which explains why most 
suppliers of metallurgical products resist the implementation of this process. The customers, except automotive 
industry, don’t require the implementation of this process and suppliers usually see in it only the additional 
costs and problems associated with its implementation. Introduced analysis clearly demonstrates that the 
implementation of PPAP is beneficial. It enables suppliers to improve their competitiveness in the market and 
at the same time to increase the awareness about quality in relation to their employees. For the customer 
means the implementation of PPAP process confirmation of the quality and responsiveness of the supplier 
and reflects the reaction capability on its requirements.  

Authors of this paper believe that the production part approval process may become a practical and very useful 
part of quality management system in metallurgical companies that are not suppliers in automotive industry 
because this will establish a process of understanding, analyzing and handling all technical issues before the 
serial production of the relevant metallurgical component is started. 
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Abstract   

This paper describes the advanced positioning technology - RFID, GPS and GSM focusing on their use in data 
collection, processing and modification to optimize decision-making processes in logistics in metallurgical 
conditions. The paper outlines the importance of logistics distribution and logistics processes in terms 
steelworks with links to other metallurgical processes. The paper explains the information collection system 
based on position data gathering, either from standard GPS and position data obtained from the GSM operator, 
which will be sent to the superior system. This system has support for voice communication between the carrier 
and the supervisor. Visualization of logistical information will enable decision making and analysis for support 
of control processes. 

Keywords: RFID, GSM, GPS, localization, mobile device 

1. MAINTENACE TEAMS CONTROL IN LARGE INDUSTRY PREMI SES 

This paper has its origin in necessity to monitor service maintenance teams in great metallurgical enterprise. 
The knowledge of maintenance team’s positions is a key item to optimize theirs maintenance actions. In a 
present time, each team has its own daily schedule and make its work until the shift is over. If there is an 
unexpected issue somewhere in the premise, a backup team has to intervene. This scheme is relatively wide 
spread in large enterprises, but it is not ideal. To optimize workflow is established department called 
“Procedural management”. The procedural management is continual activity of an enterprise which is lead to 
implement production lines, development and improvement of procedural organization based on procedural 
control. This occur when functional oriented organization is turning into procedural type organization. The 
optimization process need information about active work teams, especially theirs location in time. To gather 
this type of information, we developed localization device, which is able to send position data to superior 
database system. The position data can be obtained from GPS system, GSM system or RFID system. [1] [2] 

1.1. Options when gathering positioning data 

The developed device rely on three position systems sources. The first is GPS (global positioning system) 
localization system based on standard SIRF Star III standard with NMEA data structure. This data structure is 
combination of carrier wave, telemetric code and navigation message. The GPS technology is well known and 
widely used, so it is the primary source of positional data. It is good to remind, that the GPS system is primary 
intended for military usage. In spite of this, the GPS system is widespread and in present time has hundredth 
of million users. This is due to relatively high position accuracy, ability to determine time and velocity of the 
objects, signal availability across the World, it is free of charge, weather independent and the position can be 
obtained in 3D space (position + height). The main disadvantage of GPS system is loss of signal inside of 
buildings. This is logical behavior, because the working frequency is about 1500MHz and transmitting power 
is extremely low in comparison on GSM systems or WiFi hotspots. [3] 

1.2. GSM CGI positioning 

Because of unavailable GPS signal inside of buildings, the developed device is equipped with GSM 
communication/positioning system from Quectel. The idea of obtaining positional data from the GSM devices 
is relatively old. The reason is obvious. The cell topology of GSM network is perfect to implement some kind 
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of localization algorithm based on accessible data provided by GSM provider or GSM mobile device it selves. 
There are two basic methods, how to determine actual position of GSM device. The oldest one are network 
based technologies (NB) while the newer ones use GSM mobile device (called Terminal based). Network 
based technologies use knowledge about network configuration and behavior of radio waves.  

Every base station (BTS) has fixed position which is well known and each of them has at least 3 sector 
antennas so at minimum is known sector, where the mobile GSM device could be. This is called Cell ID or 
more common CGI - cell global identity and it is most widespread localization technology used in GSM area. 
The principle is shown in (Fig. 1 ) on the left side. The exact position lies somewhere in circle sector, without 
possibility to clarify its values. Measurement accuracy is somewhere about 800m ~ 20km. The higher value is 
probable in poor covered areas like country side. In cities or in huge industrial areas (Arcelor Mittal) are much 
more BTS, so measurement precise is better.  

1.3. GSM CGI + TA positioning 

The better option how to measure position using GSM is Time Advance (TA) method (Fig. 1  in the middle). 
The method’s principle is the same like in CGI, but time of signal travel from the mobile device to the BTS is 
added. This method is more complex, but significantly more accurate. 

 

Fig. 1  The GSM network localization options 

Thanks to time, which is need to travel from mobile device to BTS, is possible to determine distance interval 
between mobile device and BTS, respectively, the location probability. 

1.4. GSM triangulation 

The most precise location measurement is triangulation method. Technically, this method is based on tracking 
the mobile device among several surrounding BTS with usage of CGI and TA. In principle the thing is in finding 
intersection of arches, which determines the point with three most powerful surrounding BTS (Fig. 1 , right 
side). This is the most precise measurement method with an accuracy of hundred meters. This method indeed 
use also a mobile device it selves, respectively its hardware capabilities (E-OTD function). [4] 

1.5. RFID identification in industrial environment 

These all approaches was take into account when designing our localization device. Our development team 
also had experience with localization of mold’s plates in metallurgy premises from the past. This RFID 
technique comes out from wireless identification of specialized TAGs on long ranges (up to 10m) with working 
frequency 860MHz. RFID identification gates was already installed in testing area (Arcellor Mittal company), 
so we used these gates to improve localization accuracy. The principle is based on position knowledge of each 
of RFID gates. If the specialized TAG is detected by RFID wireless transceiver, the supervisory system makes 
a database entry of its unique ID. If this TAG is a part of localization device we developed, passing the gate 
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will make an echo to supervisor that we are in specific place, independently on GSM or GPS localization 
information. There is a small drawback, because the RFID system can’t determine, if we are passing in or out 
of the coverage area. It only makes a database entry about passing specific TAG ID through the gate. [5] [6] 

 

Fig. 2 RFID wireless identification gates on maintenance department and steelworks area 

To be able to efficiently control maintenance teams, especially when concerning unexpected operational 
issues, is a key knowledge very position of the maintenance team. Developed device combine all three 
technologies, GSM, GPS and RFID, to gather positional data with the best accuracy and reliability as possible. 
There are two options, one is intended to wearing by maintenance team members as a mobile device with 
battery power supply and the second option is intended to fitting into vehicles body (cars, train wagon, molds 
and the like) with battery and DC power supply. [7] 

2. Results from operational tests 

Developed device can send positional data through the GSM network to the superior database, where can be 
used by operator to optimize decision making process. The GPS location is sent in simple format, there is no 
need to send all NMEA word. Concerning GSM data volume limitations only latitude, longitude and altitude are 
sent. The GSM position is sent only when it change it selves, because refresh rate is in contrast to GPS is very 
low (order of minutes). Sending data structure is similar to GPS structure. RFID position information is sent by 
RFID gate. The mobile device has built in TAG with unique ID so it is uniquely determined. Each maintenance 
team has its own unique ID, so all positional information are correctly assigned to that team. To estimate team’s 
position are used all three positional information. GPS location is very precise, but only in open space, when 
the team is moving through the plant’s locations, or when working in open environment. When the team 
reaches intended location and enter into the building, the GPS locations disappears. In that case the GSM 
location information has a turn. This is no so precise like GPS, but the operator knows, that the maintenance 
team is still inside the building where last GPS location points. If there are RFID gates in the building, the 
team’s position can be further specified so the operator still have exact information about team’s position. On 
(Fig. 3 ) is presented testing outputs from GPS interface. The GPS module it selves is presented on (Fig. 4). 
For testing purposes were chosen two versions. One with passive antenna and one with active antenna. For 
final realization were chosen active antenna version for its better sensing features. This version is capable to 
mark actual location even in close proximity to high building and for our purposes is then more suitable. The 
hardware module is from Quectel and is capable to derived more than 4 localization parameters per second. 
Main communication module is presented on (Fig. 5 ). It consist of main CPU (central processing unit) from ST 
- STM417 ARM cortex with working frequency 160MHz and integrated FPU core. This is sufficient power for 
intended purpose. GSM and data network availability is ensured by Quectel M95 Communicator module with 
GPRS capability. Used CPU allow many peripheral interfaces like I2C, SPI, USB or UART. [8] 
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Fig. 3  GPS locations log history and other important data like number of visible satellites or theirs signal 
intensity 

 

Fig. 4  GPS modules. On the left is passive antenna version and on the right the one with active antenna 

 

Fig. 5  GSM communication device with full duplex voice communication ability 

These features allow to communicate the operator with maintenance team in real time on the voice basis. 
There can also be connect analog or digital signals, which can inform the operator about significant values for 
example vehicles battery voltage level, humidity in certain area, inner and outer temperature, noise level and 
so on. These all quantities are automatically sent to superior database in one data package from each mobile 
communication / localization device. [9] 

3. CONCLUSION 

The above described vision to improve maintenance team efficiency can be done by adding one purpose 
communication / localization devices to operational environment. These devices are able to transfer relevant 
data to the superior database respectively to the main operator and help him to make the right decision. The 
software implementation will be ready soon, in this case we were tested localization abilities of present day 
technologies like GPS, GSM and RFID in hostile industry environment. The results are useable which means 
that the maintenance team position is known in any time everywhere in the industry premises. 
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Abstract   

The article presents the use of different energy sources in the iron & steel industry in the European Union in 
the period between 2005 and 2013. The analysis was based on data from Eurostat. It has been found that the 
iron & steel industry has, during the studied period, decreased its share in final energy consumption from 
5.31% to 4.6%. The largest portion of this, 47%, is derived from Solid fuels, with Oil the smallest at only 2.44%. 
Over the studied period the structure of energy sources used in the iron & steel industry underwent changes. 
The consumption of Coke oven coke, which in 2005 accounted for 28.38% of energy sources calculated in kilo 
tonnes of oil equivalent (ktoe) decreased and in 2013 amounted to only 24.57%. However, this was offset by 
an increase in consumption of other bituminous coal. Great diversity in the structure of energy sources was 
observed in the iron & steel industry in the surveyed countries. In 2013, the largest share of Solid Fuels was 
observed in the United Kingdom - 68.96%. The smallest was recorded in Spain and Italy, but those countries 
were characterised by the decidedly largest share held by Electricity (over 30%). 

Keywords: Metallurgy, consumption, energy source, environmental economics 

1. INTRODUCTION  

In a modern economy, issues related to energy consumption and energy efficiency of industry are becoming 
increasingly important. Such an approach has both, a strong theoretical and practical base. Firstly, it should 
be noted that for the most part industry uses non-renewable energy sources. This is especially clear in the 
case of raw materials, such as crude oil, and the related concept of 'peak oil'. According to this idea, oil 
extraction by conventional means will reach its maximum at some point and then start to gradually decline. 
These predictions have been proven in the USA, where the Peak Oil status was reached in 1971 [1]. Of course, 
possibilities for obtaining oil from unconventional sources, such as tar sands in Canada, have appeared in the 
meantime. In case of other energy sources, such as coal, recent studies give estimates between tens and 
hundreds of years - natural gas 60 years, oil 40 years, coal 160 years [2]. Even resources of uranium, the fuel 
in nuclear power plants, are limited. Existing deposits will be depleted in 85 years, while all conventional 
deposits in 270 years [3]. CO2 emissions are another very important issue related to the use of fossil fuels. 
Even though stone coal is the most easily available and widely used energy source, it also causes extremely 
high CO2 emissions. This greenhouse gas has a significant impact on the state of Earth's atmosphere. The 
increase in atmospheric CO2 from 280 ppm to nearly 400 ppm [4] has resulted in its highest level in 800 000 
years [5]. According to the IPCC report it is human CO2 emissions that are responsible for climate change 
occurring in the world [6].  

The results of these and other studies have forced the EU authorities to take firm actions aimed at reducing 
the EU economy's CO2 emissions. A system of CO2 emissions trading, aimed mainly at curbing them, has 
been introduced [7]. Such actions have theoretical foundations based on environmental economics. It is a 
branch of economics that studies the conditions for optimum use of environmental resources and assets, 
considering the need to preserve the aforementioned resources for future generations and the impact of their 
consumption on social well-being as a whole. The issue of social welfare distribution over time and the 
associated intertemporal Pareto optimum are an extremely important element of this. The latter determines a 
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social condition where one cannot improve the situation of any member of society without deteriorating that of 
at least one other member.  

Assuming that the production of goods is equal to a 
given value and each can be attributed a level of utility 
for individual members of society, the graph can then 
show the utility functions of such goods as part of a 
plane bound by the curve of possible utility (CPU). 
Points below this curve are achievable at a given level 
of production, while those above are not. Given the 
Pareto criterion, it should be stated that a particular 
society prefers distribution of wealth b over 
distribution c. However, neither distribution b nor c, is 
optimal in reference to Pareto. Only distributions 
depicted by points a and c on the CPU curve are 
optimal. Initially, they were defined only from a static 
point of view, but attempts have also been made to 
determine them from a dynamic perspective. As such, 
it depicts a state when it is impossible to improve the 
well-being of even one person in any of the examined 
periods without detriment to the well-being of others in other periods. [8]. Despite many critical voices, 
Sandler's and Smith's version of the Pareto optimum can serve as a general criterion for the rationality of 
management of non-renewable natural resources, which clearly include fossil fuels (coal, oil). Decision-making 
regarding these issues is crucial for the iron & steel industry, which observes unusually high demands for 
energy [9]. 

This goal of the article is to determine the importance of iron & steel industry for energy consumption in the 
EU in relation to individual energy sources and the changes that have occurred in this area over the 2005-
2013 period. 

2. METHODS 

The study used data from mass statistics from Eurostat. These figures relate to energy consumption from 
different sources in various sectors of the economy in the period between 2005 and 2013 in European Union 
member states. Energy consumption is presented in thousand tones’ of oil equivalent (ktoe). Final energy 
consumption - Iron and steel covers quantities consumed in the Iron and steel industry (NACE Divisions 24.1, 
24.2, 24.3, 24.51 and 24.52. - C24 - Manufacture of basic metals, C24.2 - Manufacture of tubes, pipes, hollow 
profiles and related fittings, of steel, C24.3 - Manufacture of other products of first processing of steel, C24.4 - 
Manufacture of basic precious and other non-ferrous metals, C24.5.1 - Casting of iron, C24.5.2 - Casting of 
steel) [10]. Countries with the highest production in this sector of the economy have been chosen for the 
comparison.  

3. RESEARCH RESULTS 

Energy consumption in the iron & steel industry is a problem that has been presently gaining in importance, 
one which has been directly affecting its efficiency [11]. Therefore, issues relating to proper management of 
businesses in this industry are extremely important, as exemplified by the application of Reliability-Centered 
Maintenance (RCM) approach. [12] This is quite important insofar, as this sector of the economy has a 
significant impact on energy consumption in EU member states, as it is responsible for an average of 4.6% of 
energy consumption. Particularly noteworthy here is Slovakia, where it accounted for 20.29% in 2013. EU 
authorities are also increasingly directing their attention towards energy. They emphasise the fact that in recent 

Fig. 1  Utility functions - Pareto criterion [8] 
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years the iron & steel industry has achieved extremely good progress in reducing energy consumption and 
CO2 emissions. [13, 16]. As can be seen, over the studied period, energy consumption calculated in ktoe has 
fallen by 7% across the EU. However, a particularly strong decline was recorded in the iron and steel industry, 
up to 19%.  

Table 1  Final energy consumption in UE countries in 2005 and 2013 

Final energy 
consumption 

2013 2005 

All 
consumption 

[ktoe] 

Iron & 
steel 

industry 
[ktoe] 

Share 
All 

consumption 
[ktoe] 

Iron & steel 
industry Share 

Germany 217 251 13 417 6.18% 218 456 13 228 6.06% 

Poland 63 400 2 415 3.81% 58 986 3 276 5.55% 

Austria 27 950 2 493 8.92% 28 164 2 505 8.89% 

Czech Republic 23 860 2 085 8.74% 26 026 2 994 11.50% 

France 152 821 5 540 3.63% 160 337 6 614 4.13% 

Słovakia 10 864 2 205 20.29% 11 561 2 160 18.69% 

Spain 81 138 3 202 3.95% 97 766 4 476 4.58% 

Italy 118 696 5 207 4.39% 134 544 7 458 5.54% 

United Kingdom 136 432 3 873 2.84% 152 728 4 525 2.96% 

Total 1 104 585 50 815 4.60% 1 186 444 62 968 5.31% 

Two issues influenced such a large reduction. First of all, environmental requirements and rising energy prices 
have forced companies to use energy-efficient technologies. Second of all, the period 2008-2011 has been, 
unfortunately, a period of major economic slowdown both in Europe and around the world. This has had 
particularly affected the iron & steel industry and resulted in many companies ending operations. Along with 
changes in energy consumption, the structure of energy sources changed as well. 

 

Fig. 2  Final energy consumption in UE countries in 2005 and 2013 
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In absolute terms, virtually all sources, with the exception of Other bituminous coal and Coking coal, declines 
were observed. However, the share of individual sources and the change in this share between 2005 and 2013 
says much more about changes in the structure of energy consumption  

Table 2  Final energy consumption in UE countries in 2005 and 2013 

Solid 
fuels 
(total) 

Coking 
coal 

Other 
bituminou

s coal 

Coke 
oven 
coke 

Oil 
(total) 

Gas Natural 
gas 

Coke 
oven 
gas 

Blast 
furnace 

gas 

Total 
Rene
wable

s 

Electrici
ty 

47.07% 5.15% 14.77% 24.57% 2.44% 30.32% 16.17% 4.76% 8.66% 0.01% 19.47% 

44.66% 3.54% 11.82% 28.38% 4.87% 31.18% 16.96% 4.48% 9.31% 0.03% 18.68% 

2.41% 1.60% 2.95% -3.81% -2.43% -0.85% -0.79% 0.28% -0.65% -0.01% 0.79% 

In general, Solid fuels, whose share in consumption increased from 44.66% to 47.07%, gained in significance. 
The increase in other bituminous coal played the most visible part here. This came at the expense of Oil, the 
consumption of which has decreased considerably. Among the other two main energy sources - Gas and 
Electricity - practically no change has been observed. One should note the lack of renewable energy use 
despite such possibilities [14]. The situation has not changed during the surveyed period, even though the EU 
has a strong policy supporting renewable energy sources.  

It is worth noting the type of energy used in particular countries in the iron & steel industry. In virtually all 
countries surveyed Solid Fuels are dominant, but their share ranges from 38% in Austria to 69% in Great 
Britain [17, 18].  

 

Fig. 3  Final energy consumption in UE countries in 2005 and 2013 
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the Czech Republic, and is practically dependent on Russian gas, which accounts for over 70% of deliveries 
[15].  

4. CONCLUSION 

The presented information makes it possible to draw the following conclusions: 
1) In the years 2005-2013 energy consumption in the EU fell by 7%, while in the iron & steel industry the 

decrease amounted to 19%. 
2) This is brought about by the EU's pro-environmental policies on the one hand and the economic 

slowdown, which has adversely affected the iron & steel industry, on the other. 
3) The structure of energy consumption in the iron & steel industry divided by energy sources has been 

subject to small changes. Solid Fuels gained in importance at the expense of Oil.  
4) Significant differences in the structure of energy source use in the surveyed countries have been noted. 

Although Solid Fuels occupy a dominant position in nearly all of them, in Spain and Austria Gas is 
surprisingly important.  

The use of particular energy sources is becoming an increasingly important issue, not only for those managing 
enterprises. Recent events in the east of Europe have shown that it is also a key issue for national economies 
and even the EU as a whole. The iron & steel industry, responsible for almost 20% of industrial energy 
consumption has an important part in such considerations. Its needs and considerations must be taken into 
account when undertaking economic and environmental decisions at the level of both, the EU and the 
individual Member States. 
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Abstract   

From a historical point of view, the source of competitive advantage of industrial company was a access to 
capital and raw materials. The restructuring process has made Polish steel industry able to compete on the 
international market in the field of technology. However, dynamically changing economic and legal 
environment still poses new challenges to steel producers. In the article the innovation as an element of 
competitive advantage of steel company has been shown. The business model of steel company focused on 
innovation has been proposed. The look at the innovation as an important clue to create modern strategies 
and business models in steel companies was presented. It has been focused on the structures and rules of 
creation these models able to innovate. In the article barriers to innovation was also identified. The most 
important feature of the innovation for the modern steel company should be related to the so-called “creative 
destruction of management” depending on creation and destruction of structures and processes that go 
beyond normal adaptation and price competition. It was assumed that these are basic characteristics of steel 
company of the future, and its basic function should be the innovative business model. 

The aim of this article is to describe new business models that allow for implementation of innovations, rapid 
reorganization processes and flexible adjustment of the functioning of enterprises (including metallurgical) to 
the new conditions and changing environment. 

Keywords: Business model, business processes, innovation  

1. INTRODUCTION 

Rapidly changing business environment, development of new technologies, the increasing intensity of 
competition and increasing globalization pose businesses against increasingly difficult requirements - in 
particular, that the complexity of the environment and its instability increase the uncertainty in decision-making 
[1].  

Building a competitive advantage of metallurgical companies is possible due to its ability and effectiveness to 
introduce various types of innovation, which both own solutions and innovations applied due to their transfer 
or absorption. Strategic management theory covering these issues recognizes innovation issues in various 
configurations, areas and aspects of the research. Of particular interest is the perception of innovation as an 
important message of building modern strategies and related business models of companies. Important for 
management practices are the structures and principles of construction of modern business models capable 
of using innovation [2].  

In June 2013 the European Commission published a policy paper, which stresses the importance of the steel 
industry for the development of the economies of the European Union. Polish steel industry, having a long 
tradition is an important element of the processing industry and the entire economy of Poland. The restructuring 
of Polish steel industry has made the ability to compete internationally in terms of technology, but dynamically 
changing economic and legal environment still poses new challenges for steel producers [3]. The high cost of 
energy products and raw materials for steel production and EU requirements as to reduce the impact of 
industry on the environment contributed to the need to implement further investments to improve the 
competitiveness of the steel mills. In the years 2004-2013 steelworks allocated around 10 billion zł for new 
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investment and the necessary upgrades. Despite the high level of technological advancement and 
performance indicators, domestic steel industry over the last few years struggling with the problem of unused 
production capacity. In 2013, the production level of almost 8 million tons of capacity utilization secured only 
63 per cent. In the opinion of management personnel of the steel industry there is an urgent need to support 
this sector - it is necessary to create a multi-faceted policy towards the Polish iron and steel industry (including 
in the context of support for innovation) [4]. 

The problem of innovations shaping business models in the business of steel companies operating in a highly 
competitive environment, has become an inspiration to take up the topic of developing and deepening research 
related to this issue. The aim of the study is to demonstrate the validity of the construction of business model 
for steel company to gain a competitive advantage.  

2. INNOVATION AND THEIR SIGNIFICANCE FOR ENTERPRISE  

2.1. The essence of innovation  

Implementation of innovation is now recognized as a key factor in the development of the company as to 
achieve a competitive position in domestic and international markets. The ability of enterprises to obtain and 
implement innovations allows their existence and development in the future. Charles Freeman claimed that 
"not innovate, that is to say die". This means that in order to function efficiently in a changing market 
environment and to compete effectively, companies should conduct innovative activities [5]. 

In the case of innovation (from the Latin innovatio - renew) in the literature you can meet many definitions. The 
article presents only those that specifically relate to companies. In the easiest way innovation can be defined 
as the introduction of new ideas to life [6]. Innovation can also be defined as an activity which was not taken 
in advance and includes features of news [7].  

J. Schumpeter [8] defines innovation as "the introduction of a new product or products with new properties, 
the introduction of new production methods and new technological process. It is also the opening of a new 
market, gaining new sources of industry organizations and the introduction of a new organization of industry".  

In contrast, P.F. Drucker [9] believes that "innovation is a special tool with which changes give rise to new 
business or provide new services". According to him, this tool resources gives the new opportunities to create 
wealth and innovation can apply all spheres of business activity [10]. The author treats innovation as systemic 
action, which are based on the active identification of changes in the environment and on a continuous analysis 
of the possibilities of their use in creating new, other innovations. 

According to the Oslo Manual - international methodological textbook in the field of statistical surveys of 
technological innovation - through innovation it is understood as putting into practice in the company of new or 
significantly improved solutions regarding a product, process, marketing or organization. This definition does 
not limit the concept of innovation only to new absolute, i.e. on the global scale. It presents a broad approach 
allowing treatment as each new innovation, which is a novelty for the new user.  

In a review of the definition of innovation, there are two characteristics most strongly accented, i.e. novelty and 
change. In case of change we can distinguish its two dimensions. The first dimension is the change in value - 
expresses itself through products that the company offers and the processes (processes, methods) by which 
they are created and delivered to customers. The second dimension of change is the degree of its novelty [10]. 
Innovation distinguishing aspect of change is its positive impact on competitiveness, primarily in the form of 
benefits and 'hard' economic performance, with some authors draws attention to the socio-economic benefits. 
Certainly, every innovation is a change, but not every change is the nature of innovation.  
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Treating changes as innovation is conditioned by the following features [11]: 

• change considered by the company for innovations should be introduced consciously, deliberately and 
permanently, 

• innovation is change that results in a more effective functioning of the company, 

• innovation is changing, causing an increase in utility performance of the company, 

• increase in utility performance of the product or service manifests itself through higher technical quality 
or utility, 

• innovation is the result of changes modifying or introducing entirely new elements of the process or the 
operation of the company, 

• more efficient operation of the company manifests itself through faster response time to external stimuli, 

• change should have the ability to disseminate to other companies. 

Innovation in the case of a company (including metallurgy) is the way to innovation and its important strategic 
orientation. It is in relation to innovation primary phenomenon closely associated with creativity and with the 
ability of companies to develop projects, absorption of innovation, its administration and distribution. Innovation 
enables a company to compete in a situation where its competitive advantage based on innovation [12]. The 
measure of innovation is implemented solutions and benefits (effects) from them. Such an understanding of 
innovation differs from innovation, because it is characteristic of a particular undertaking, expresses its ability 
to undertake innovation activities and results of the holder of a business. Fig. 1  shows the effects of innovative 
activity of enterprises broken down by areas of innovation activity, according to the Methodology of Oslo.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Examples of innovation activity effects in industrial enterprises [5]  
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2.2. Innovation management in terms of building bus iness models  

The issues of innovation, wider than the process treats the concept of innovation management - such approach 
is of great importance for the development of business models shaping their structure and relationship with 
the environment. Innovation management by M. Karlik [13] is in management sciences relatively new concept. 
In terms of increased efficiency of the process can be described as "search, based on owned resources such 
types of innovations that make the innovation process becomes more efficient when confronted with the 
challenges posed in front of company market, competition and customer" [14]. 

Modern metallurgical company no longer subject to the old logic. For its survival except in terms of product 
innovation, management innovation is important disseminated by Hamel, who are at the top of the pyramid 
innovation shown in Fig. 2 .  

 

Fig. 2  Pyramid innovation [9] 

Innovation management has the unique ability to generate long-term competitive advantage and shows the 
way we have to go to determine the future of management. The importance of management innovation due to 
the dynamic changes in the environment in which companies operate, which require new skills constantly to 
maintain success. Innovation management allows you to create a system that is difficult to copy. It implies a 
departure from the old management methods. In the context of this research noted a strong resemblance 
concepts: innovation management and innovation business model. This is due to the fact that this strategy - 
entering the concept of competitive advantage and strategic objectives - defines the idea of a business model 
capable of achieving them. In turn, the organization of enterprises, notably elements such as core processes 
provide a good material to compose business processes which are elements of an innovative business model. 

In the context of the concept of innovation management K. Pavitt, J. Tidd and J. Bessant it can be said that 
one element of its effectiveness is the use of an appropriate business model capable of creating and absorption 
of innovation [16].  

From the point of view of business modeling important is the concept of innovation management as a 
management model treats the (structure) processes and areas of activity [15]. These are: 

• sources associated with changes caused by eg .: inventions, patents, fashion, fluctuations in demand, 

• due to resource constraints (technical, organizational, financial, personnel and organizational), 

• management and the accompanying opportunities organizations, research and development, 
processes, employees, 

• competitiveness associated with the potential resulting from the will of the leadership, culture of 
innovation, external linkages, learning skills, 

Management Innovation

Strategic Innowation

Service Innovation

Operational Innovation
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• results (including economic effects) achieved through innovative products, process, organizational, 
marketing. 

From this model of innovation management are still significant for the transfer of innovation and business 
model construction guidelines and requirements: 

• perception of the sources of innovation in the context of ongoing changes not only in the sphere of 
research and development (patents, inventions), but also on the market (demand fluctuations) 

• recognition of resource constraints in terms of implementation of innovations indicating the necessity of 
change, development or exploration of global resources, 

• the importance of the results of innovation management system, which translates into an orientation of 
business models on the maximize of the value. [2] 

The concepts of innovation processes and innovation management find their applications in the practical 
management of steel companies, an example of which can be implemented innovations in marketing and 
operational activities, which include: shortening the response time to customers and suppliers, better adapt to 
the changing needs of the market, increasing productivity and work efficiency, rationalization of employment.  

3. BARRIERS IN THE IMPLEMENTATION OF INNOVATION 

In order to identify barriers to implementation of innovations categorized interviews with ten managers 
metallurgical enterprises. The surveyed companies have implemented innovations in the past five years. 
Companies were not limited only to improve one area of your business. Most often carried out organizational 
innovation (7 responses). The second most popular was the category of innovation services / customer service 
related (5 responses). Companies in 4 cases reorganized its approach to finances and ways of financing 
investment. The innovation process has been carried out 4 times. The least of indications received marketing 
innovation category / communication with the market.  

Interviews have been directed on the understanding the demands of respondents, on areas that should be 
improved in order to facilitate the implementation of innovation in the company in the future. The five-point 
scale (from 1-poor barrier to 5-very strong barrier) can be divided into categories, which caused severe 
difficulties in the implementation of innovation in companies. The strongest difficulties were: the reluctance of 
managers, difficult market situation and the lack of involvement of employees. The primary obstacles turned 
out to be:  

• lack of funding, 

• lack of adequate infrastructure research and development, 

• difficulties in finding ideas, 

• a large bureaucracy associated with fundraising. 

The third group of barriers characterized by a noticeable influence of impeding implementation of innovations 
were:  

• lack of need for innovative actions resulting from the company's satisfaction with current operations, 

• lack of decision to undertake innovation, 

• unpreparedness companies implementing innovation. 

4. CONCLUSION 

The conducted observation of sector of metallurgical enterprises shows that an effective and flexible 
management in a changing and dynamic environment is one of the most important factors in achieving 
competitive advantage. In the changed business processes use various types of innovation: process, product, 
organizational and marketing. Improved business processes utilize and develop many elements of social and 
technical architecture of business model. Changing the business model of the surveyed companies was 
associated with enlargement of customer value and change in the nature of competitive advantage. The results 
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of the analysis show the scale of the challenges faced by the steel companies (localized in Poland) in the 
implementation and diffusion of innovation, which will be accompanied by changes in business models. 
Meeting these challenges will largely depend on increased supply of innovation in the markets. 
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Abstract   

The productivity of the Supply chain management (SCM) system is strongly influenced by the stability of either 
the production or the delivery processes. Commonly, unpredictable customer demand is understood as the 
root cause of instability. However, this is not the only source of instability and rigid production and logistics 
processes and conservative production planning are responsible for it at least in a similar way. Actual 
competitive markets create strong pressure on productivity which is generally reached by big production lot 
sizes focusing on unit costs reduction.  Nevertheless, the consequences of big production lot sizes create 
overproduction, which is the source of all kinds of waste, well-known from LEAN production, reducing 
productivity in the production and delivery processes as a whole. The aim of this article is to propose 
conceptual framework enabling the quantification of Lean productivity benefits ensuring productivity growth of 
the whole SCM in the metallurgical industry. 

Keywords: Productivity growth, production levelling, metallurgical industry 

1. INTRODUCTION 

The goal of the article is the proposal of a conceptual framework describing the so far ignored importance of 
perception of productivity in the frame of Supply chain management (SCM) as a whole. This fact is critical for 
competitive production in international markets of 21st century characterized by its dynamic changes and 
unpredictable development. Although market conditions have dramatically changed, manufacturers, especially 
the big corporations in the automotive industry, haven’t been able to respond accordingly. The actual way 
manufacturers work is characterized by its particular non-systemic optimizations, supported principally by the 
automation of value added activities e.g. production of more models on one assembly line, centralization and 
automation of warehouse operations. In view of this we have to absolutely accept the conclusion of 
Christopher, who claims that the only fundamental customer centric department and activities of actual 
businesses and supply chains is marketing. Simply said, an excellent product is not sufficient. An excellent, 
customer centered developed product must be supported by an excellent customer centered supply chain [1].  

2. METHODOLOGICAL BASE 

2.1. System thinking 

System thinking is contrary to analytical thinking. Analytical thinking describes the functionality of the reality in 
general and how it works. It disassembles the reality to its individual parts and examines its functions. On the 
contrary, system thinking explores why reality functions the way it does. This understanding results from 
exploring the circumstances where the surveyed reality is working. To understand it, broader consequences 
need to be taken into account (understanding why there is right-wheel driving in England is impossible to find 
out from any analysis of any automobile in the world, it is possible to discover only from functions of upper  
system, why is the society using automobiles in this way). Furthermore, system thinking results from the holistic 
theory; that the whole is more than the sum of its parts, or simply said because of the interactions of its 
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independent parts (how these independent parts are able to work together to reach the final effect) [2]. SCM 
system could be compared to the system of a car. A car is composed from thousands of parts. Imagine that 
we have the best cars from each worldwide brand and we will pick the best component from each of them to 
get the best possible car so far with the best components as motor, transmission, wheels, seats etc. If we 
disassemble all these chosen cars, with the help of top engineers, choose the best components and try to get 
the best possible car, what could we get? We surely couldn’t get the car because these components wouldn’t 
fit together and couldn’t work together [3]. The result of how these thousands of components would 
successfully cooperate depends on the purpose of the final car (family, sports, outdoor, etc.) The same is for 
SCM of automotive companies focusing on delivering the car with the highest flexibility and quality at the lowest 
possible price to the final customer. The goal is not the minimum costs of each individual part of SCM but the 
lowest costs of interacting parts of SCM as the whole (the same for quality lead time etc.).  

2.1.1. System solution in frame of Mass SCM - princ iples of interactions  

Maximum output of individual parts, isolated optimization with minimum unit costs are characteristics 
corresponding to the markets of 20th century, especially unsaturated markets accepting any output of products 
by businesses at that time. SCM concept, occurring in the 80s, thanks to integration, effective planning tools 
as ERP (enterprise resource planning), MRP (material resource planning) is supposed to help producers to 
cope with the increasing saturation of the markets and competition. Customer centered marketing and 
developing products start to come up. Unfortunately, that is so far the most from the businesses processes 
that was influenced by customer centered attitude in the current supply chains. The entire system is focused 
on the principle of increasing productivity described as producing more instead of consuming less. 

2.1.2. System solution in terms of Lean SCM - princ iples of interactions 

Toyota production system (TPS) very well known as Lean, created by the Japanese automotive maker Toyota 
Motor Corporation, has grown from 50s in the 20th century in the isolated market background of the Japanese 
islands. This background, with its limited market capacity and weak purchase, simulated in a certain manner 
the power of the actual highly competitive area of the worldwide automotive markets with its high volume and 
complexity of final products [4]. In such market conditions, there was no possibility to improve productivity and 
increase output only by increasing production volumes. The only way was to reduce the amount of consumed 
resources. Toyota has developed its production system for almost 70 years principally in similar conditions 
that current businesses have faced for almost 20 years. So there is a really serious gap between the production 
system improving its productivity by producing more or consuming less attitude. That’s one of the core principle 
allowing Toyota to become number one in selling volumes in automotive in 2008 [5]. At the same time Toyota 
exceeds outstandingly its competitors in quality, flexibility and profitability [6]. Furthermore, the tools and 
principles of its production system have become the most utilized sources for optimization, so far [7]. TPS and 
its SCM opposing to the marketing affairs of western producers, is entirely customer centered and there is no 
place for MRP, ERP systems, cost accounting managing productivity and its activities and particular 
optimization supported by automatization or computerization. The productivity of the whole system is oriented 
to consume less instead of producing more. 

Maximum output vs. minimum consumption is critically dependent on the ability to identify and quantify what 
is the productive solution. The other important aspect is the analysis of value added and waste activities in 
SCM processes. In the past, where all production was bought by insatiable customers all value added activities 
were oriented to production. Competition and demanding customers change this understanding in a crucial 
way. Actually, there is a huge gap between value added activities from the producer’s side and customer’s 
side. From the introduction of the transition from the system principle of interactions in Mass SCM to Lean 
SCM [8] is important to understand the absolutely different influence to productivity (connection of efficiency 
and effectiveness) of the supply chain as a whole. Conceptual framework explaining this transition and 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1941 

productivity influence is based on a model example of 2 basic supply chains consisting of 3 chains. Similar 
benefits shown in the model situation are possible to be expected in practical supply chain optimization.  

 

Fig. 1  Conceptual framework description 

Fig. 1  describes visually the main goal of conceptual framework. There are 3 firms analyzed with a total number 
of employees and it is distinguished between the number of employee in Mass and Lean SCM variant. The 
number of employees is furthermore divided into Lean and Mass Indirect E - the same for both parts (finance, 
marketing, HR, etc.). Mass SCM - Indirect VA E1 - employee results from instability of processes and Mass 
SCM - Indirect VA E2 - indirect personal such a disponent (employee responsible for call-offs of material at 
suppliers), quality control, process engineers, capacity planners etc. 

2.1.3. Levelling production in automotive supply ch ain of metallurgical components description 

Levelling production is production planning principle developed by Toyota to be able cope with production of 
more models on 1 assembly line in the same level of levelling by mix and levelling by volume quantities [9]. 
Actual automotive practice is using only levelling by mix part [10]. One of the core reason is production more 
focus motivating to produce whatever, even if it is not suitable for the production plan because of quality issues 
or limited flexibility demanding more employees, see Picture1 - Mass SCM Indirect VA E1, 2.  

Automotive producer (AP) from central Europe is producing around 3 000 cars a day. It consumes 
approximately 20 000 tons of metal-plate roles a month. There are 300 different kinds of metal-plate roles. 
There are about 40 days of stock of these roles and the principle of deliveries from metallurgical producer to 
the stamping department of the automotive producer is based on VMI (Vendor management inventory). VMI 
means, that there is a logistics services provider who is paid by metallurgical producer and is responsible for 
deliveries and safety stock keeping to the customer - AP. AP is following only 50 % of levelling production 
potential and even that part is running because of the customer satisfaction goal. There haven’t been 
measured any efficiency benefits, so far. Proposed conceptual framework should demonstrate the benefits of 
levelling production to the metallurgical supply chain by reducing the quantity of warehouse level and reduction 
of indirect employees due to inefficiencies in production (stamping, welding, painting and assembling 
departments) plant. 
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3. EXPERIMENTAL PART 

3.1. Description of the model 

Conceptual framework is based on the following logic model of production which is similar for all companies in 
SCM. There is a company producing 100 pieces of a product a day with 10 employees, 6 direct and 4 indirect 
(but connected with production, production planners, industrial engineers, quality staff, maintenance etc.) 
employees. Based on the difference in productivity understanding Mass SCM - producing more and Lean SCM 
- consuming less principle, there are two possible ways of optimization. Mass SCM, increasing productivity 
means to invest into better equipment enabling the staff to increase efficiency and be able to produce 120 
pieces a day with 10 (3/2) employees. In Lean SCM, increased productivity is reached by the JIT production 
principle and many others (levelling, kaizen, etc. [9]). As a result of optimization, the company is able to 
produce 100 pieces with only 8 employees, with a reduction of 2 indirect employees assuring activities 
connected with quality control, maintenance, planning etc. 

3.2. Testing the hypothesis  

Based on the logic of model description the Witness simulation takes 30 days of production with different 
customer demands from 70 - 130 pieces a day. The customer demands were put into the model based on 
normal distribution. As a result, to meet the customer demand the consuming less principle production needs 
10% less employees than the more production optimization. The critical importance is the system point of view 
which takes into account during the evaluation not only the direct personnel but even indirect personnel which 
is critical in Mass SCM for a successful production. Even if the need of direct personnel during all the testing 
phases is in Mass SCM version less, meaning around 10 %, the need of indirect personnel in Lean SCM is 
less than 20 %, see Fig. 2. It means that in total Lean SCM is more optimal as a whole on the number of total 
personnel. There have been only direct personnel comparisons so far, based on the current understanding of 
productivity and value added activities. 

 

Fig. 2 Conceptual framework description results 

4. RESULTS 

Production oriented system - Mass SCM attitude - from 20th century, shortly called PRODUCING MORE 
principle, is trying to minimize the number of employees directly connected to production. This way of 
optimization and evaluation of productivity generates similar results in both Mass SCM and Lean SCM attitude 
only in the number of direct employees. A side effect of PRODUCING MORE attitude is hiding indirect 
activities, employees, which are critically important for such a way of production, maintenance, quality control, 
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despondent, industrial engineers, planners etc. Current calculations of productivity have not taken into account 
these indirect employees. Customer focused oriented system - Lean SCM attitude - from 21st century, shortly 
called CONSUMING LESS principle, is trying to minimize all employees direct/indirect connected to 
production. All Lean tools and principles (JIT, Levelling, Kaizen, Kanban, Jidoka, SMED, etc.) are focusing on 
the reduction of all resources needed for fulfilling the customer’s wish. It could be called a self-managing 
system which doesn’t need the army of indirect personnel (maintenance, quality control, despondent, industrial 
engineers, planners etc.). Current calculations of productivity couldn’t show the elimination of this army of 
indirect employees because they are not calculated as a part of the direct sources necessary for production. 
The most important difference in productivity of the compared principles is in the TOTAL number of employees 
in the production system. Fig. 2 shows that the Lean SCM production principle needs around 10 - 20 % of 
indirect employees less than the Mass SCM. Both Lean and Mass SCM contain indirect activities including the 
official definition of SCM [11]. 

With the application of the proposed model to the Metallurgy Supply chain in automotive we could expect 
similar benefits. There is only one possible solution of deliveries of metallurgical resources leading through 
producing more principle either on the metallurgy producer’s side or the logistics services provider’s side or on 
the customer’s AP side. Each part of the current solution of the supply chain is working optimizing and 
measuring the results separately. The system solution of SCM could reduce the number of employees more 
than 10% and reduction of fluctuations, warehouse levels etc. between 10 - 40 %. Fig. 3 describes the principal 
changes in SCM in metallurgy, which could bring the previously mentioned increase in productivity. 

 

                Fig. 3  Actual SCM solution in metallurgy           Fig. 4 Proposed SCM solution in metallurgy 

5. DISCUSSION 

The system solution assumes the analysis of functionality of the whole SCM, not only the sum of the 
productivity of its particular parts. The calculation of the whole number of employees, direct and indirect, shows 
an interesting difference in the compared productivity of the Mass SCM and Lean SCM principles. The 
conceptual framework based on the system solution and understanding of value added activities in the LEAN 
way (which is possible to understand only with the help of the system thinking) is able to identify the actual 
excess capacity of actual Mass SCM solutions and helps to understand the advantages of a better capacity 
utilization of Lean SCM solution. To be able to achieve a better understanding of mutual interconnections and 
relations of direct and indirect employees in the current industrial world, more research must be completed. 
The proposed conceptual framework describes and shows directions where further research activities should 
be focused. 

6. CONCLUSION 

The proposed conceptual framework describes, that increasing productivity by bigger production lot 
sizes/volumes or utilization of new technologies substituting human work, which we bring as a way of thinking 
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from 20th century, hasn’t been the only and the most efficient option to become competitive so far and there 
is a more effective alternative, which is represented by TPS. TPS has been described by countless publications 
and teaching programs so far. The principles are generally well-known as well as the tools JIT, kanban, kaizen, 
etc., as almost every company, not only in automotive, but in any branch of national industry has tried to 
optimize its processes with their help. The common part of this aspiration is the analytical approach using only 
particular tools and principles, without considering the interconnections and system solution. There has been 
only a small part of attention dedicated to the explanation of why such Lean attitude hasn’t brought success 
so far or why the results haven’t become a long-term competitive advantage as in the case of Toyota Motor 
Corporation. The proposed conceptual framework clearly presents the reason of such failure. The explanation 
is not visible on a tour in Toyota or any other automotive producer plant; it is not possible to understand with a 
standard analytical way of thinking. Understanding the differences in transition from Mass SCM to Lean SCM 
principle is possible thanks to system thinking which is covering a broader context of SCM activities. The 
PRODUCING MORE or CONSUMING LESS difference in productivity is understandable thanks to the 
description of an upper system of which the SCM system is a subsystem of - this is the difference between 
market conditions and customer needs of 20th , respectively 21st century. 
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Abstract   

Although the requirements on quality of products are increasing, most companies still pays little attention to 
product quality planning. Furthest in this direction they are automotive suppliers, which include most of 
metallurgical companies, which use quality planning methodologies developed for this industry area and which 
must within the framework of production part approval process submit evidence about successful products and 
processes quality planning. However, even for these companies, there are ways that open the door to further 
improvement in this area. One of those possibilities is methodology Design for Six Sigma. The aim of this 
paper is to draw attention to this approach and to select suitable tools and methods of Design for Six Sigma, 
which can significantly streamline the course of individual phases of product quality planning. With timely 
deployment of these tools, an organization can significantly contribute to the development of a robust and 
competitive product while maintaining the idea of Six Sigma approach (maintaining a low proportion of defects 
in manufacturing the product).  

Keywords:  Design for Six Sigma, Voice of Customers, Pugh Matrix, Design for X 

1. INTRODUCTION 

As times bring customers into the spotlights of organizations, the pressure rises to achieve inherently perfect 
results.  In fact, the results not only mean that the fundamental requirements of the customer are satisfied 
within the competitive pricing but also the accent is put on associated quality and services. Six Sigma strategy 
offers the way to produce goods of higher quality level with lower costs and faster. Although the implemented 
Six Sigma methods made the production processes lucidly improved, the expected elevation of market values 
did not appear. Then the Six Sigma conceptual elements were implemented to the pre-production stages, 
particularly to the development one. This gave rise to an autonomous Six Sigma concept branch, the Design 
for Six Sigma (DFSS). At the outset, the fact should be clarified that the DFSS is intended for both, the new 
product developments and the re-designs. 

A continuous improvement of the existing processes (DMAIC) and new developments (DMADV) represent 
linchpins of the Six Sigma methodology. DMAIC (Define, Measure, Analyze, Improve, Control) - the improving 
process consists of five diffused and interacted stages resulting in stepped improvements of existing 
processes. Similarly the process designing new processes and products consists of five stages (Define, 
Measure, Analyze, Design, Verify). The DMADV process is principally used in situations where improving of 
the existing processes is no longer adequate owing to feasibility and cost-effectiveness. The DMAIC and 
DMADV correlation model (see Fig. 1  [1]) may be useful when deciding whether the improvement procedures 
or a new design concept should be applied.  

One of the most important step toward the successful integration of the DFSS philosophy into the organization 
processes is a thorough understanding of all available tools and the appropriate selection of those with 
potential to ensure savings to the organization. Refer the survey of DFSS methodology tools offering to 
produce a "great job with a minor effort". No time consuming and expensive training of new professionals is 
required, no mandatory software revolution is necessary. These tools well grasped may be of an excellent use 
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for their master. This paper comes with the assumption that the minimally complicated way is the sequential 
application of one tool after another.  

 

Fig. 1 DMAIC versus DMADV correlation model [1] 

For projects of Design for Six Sigma it is proposed this algorithm [2]: 
1) Form a Synergistic Design Team 
2) Determine Customer Expectations 
3) Understand Functional Requirements Evolution 
4) Generate Concepts 
5) Select the Best Concept 
6) Finalize the Physical Structure of the Selected Concept 
7) Initiate Design Scorecards and Transfer Function Development 
8) Assess Risk Using DFMEA/PFMEA 
9) Transfer Function Optimization 
10) Design for X 
11) Tolerance Design and Tolerancing 
12) Pilot and Prototyping Design 
13) Validate Design 
14) Launch Mass Production. 

In the next part of paper attention is paid  to suitable tools for steps „Determine Customer Expectations“,  
„Select the Best Concept“ and  „Design for X“. 
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2. VOICE OF THE CUSTOMER (VOC) 

Within a new product design, the measure stage pivotal aim is to identify customer requirements and to 
translate them to the product quality characteristics (Critical to Quality, CTQ) with well set priorities. 
Understanding the voice of customers is assisted by the VOC tool, offering procedures for the best 
identification of the customer requirements. VOC is a tool integrated in the Quality Function Deployment (QFD).  
VOC serves as a team tool for groups of users, such as marketing or sales department, R&D, design or 
planning staff as well as for the quality management professionals. Data acquired using the VOC and other 
tools should be recorded into the matrix known as the House of Quality [3, 4]. The matrix makes available not 
only the product requirements but also the customer priorities set by the weight and comparison with 
competitors.  

The suitable steps in creating the set of customer requirements as input of House of Quality are [5]:  

1) Gather the Voice of the Customer 
2) Sort the Voice of the Customer into major categories 
3) Structure the needs in Affinity Diagram 
4) Arrange the needs in the Customer Requirement section. 

Before gathering the Voice of the Customer it is necessary to define who customer is. Often they are various 
categories of customers. Suitable methods of gathering VOC data are focus groups, conference-room 
interviews and contextual inquiries [5].   

Specification of the customer requirements utilizes questions of four basic spheres: customer expectations, 
customer satisfaction, customer benefits and the future customer benefits from the new product use. Also, the 
conditions are amended about the legislation charges bearing upon the product despite the customer 
cognizance, yet vital e.g. in competition view. Information gathered by the team while completing the 
requirements come from customers on the one hand and from the legislation, marketing analyses and the 
experience of the team on the other. Knowledge about the customer priorities related to the product presents 
an integral part of the feature set. [6] 

 

Fig. 2 Kano model [7] 
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Better understanding of customer requirements can be supported using Kano model (see Fig. 2 ), which is also 
considered as DFSS tool. The Kano model is an (x, y) graph, where the x-axis represents how good producer 
is at achieving the customer outcomes or Critical to Quality Characteristics. The y-axis of the Kano model 
records the customer’s level of satisfaction.   

Kano model distinguishes three categories of Critical to Quality Characteristics [7]: 

1) Must Be (the quality characteristics must be present or the customer will go elsewhere) 
2) Performance (the better is meeting these needs, the happier the customer is) 
3) Delighter (those qualities that the customer was not expecting but received as a bonus).  

Results acquired using the QFD method and the VOC main tool are finalized into the form of all inputs available 
to the organization about the product outputting profile. While the early inputs are often very general, the 
outputs stay in the technical speech with the required ranges of final values set. The advantageous nature of 
this tool is seen in complete customer orientation including competitive examination aspects "in situ". 
Combined with the FMEA design method this tool potentially brings substantial decreasing of quality costs. 

3. PUGH MATRIX 

The Pugh matrix which is also known as Criteria Based Matrix is a kind of Decision Making Matrix, enabling to 
find the optimal product design. Similarly to the VOC tool, this is a team method with members recruited from 
project managing staff, technology and planning professionals and R&D Department specialists. [8] 

At the beginning of application appropriate criteria for evaluation should be established. They may be, for 
example, the experience with the material supplier, ease of manufacture, or the amount of any repair costs. At 
the same time it is necessary to decide about weights of these criteria according to their importance for the 
final product. Before the start of comparing concepts team must choose appropriate scale of assessment.  It 
is possible to use a numerical assessment (e.g. from 1 to 3), as well as easy identification of the impact of 
applying the concept of the assessed criteria (e.g. “+” for better, “-“ for worse and “0” for neutral). 

 

Fig. 3 Pugh matrix template example [10] 

Team will present a list of proposals to compare concepts and ongoing evaluation of each specific concept. 
After evaluating all variants weighted sums of criteria assessment or only simple sums of positive and negative 
impacts are calculated and the best concept is chosen. It may happen that during Pugh Matrix solution team 
on the bases of current ideas and benchmarking proposes a new concept. It then joins to the list of proposals 
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to compare. An example of a suitable template for recording evaluation of individual concepts is shown in 
Fig. 3 . 

Pugh matrix is a modification of some matrix diagrams presented within the framework of Matrix of Matrices 
by B. King [9]. These matrix diagrams assess the impacts of new product concepts to the meeting of individual 
customer requirements, to the desired product functions or to the product quality characteristics. 

4. DESIGN FOR X (DFX) 

DFX is a DFSS tool that allows assessment of the proposed product with regard to series of important aspects, 
which should be taken into account during product design (individual aspects are this X in the name of the 
tool). The most common applications include [2, 11]:  

• Design for Manufacture, 

• Design for Assembly, 

• Design for Reliability, 

• Design for Safety, 

• Design for Environment,  

• Design for Inspection, 

• Design for Service, 

• Design for Maintainability,  

• Design for Recycling, 

• Design for User-friendliness etc.  

In practice, companies most often apply Design for Manufacture or Design for Assembly. In these cases 
product design is optimized from the point of view of its manufacture or assembly. However, sufficient attention 
should be paid also to other aspects. 

Set of DFX applications is usually named as Design of eXcellence. At present it includes number of other 
aspects of product design optimization e.g. Design for Cost, Design for Marketability, Design for Logistics, 
Design for Procurement etc. 

DFX is a team tool, the design assessment from different perspectives give different departments according 
to their specialization. Concrete practices based on the Best Practice are usually used for design assessment. 
The result should be a holistic assessment process, at the end of which is an optimized product design. DFX 
application can be supported with using suitable templates. Suitable template for DFX methods is described 
in the work [12]. It standardizes DFX tasks and information flows and facilitates the implementation of DFX 
methods. 

5. CONCLUSION 

Criteria for the evaluation of product quality are constantly tightening, so the organizations are constantly on 
the lookout to increase their product quality with no increase of their costs. In this field, the increasing 
importance is placed on the quality planning. As it has been demonstrated many times, the properly solved 
quality planning helps reveal imperfections and possible defects prior to the series production. The costs linked 
to the poor-quality products and refunds decrease. There are a lot of ways to be followed by the companies in 
the field of quality planning. A lot of them are very initial costs and time consuming - to look for specialists in 
the given branch, to train employees, to pay for suitable software. But there are quality planning tools that 
companies can start applying to its pre-production processes almost immediately at minimal cost. These 
include presented DFSS tools. Their successful application can be followed by successive use of other tools 
and application of whole DFSS methodology. 
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Abstract   

The life cycle thinking is a concept promoted by the World Steel Association as a basic requirement for making 
all manufacturing decisions. One of the tools of this approach is life cycle costing. It is a process of an economic 
analysis to assess life cycle costs (LCC) of a product over its life cycle from its conception and fabrication 
through operation to the end of its life. In most cases the process takes into account only the pure financial 
costs incurred in the product life cycle called conventional LCC. There is another type of LCC in the literature 
- the environmental LCC. It comprises all costs of life cycle product directly covered by actors involved in the 
product life cycle and externalities felt by society and environment, which are anticipated to be internalized in 
the future. The paper presents the results of research work aimed at expressing the LCA results in monetary 
terms and calculation the environmental life cycle costs based on these results. This allowed to connect and 
present LCA and LCC results in one value which can be used in the decision-making process where there is 
a choice of options. Proposed conception has been used for estimating the environmental LCC for selected 
steel products. 

Keywords: Life cycle costs (LCC), life cycle assessment (LCA), disability adjusted life year (DALY),  
          potentially disappeared fraction of species (PDF) 

1. INTRODUCTION 

Steel production is one of processes which has significant negative impact on the environment quality. On the 
other hand, the steel is a 100% recyclable product, which can be recycled repeatedly without loss of steel 
utility functions. For that reason it is important that the analyse of environmental impact of steel products does 
not focus only on the stage of their production, but takes into account impacts at each phases of life cycle 
(beginning from resource extraction, through manufacture, use and end-of-life management). This approach, 
called the life cycle thinking, is promoted by World Steel Association as a basic requirement for making all 
manufacturing decisions [1].  

Life cycle thinking can be achieved through the application of tools such as the life cycle assessment (LCA) or 
the life cycle costs (LCC). Life cycle assessment (LCA) is a comprehensive method for estimating the impact 
of products/services or processes on the environment throughout their life cycle. LCA methodology allows to 
express environmental impact in terms of volume as categories of impact (midpoints) or categories of damage 
(endpoints). Life cycle costs (also known as conventional LCC) are the sum of all costs directly paid by actors 
involved in the product life cycle. These costs are not take into consideration the value of environmental effects, 
but only direct monetary costs involved with a product or service. For that reason conventional LCC should not 
be associated with LCA. However, it should be noted that the term ‘environmental life cycle costs’ exists in 
literature on the subject. This kind of LCC includes conventional LCC and the value of externalities felt by 
society and environment, which are anticipated to be internalised in the future.  

Calculating the value of environmental LCC is not easy, because it requests to express in monetary terms 
environmental effects which don’t have a market value in most cases. Nevertheless, there are non-market 
methods valuing this kind of effects. These methods include stated preference methods (e.g. contingent 
valuation method and choice experience) and revealed preference methods (e.g. hedonic price method, travel 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1952 

cost methods, opportunity costs or restitution costs method). The choice of valuation methods mostly depends 
on a kind of environmental effects and availability of the data. 

The main goal of this article is presentation of conception expressing the LCA results in monetary terms and 
calculation the environmental life cycle costs based on these results. Proposed conception has been used for 
estimating the environmental LCC for selected steel products.  

2. ENVIRONMENTAL LIFE CYCLE COSTS 

As mentioned in the introduction, life cycle costs belong to the set of life cycle approach. According to the IEC 
60300-30-3 standard, life cycle cost (LCC) is the total cost incurred in product life cycle. This cost consist of 
acquisition costs (investment costs), ownership costs (which are the sum of operation and maintenance costs) 
and end-of-life disposal costs [2]. In literature on the subject there is one more term related to LCC - life cycle 
costing. Life cycle costing (LCC) is a process of economic analysis which aims to assess all costs generated 
in product life cycle. The evaluation may include a whole product life cycle, a single phase of the product cycle 
or a combination of the different phases of the product life cycle. The life cycle costing was primarily used as 
a tool to support investment decisions and complex projects in the field of defence, transportation and the 
construction sector. It was found that purchasing decisions should not be based solely on the initial acquisition 
cost, but also on the costs for operation and maintenance and for disposal [3]. This approach is used today in 
e.g. public procurement. 

Over the years, the conception of LCC has been developed and used extendedly in many sectors [4]. Currently, 
there are three types of life-cycle costs: conventional LCC, environmental LCC and social LCC. Conventional 
LCC includes all costs which are directly covered by the main producer or user in the product life cycle. Their 
assessment is focused on real, internal costs and for their valuation the ABC method (activity- based costing 
method) or total cost of ownership (TCO) is used. So denominated costs do not include the results of the life 

cycle assessment [3]. Environmental LCC contains conventional LCC and the value of externalities (positive 
or negative) resulting in different phases of the product life cycle. Costs are directly related to one or more 
actors in the supply chain and thanks to the expression in monetary values they can be internalized in the 
account of polluters. The third kind of LCC is societal LCC.  It includes environmental LLC and the value of 
externalities covered by anyone in the society, which could potentially occur in the future as a result of various 
phases of the product life cycle and which are not internalized in the account of polluters. This concept is still 
in the development phase [more in: 5, 6]. 

Environmental LCC approach has been developed by a scientific working group within SETAC in 2002- 2007. 
The evolution of this kind of LCC arose from the fact, that conventional LCC was often not suitable for an 
assessment of the economic implications of a product life cycle in a sustainability framework. Besides, there 
was a need to develop the methodology which allows to connect the LCA and LCC results.  

It should be noted, that incorporating external effects in LCC is not an easy issue to deal with. A valuation of 
external effects, which do not have a value set by the market is indispensable. . As mentioned in the 
introduction, there are two basic non-market valuation approaches suggested for valuing environmental effects 

- stated and revealed preference approach. The Stated Preference Methods (SP) which include Contingent 

Valuation method (CVM) or Choice Experience (CE) - ask individuals how much they would be willing to pay 
(or willing to accept) to compensate for an improvement (deterioration) of environmental quality. In these 
methods a hypothetical market for environmental quality changes is constructed and then respondents are 
surveyed for their willingness to pay (WTP) for environmental quality improvements affecting the quality of 
people’s life. The Revealed Preference methods provide an indirect estimate of the value of a cost or benefit 
using surrogate market goods and commodities. They include methods based on individual behaviour or 
actions in the markets where prices reflect differences in quality of environment (e.g. in hedonic price method 
the value of environmental effects such as noise or air pollution could be valued through decreasing value of 
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property sited near highway in comparison with value of property sited away from highway) or cost based 
methods, which collect (through direct observation) information about e.g. actual price of substitute goods or 
value of activities which have to be done to repair damages in environment. 

The calculation of environmental LCC can involve assessing monetary value to each effect, which impacts on 
the environment and society, or either can be based on the LCA results expressed in monetary terms. The 
first approach is very labor intensive and requires gathering large amounts of data to the valuation of 
externalities. In the case of the second approach, it is necessary to perform life cycle assessment and to 
express in monetary impact category (midpoints) or categories of damages (endpoints). In this approach, the 
environmental LCC should be complemented by LCA with an equivalent system boundary and functional unit. 
It is very important that the elements considered in the LCA impacts have not been included in the LCC - it is 
necessary to avoid counting between LCC and LCA. 

3. THE CONVERSION OF LCA RESULTS TO MONETARY VALUE - CASE FOR POLAND 

Life cycle impact assessment (LCIA) is one of the important phases of LCA. In this phase each life cycle 
inventory result (LCI) is connected, as far as possible, with the corresponding environmental impact at 
midpoints (impact category) or endpoints (damage category) level. There are various LCIA methods in 
practice. Some of them (e.g. EDIP 2003 and CML 2001) are midpoint-oriented methods, other (e.g. Eco-
indicator 99 and LIME) are damage-oriented methods. One of the LCIA methods is IMPACT2002+. This is a 
midpoint/damage-oriented method, which links all types of LCI results via 14 impact categories (midpoints) to 
four damage categories (endpoints) [7].  

Due to the fact that later in the article the IMPACT 2002+ methodology has been applied, the valuation will be 
carried out in relation to the results of the LCA expressed at endpoints, such as: 

• Human health - damages affecting the health of current and future generations induced by diseases, 
disabilities or premature death as a result of changes in the environment. This kind of damages is 
expressed in DALY - disability adjusted life year. DALY is a measure which accounts for the number of 
years someone loses because of a certain environmental mechanism [8].  

• Ecosystem quality - damages stated as a change/loss or a change in location of different species of 
plants and animals. This kind of damages is expressed as 1 PDF (potentially disappeared fraction of 
species), i.e. the percentage of species which have disappeared due to the environmental load. 

• Climate change - damage caused as a result of substances entering the atmosphere causing global 
warming. This kind of damages is expressed in kg CO2-eq emitted into air. 

• Resources - the reduced availability of resources for current and future generations. This damage 
category is expressed in MJ surplus energy. This is based on the assumption that a certain extraction 
leads to an additional energy requirement for further mining of this resource in the future, caused by 
lower resource concentrations or other unfavorable characteristics of the remaining reserves [9].  

3.1.  Monetary valuation of DALY 

Taking the WHO guidelines into consideration, according to which 1 DALY represents the loss of one year of 
equivalent full health [8], it was decided to value 1 DALY on the basis of value of an additional year of life 
(VOLY) with regard to health status of the respondents (EQ-index). Based on research conducted in Poland 
on a sample of 900 randomly selected  respondents the mean value which people are willing to pay for the 
additional year of life as a result of taking action to protect the environment has been estimated (detailed 
description of the VOLY calculation is included in: [10]). Then, on the basis of questions evaluating the state 
of health, the EQ-index describing the state of each respondent’s health has been estimated. These two values 
(WTP and EQ-index) were the basis for determining the value of additional year life in full health, which 
amounts to PLN 51,750 (in 2013 prices). This value is equivalent to 1 DALY.  
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3.2. Monetary valuation of PDF 

Valuation of PDF was based on data obtained in NEEDS project. The restoration cost method was applied. 
The minimal marginal cost of improving biodiversity per potentially disappeared fraction of species was 
recognised as a PDF value. The lowest restoration cost (€0.49/PDF/m2 in price of 2005) was identified for 
organic arable and this value is adopted as PFD value [11]. The obtained PDF value has been converted to a 
Polish value (taking into account purchasing power parity) and then has been updated. The value of 
environmental damages for Poland has been set at 1.25 PLN/PDF/m2/year (in prices of 2013). 

3.3.  Monetary valuation of kg CO 2-eq 

In order to value 1 CO2 emitted to the atmosphere a market method has been applied which is based on a 
sales price of 1 emission rights sold in the market under the European Emissions Trading Scheme. One 
permission allows the emission of 1000 kg of CO2 into the atmosphere. Analysis of the data contained on the 
EEX platform made it possible to determine the average value of one entitlement. This value amounted to PLN 
18.46 (in prices of 2013), which in terms of kg of CO2 resulted in a rounded PLN 0.02. 

3.4. Monetary valuation of MJ 

The valuation of 1 MJ of extra energy, which has to be used for the extraction of the market method is used. 
Na analysis of sales prices of electricity and heat in Poland allowed the determination of the average selling 
price of 1 GJ of energy at the level of PLN 53.57 (in prices of 2013), which in terms of 1MJ resulted in a rounded 
PLN 0.05 . 

The monetary value of each LCA result indicators (damages unit) estimated on the basis of data for Poland 
has been presented in Table 1 . 

Table 1 Monetary value of LCA result  indicators estimated on the basis of data for Poland 

Damage category  
(Endpoints) 

Damage unit Valuation method used Estimated value  
[PLN/damage unit] 

Human health 1 DALY - Disability adjusted life years Contingent Valuation method 
(CVM) 

51,750.00 

Ecosystem quality 1 PDF *m2*yr  - Potentially 
disappeared fraction of species 

Restoration cost method/transfer 
benefits 

1.25 

Climate change 1 kg CO2-eq into air Market value 0.02 

Resources 1 MJ surplus energy Market value 0.05 

4. THE VALUATION OF ENVIRONMENTAL LIFE CYCLE COSTS FOR SELECTED STEEL PRODUCTS 

The valuation of environmental life cycle cost has been made for selected steel products - wire rod and hot 
rolled coils. The system boundary was set as “from cradle to gate”. The analysis included following processes: 
upstream processes (comprising of: acquisitions of raw materials, energy and auxiliary materials), 
transportation, production processes (comprising of such subprocesses as: coke production, sintering, blast 
furnaces, basic oxygen furnaces, continuous casting and hot rolling). 1 ton of wire rod and  
1 ton of hot rolled coils have been set as a functional unit. Data on life cycle assessment of selected products 
were based on the results of research described in [12]. In these research the environmental impact was 
determined on the basis of the methodology IMPACT2002+. 

In order to determine the environmental LCC, the value of conventional LCC has been determined and the 
results of LCA were converted into monetary values. Due to the difficulty in obtaining economic data, the 
conventional LCC has been calculated on the basis of data on steel production costs in Central Europe [13]  
and they are shown in Table 2. Depreciation have also been included in the Table 2 as a settlement of capital 
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expenditure per 1 ton of product. Data presented in Table 2 should be treated as estimated values. Table 3 
shown the values of externalities (LCA results converted into monetary values). 

Table 2 Conventional LCC for 1 ton of hot rolled wire rod and hot rolled coils  

Cost category 
Wire rod  

[PLN] 
Hot rolled coils 

[PLN] 

Raw materials 1,190.0 1,025.0 

Labour 60.0 205.0 

Electricity 235.0 80.0 

Natural Gas 40.0 165.0 

Other energy 10.0 20.0 

Other costs 205.0 330.0 

Depreciation 215.0 225.0 

SUMMARY COST: 1,955.00 2,050.00 

Table 3 Value of LCA result indicators for 1 ton of hot rolled wire rod and hot rolled coils 

Damage category 

Wire rod Hot rolled coils 

Damage amount Calculated damage 
value [PLN] 

Damage amount Calculated damage 
value [PLN] 

Human health 3,66E-03 DALY 190.00 4,30E-03 DALY 225.00 

Ecosystem quality 2,68E+02 PDF 335.00 3,01E+02 PDF 375.00 

Climate change 1,57E+03 kg CO2-eq 31.00 1,51 kg CO2-eq 30.00 

Resources 8,98E+03 MJ 449.00 8,60E+03 MJ 430.00 

SUMMARY COST: 1,005.00  1,060.00 

On the basis of calculations, environmental LCC was calculated for 1 ton of selected steel products. It 
accounts: 2,960.00 PLN/ton for wire rod and 3,110.00 PLN/ton for hot rolled coils. 

5. CONCLUSION 

LCA is increasingly used tool for determining the level of influence on the environment of selected steel 
products. The LCA results are mostly expressed in impact category unit and for that reason they could not be 
comprehensible for everyone. For this reason, the concept of converting the results of LCA into the monetary 
value proposed in this paper is very useful. It allows to express the LCA results in one monetary value. This is 
easily comparable and widely understood by users. It should be noted that this concept is a supplement and 
update the results of research work carried out so far in this regard. 

Expressing LCA results in monetary values allows their inclusion in the cost-benefit analysis, which should 
take into account both economic and ecological effects generated by the proposed solution. This is particularly 
important in the evaluation of eco-innovative solutions, as high economic cost at low levels economic benefits 
are often pointed out as barriers for its implementation [14]. 

Calculation of life cycle environmental costs allows to identify a solution more economically and 
environmentally favorable. In addition, these values can also be used, inter alia, in the analysis of costs and 
benefits and that evaluate the eco-efficiency of the proposed solutions (more on this topic in: [15]).  
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Abstract   

The issue of costs and costing occupies an important place in the data base of industrial controlling. Controlling 
acquires the information necessary to perform all its functions through the application of various 
methodologies. Exact methods of decision-making, based on logical and mathematical models, can become 
an important source of quality information. The use of structural analysis, as one of the exact mathematical 
methods, can significantly increase the effectiveness and objectivity of internal and corporate management. 
This article presents the use of structural analysis to verify the existing method of overhead costs allocation in 
a selected company and introduces a calculation of the final amount of transfer rates per unit of reference 
variable. 

Keywords:  Structural analysis, Controlling, metallurgical enterprise 

1. INTRODUCTION 

Corporate controlling acquires information from various corporate sources in order to perform its analytical 
activity. This information is verified and processed by means of various methods and, subsequently, it is 
provided for the management in the form of recommendations and proposals, as a basis for the decision-
making processes. These methods, which rely on logical and mathematical modelling of real processes and 
are referred to as exact decision-making methods, can play an important role in the methodological base of 
this approach to the scope of controlling. The use of structural analysis, as one of the exact methods of 
decision-making, can significantly contribute to the quality of the provided recommendations for managerial 
decision-making. This article presents the use of structural analysis to verify the existing method of overhead 
costs allocation in a selected company and introduces a calculation of the final amount of transfer rates per 
unit of reference variable. 

2. STRUCTURAL ANALYSIS  

The method of structural analysis can be considered as a tool used to study the economic balance of the 
production and consumer system, which is represented by every industrial enterprise. Mathematical models 
of production and consumer relations between the system elements and between the products and factors of 
production (in a tangible, value form), which are called structural models, allow a quantified analysis of the 
production and consumer relations [3]. Structural models in conjunction with mathematical programming allow 
you to solve the tasks of optimization of production and consumer relations from the viewpoints of the assumed 
optimal criteria, and from the viewpoint of multi-criteria decision-making. More can be found in the [1], [2].  

3. CORPORATE CONTROLLING 

Corporate controlling belongs to the methods of internal company management, the essence of which is a 
continuous process of planning, defining, measuring, evaluation of objectives and elimination of bottlenecks in 
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order to increase the effectiveness of the management system. Cost controlling means performing an all-
purpose depth analysis, especially of costing, from various perspectives, and it deals with the issues of the 
classification of direct and indirect costs, the relevant choice of allocation bases of indirect costs in relation to 
the units of performance, and the break-even point analysis from the viewpoint of the economic situation of 
the company. [4] 

4. ABC METHOD 

The so-called ABC (Activity Based Costing) method is one of the newer methods of costing assigning costs to 
activities. The use of the ABC method requires a thorough description of the company processes and the 
preparation of an appropriate structure of internal company departments. 

The use of this method is very demanding in case of planned costing operations in terms of the correct planning 
of reference variables, which are often represented by the consumptions of performance units within the scope 
of the individual production facilities (production stages) the cost unit is passing through. Correct and coherent 
planning of these reference variables requires a preparation of material and time output balance for the 
individual stages of the activities (production stages). In addition to the consumptions of the reference variables 
for the allocation of overhead costs, the important aspects also include the volumes (quantities) of cost units 
passing through these activity stages (centres). [5] 

5. COSTS ALLOCATION IN SECONDARY CENTRES TO CONSUMI NG SECONDARY CENTRES 
ACCORDING TO THE REFERENCE VARIABLES BY MEANS OF AB C METHOD IN A 
METALLURGICAL ENTERPRISE 

A detailed calculation simulation within the frame of 5 secondary centres (A-E) based on primary costs 
variables and the values of the created and transferred reference variables was carried out in order to 
determine the transfer rates per unit of reference variable (CZK/unit of reference variable). 

The calculation of the amount of the final transfer rates per unit of reference variable was carried out using the 
repeated calculation method. The performed simulation was very time-consuming, because the differences of 
the calculated rates, i.e., the difference between the new rate and the previous one, were required to be less 
than 1 CZK. The final amounts of transfer rates were calculated after 193 steps, as you can see in Table 1 . 

The aim of all conversions and repeated rate calculations of performance transfers is to make sure the value 
of the product of the calculated final rates (with zero difference) and the relative variables taken by major 
centres (i.e. the value of secondary costs) is exactly equal to the sum of the primary cost values of all secondary 
centres. This is clearly visible from the previous calculations. This ensures that although secondary centres 
transfer their performances among themselves in various ways, all of their primary costs are eventually 
transferred to the major centres, and they are allocated to the calculated performances (products) using other 
reference variables. 

If we take into account the fact that in practice the number of secondary centres is considerably higher than 5, 
the presented calculation (the method of repeated calculation) is very time-consuming and inefficient, because 
if there is any change during  the calculations, e.g. a change of the primary cost, the values of the reference 
variables transferred only to major centres or the values of the reference variables transferred only to 
secondary centres, it is necessary to perform all the calculations again and repeatedly. 

 

 

Table 1 The calculation of the amount of the final transfer rates per unit of reference variable 
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1 

A 1 000 000   1 000 000 10 000 5 000 5 000 13 000 100   
B 2000 200 000 
C 3000 300 000 

B 2 000 000   2 000 000 20 000 10 000 10 000 5 000 100   
A 3000 300 000 
C 5000 500 000 
D 2000 200 000 

C 3 000 000   3 000 000 30 000 15 000 15 000 23 000 100   
D 9000 900 000 
E 6000 600 000 

D 4 000 000   4 000 000 40 000 20 000 20 000 11 000 100   
B 3 000 300 000 
E 17000 1 700 000 

E 5 000 000   5 000 000 50 000 25 000 25 000 23 000 100   
C 15000 1 500 000 
A 10000 1 000 000 

2 

A 1 000 000 1 300 000 2 300 000 10 000 5 000 5 000 13 000 230 130 
B 2000 460 000 
C 3000 690 000 

B 2 000 000 500 000 2 500 000 20 000 10 000 10 000 5 000 125 25 
A 3000 375 000 
C 5000 625 000 
D 2000 250 000 

C 3 000 000 2 300 000 5 300 000 30 000 15 000 15 000 23 000 176.67 76.67 
D 9000 1 590 000 
E 6000 1 060 000 

D 4 000 000 1 100 000 5 100 000 40 000 20 000 20 000 11 000 127.5 27.5 
B 3000 382 500 
E 17000 2 167 500 

E 5 000 000 2 300 000 7 300 000 50 000 25 000 25 000 23 000 146 46 
C 15000 2 190 000 
A 10000 1 460 000 

                            

19
3 

A 1 000 000 2 338 190 3 338 190 10 000 5 000 5 000 13 000 333.82 0 
B 2000 667 638 
C 3000 1 001 457 

B 2 000 000 1 162 079 3 162 079 20 000 10 000 10 000 5 000 158.1 0 
A 3000 474 312 
C 5000 790 520 
D 2000 316 208 

C 3 000 000 4 587 794 7 587 794 30 000 15 000 15 000 23 000 252.93 0 
D 9000 2 276 338 
E 6000 1 517 559 

D 4 000 000 2 592 546 6 592 546 40 000 20 000 20 000 11 000 164.81 0 
B 3000 494 441 
E 17000 2 801 832 

E 5 000 000 4 319 391 9 319 391 50 000 25 000 25 000 23 000 186.39 0 
C 15000 2 795 817 
A 10000 1 863 878 

The calculated amounts of the final transfer rates using repeated calculation method:  

Transfers to major centres:  
A: 333.82 CZK/unit of reference variable 

B: 158.10 CZK/unit of reference variable 
C: 252.93 CZK/unit of reference variable 
D: 164.81 CZK/unit of reference variable 

E: 186.39 CZK/unit of reference variable 
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6. THE USE OF STRUCTURAL ANALYSIS IN THE CALCULATIO N OF THE FINAL TRANSFER RATES 
PER UNIT OF REFERENCE VARIABLE 

Given that the previous calculation is very time-consuming and tedious; the calculation of the final transfer 
rates took advantage of the method of structural analysis. 

Matrix A - matrix of direct consumption coefficient was prepared on the basis of the data shown in Fig. 1 
(calculating step 1). The elements of matrix A, the direct consumption coefficient (technical coefficients) aij 
represent the value of production of the i-th field necessary to produce a unit of production of the j-th field. The 
direct consumption coefficients are shown in Table 2. The calculation method of the elements of matrix A is 
based on the standard procedure used to determine the direct consumption coefficients in the matrix of the 
1st structural model quadrant. 

Table 2 Direct consumption coefficients - Matrix A  

 a b c d e 

a 1 -0.1 -0.1 0 0 

b -0.3 1 -0.166 -0.05 0 

c 0 0 1 -0.225 -0.12 

d 0 -0.15 0 1 -0.34 

e -1 0 -0.5 0 1 

f 0 0 0 0 0 

Matrix A must be subtracted from matrix E, where matrix E is a unit one, in order to calculate the complex 
consumption coefficients, followed by a matrix inversion [E-A]. These and the subsequent calculations took 
advantage of Microsoft Excel program. Matrix B is a matrix of complex consumption coefficients and it is shown 
in Fig. 3 . Its elements bij are the constants of the system in question. 

Table 3 Complex consumption coefficients - Matrix B 

 a b c d e 

a 1.0628645949 0.1118336097 0.1395080946 0.0369810017 0.0293145119 

b 0.3827136201 1.0544994887 0.2465001638 0.1081875113 0.0663637735 

c 0.2459323288 0.0638366088 1.1485807830 0.2616225066 0.2267813462 

d 0.4605895011 0.2070505741 0.2796665099 1.0732774934 0.3984743289 

e 1.1858307593 0.1437519142 0.7137984862 0.1677922551 1.1427051850 

Sum 3.3379308044 1.5809721955 2.5280540375 1.6478607681 1.8636391457 

The resulting values must be multiplied by 100 (rate value in CZK / unit of reference variable presented in step 
1) in order to determine the final amount of transfer rates per unit of reference variable. 

Calculated values of the final amount of transfer rates by means of structural analysis method:   

Transfers to major centres:  
A: 3.3379 * 100 = 333.79 CZK/unit of reference variable 
B: 1.5809 * 100 = 158.09 CZK/unit of reference variable 
C: 2.2589 * 100 = 225.89 CZK/unit of reference variable 
D: 1.6478 *100 = 164.78 CZK/unit of reference variable 
E: 1.8636 * 100 = 186.36 CZK/unit of reference variable 

The presented results show that the level of transfer rates per unit of reference variable calculated by means 
of structural analysis method and the repeated calculation method are identical. The application of the method 
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of structural analysis is, however, very quick and efficient. Any changes can be done simply by changing the 
individual elements aij in matrix A. 

7. CONCLUSION 

Changes in the composition and ratios of unit costs in relation to overhead ones in metallurgical enterprises 
make them look for new ways of cost management, because they provide information about the costs of 
specific activities, processes, or about the profitability of a concrete product or customer, which can significantly 
affect the evaluation of various projects, from corporate to multinational ones, leading to a merger or a fusion. 
[6], [7] 

The methodology of structural analysis was used to calculate the direct consumption coefficients and the 
complex consumption coefficients, and it was used as the basis to determine the final amount of the transfer 
rates per unit of reference variable. The example shown here is substantially simplified for obvious reasons, 
but it can be stated that the results achieved by the calculations have real informative value and that structural 
model can be successfully used for the calculation of the amount of transfer rates per unit of reference variable. 
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Abstract   

This article focuses on combination of the Value Stream Mapping and computer simulation within metallurgy 
supply chain optimization. The authors´ aim is to build up a conceptual model and verify it so that impacts of 
supply chain optimization by means of lean concept could be properly identified. Production process planning 
and management in metallurgy is characterized by high size batches due to technologically-economic reasons. 
However, high size production batches could hardly correspond with current customer requirements as 
customers want to avoid holding a high level stock of incoming material in their warehouses and associated 
costs. Searching for optimal parametrization of an interface between supplier production and distribution 
process and customer requirements is an inevitable task today for companies out of the metallurgical sector. 
Thus, Value Stream mapping and computer simulation can enable identification of real opportunities for time 
and cost reduction in a supply chain and can help refuse insular solution that would only increase short term 
effectiveness and efficiency of one company   to the detriment of other supply chain elements. 

Keywords: Value Stream Map, simulation, stock, lean, metallurgy  

1. INTRODUCTION 

The aim of this paper is to outline conceptual model that helps to appraise actual supply chain performances 
in metallurgical sector corresponding with the idea of lean thinking. The model comprises of lean approach, 
Value Stream Mapping as an essential lean tool [1] and a simulation method. Metallurgical sector has quite 
specific nature of production and logistics processes unlike to other sectors being replenished from the 
metallurgic sector downstream of supply chains. This causes disturbances in their mutual interfaces. However, 
time based competition is critical competitive advantage among supply chains of today markets [2] even in 
metallurgical sector. 

Suppliers of metallurgical companies are allocated in remote distances outside Europe with delivery time 
exceeding month while their customer delivery time is estimated to be within days. Thus, metallurgical 
companies store material within their inbound logistics unlike to their customer which are usually of European 
base and want to keep low level of stocks.  

There are quite limited number of inputs in a metallurgical supply chain e.g. iron ore, scrap iron, limestone, 
coke, water, air, electricity that enter the process and are transformed into high number of outputs (products) 
e.g. tubes, pipes, rails, traverses, metal sheets, profiles, girders. Combination of grades, shape, sizes, heat 
treatments and surface treatments enables creation of thousands of SKUs. Such nature is quite different from 
customers of the metallurgical sector as they source hundreds or even thousands of part numbers (PN) from 
their suppliers to build up one product, which might have tens, hundreds or more of the variants.  

In general, metallurgy production process embraces melting, casting and then forging, cutting, machining, etc. 

Some of these process steps e.g. welding and casting are associated with high investment as the process is 
done in technically and technologically sophisticated apparatus devices of high value. Thus, they are 
commonly supposed to be in operation any time to bring benefits by means of produced volumes regardless 
actual quantity demanded. Moreover, change over times are quite lengthy (hours) and so high size batches 
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are preferred to diminish wasted time of change overs and to increase value added time of production and so 
the process productivity.    

Those production process steps of which transformation has to be done under the same condition due to 
technological specifications e.g. temperature to provide required quality of outputs or which has some 
technological limitations e.g. liquid metal cannot be stored, are quite closely linked into sub process clusters. 
However, outside these clusters it lacks integration and coordination which leads to establishment of work in 
process and buffer stocks due to different optimal batch requirements. 

Concerning aforementioned features of metallurgic production process it could be concluded that the 
production process is technologically sophisticated whereas it is quite simple from logistic process points of 
view due to low number of inputs and simple material flows. Metallurgical production process is commonly 
high size batch oriented so that maximum insular utilization of resources is achieved to reduce cost per ton or 
piece.   Thus, production process is prone to be of mass rather than lean orientation.   

However, customers of metallurgical companies which are exposed to individual customized demand and also 
fierce competition cannot dare to discontinue material flow by high size batches within transportation and 
manipulation processes, frequent storing, reworking, inspection etc. Such companies require frequent 
deliveries of short delivery times and of small batches. Therefore, such inconsistency of flow and performances 
might occur in an interface in supplier customer relationships. Despite the fierce competition on supply side 
force suppliers to meet customer requirements e.g. time and frequency of delivery, batch size etc. 

Nonetheless, it is not achieved by reduction of waste such as inadequate coordination and balancing of 
supplier and customer production and logistics processes, diversion form economies of scope, management 
of processes regarding external variability and reduction of internal variability etc. across supply chain. But, 
barriers in term of MUDA and MURA waste are overcoming by high cycle and buffer stocks being placed into 
the interfaces of a supply chain which are between two companies as well as between two process clusters 
inside one company. 

 Therefore, planning and materialization of production and logistic processes are realized and optimized 
insularly within each process regardless the previous and subsequent processes and supply chain elements. 

Thus, metallurgy supply chains are characterized by symptoms of Mass approach within production and supply 
chain management processes.   

Typically hereinafter drawbacks could be identified: 

• production of high size batches, 

• overstock, 

• lack of material and information flow transparency and visibility, 

• insular measuring of productivity, 

• insufficient adherence to customer demand changes and requirements, 

• rigid and demanding material and production planning, 

• constant changes, 

• overloaded people, 

• occurrence of 9 source of waste. 

Some of the aforementioned symptoms were identified within a production process across industrial and 
service sectors already long time ago particularly due to unprecedented success of Toyota Motor Company  
in 70s´ and 80s´. Since than many researchers and practitioners have devoted their time and resources to 
analyzing the Toyota Production System and comparison of their initial state and condition with other 
companies and sectors to identify applicability and impacts of transition from Mass to Lean. It was proved that 
companies adopting lean had better results than those that didn´t [1].  In 1996 new tool Value Stream Mapping 
(VSM) enabling mapping of value streams, particularly the scope of activities that should be managed and 
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analyzed collectively to gain synergy in achieving mutual benefits, regarding value added, business value 
added, non-value added activity, lead tines, cycle times, change over times, EPEx, number of staff, WIP, tact, 
etc.  was introduced by Womack [3]. VSM serves for identification diagnosis of symptoms, identification of 
desired state, implementation and maintenance of a new state [1]. The initial aim of VSM is to visualize material 
flow from final customer to the raw material supplier bringing the following benefits [4]:  

• visualization of entire flow, 

• visualization of relationship between material and information flow, 

• visibility of decisions, 

• identification of waste, 

• establishment of common language,  

• clarification of relationship between lean concept and particular lean tools, 

• standardization of procedures in lean process improvement. 

However, VSM is commonly used for mapping internal processes rather than entire supply chain as initially 
founders intended. It is due to prevailing of quick win narrow scoped lean projects e.g. 5S over improvements 
of complex process consisting of external suppliers, focal company and customers at least. Such simplification 
of lean and its tools commonly leads to improvements within narrow process scopes and doesn´t properly treat 
the interfaces between processes. Using VSM as a blue print for lean improvements enables significant 
benefits even in metallurgical supply chain such as  75 % of lead time and 5 % cycle time reduction [5].  

VSM encompasses both material and information flow, however, lead time, cycle times and other lean 
indicators being measured in the focal process and expressed its in data boxes are only of material flow. 
Therefore, gained results could not properly reflect total lead time of the focal company which starts by 
identification of a material requirement and not by ordered or received material. Hence, material planning is 
not visible in a traditional VSM which hides the lead time that has to be covered either by stocks in a supply 
chain causing waste or by extension of customer delivery time which decreases supply chain competitiveness.  
The reason for that could lay in the fact that majority of practitioners considered planning as a value adding 
activity [6] and so it is not the object of reduction as it would worsen the lean KPI e.g. PCE. 

Initiators of VSM emphasize that VSM should be created on site in operation and by simple tools such as 
pencil and paper [1]  enhancing complete concentration on flows rather than on tools and also make simply 
changes of VSM drafts. 

Benefits of VSM has been proved across industrial and service sectors [6], [7], [8] however, there are also 
possible negative impacts identified based on published papers dedicated to VSM: process measurements , 
people qualification, clarity of procedures, integration between processes, high product mix, process stability, 
product modularity, intuitive processes, production flexibility, map obsolescence and other problems [3].  

It is highly important to follow guideline composing of three critical aspects: product, process and people to 
avoid failure of VSM and VSD application. Suitable products are those of initial stages of product life cycles 
falling into category A and being grouped with other products of the same nature regarding supply chain flow. 
Right product is the one which is stable, standardized and measurable. Proper person has to be skilled and 
qualified in VSM tools and should understand the role of VSM within company management system. [3]  

The company processes are exposed to frequent changes due to customer requirement changes, product 
changes etc. Thus, initial maps created within on site analyses of operation and then developed in 
brainstorming meeting should be modeled in some simulation software so that several future scenarios could 
be simulated. The main reason is that simulation offers great advantage in capturing both stochastic and 
dynamic aspect of business processes [9].Based on previous text and depicted problems associated with 
metallurgical sector authors have formulated hereinafter conceptual model. 
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2. DESCRIPTION OF THE CONCEPTUAL MODEL AND SIMULATI ON MODEL 

VSM has been proved as a powerful weapon in transition process from Mass to lean and significantly help 
overcome Muda, and Muri waste. However, authors want to confirm proposed conceptual model depicted on 
Fig. 1  enabling incorporation additional aspects into transition from Mass to Lean concerning usage of VSM. 
Particularly, unlike to common practice across industries including metallurgy information flow is expressed 
within VSM but separately from the material flow without any impact on lead time. Thus, gained value stream 
map lead time hides a role and an impact of planning on supply chain processes. Authors propose to 
incorporate planning into material flow as an ordinary process step that is directly reflected in lead time. This 
step is labeled as vertically integrated VSM in Fig. 1 .     

 

Fig. 1 Conceptual model 

Moreover, VSM is commonly used in mapping of production and of quite narrow scope process so that the 
proposed changes and improvements arising from that could be quick win projects especially at the initial steps 
of transition from Mass to Lean. Furthermore, VSM is limited by direct visibility and scope of a particular silo 
or functional manager regarding real process interface that would enable holistic optimization. For instance, 
when a replenishment process of a production process is divided into three separated sub processes and 
hence three streams are created such as procurement, transportation and inventory management, application 
of lean tools is limited within these sub processes or ego battle among functional managers regardless real 
total benefits. Thus, authors propose cascade VSM that would guarantee overlapping of narrow level VSM 
interfaces by more general VSM ones. Such extension of scope id shown in Fig. 1  under Extended VSM label.  
In addition to that, VSM is not only an operational short term lean tool enabling identification of waste that 
could be reduced quickly e.g. by implementation of 5S. VSM and particularly VSD is a strategic tool outlining 
transition from Mass to Lean. Today business world of frequent changes requires making scenarios about 
future condition in terms of customer demand, supplier performances, internal material structure or volume 
variability etc. Therefore, VSM and VSD should be combined with simulation as then it can identify complex 
system behavior under current state condition or under variety of possible future conditions. Hence, authors 
propose to combine extension of VSM with application of process simulation, see Fig. 1 . 

2.1. Simulation model 

Presented supply chain simulation model embraces 3 companies named company A, B and C each consisting 
of the following processes: material planning, replenishment, production planning and manufacturing, storing 
and customer order replenishment. Company A represents metallurgical company and a company B and C 
acts as primary and secondary demand of the company A.  
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The model is graphically expressed on Fig. 2 . Fundamental inputs and data used in simulation are expresses 
either in Table 1 or in Fig. 1 . Its structure corresponds with essential rule of value stream mapping models and 
is compliant with metallurgical supply chain. The model and the simulation is done in visual dynamic simulation 
software Witness provided by Lanner Group which is highly suitable for simulating logistic and production 
processes in order to optimize them. Witness is and objective oriented simulation software in which a model 
is built on by predefined objects (part, buffer, machine, labor, layout, conveyor, path, tracks, vehicles, variables, 
attributes, charts etc.) and rules. They help to connect all the objects of a particular model so that the model 
corresponds to the system which the model should represent. The main supply chain processes of the model 
are characterized aforementioned: 

Demand - customers demand two products of different demand both of which has normal distribution nature, 
thus in 50 % of cases 160 pcs of product 1 and 80 pcs of product 2 is demanded. Customers demand products 
only throughout 8 hour shift per day. Detail of the demand pattern is expresses in Table 1. 

Table 1 Simulation model demand characteristics 

Shift 1 

Simulation time [weeks] 48  

Demand distribution patterns [%] 3 7 15 50 15 7 3 

Relative demand value patterns to average daily demand [%] 70 80 90 100 110 120 130 

Average daily demand product 1 [pcs] 160 

Average daily demand product 2 [pcs] 80  

Rate of annual demand decline [%] 10 

The model is simulated under the condition of declining demand, particularly by 10 %, 20 % and 30 %, as then 
the impact of fixed costs such as of the planning process or of batch size changes are more visible. Moreover, 
today market environment is more compliant to unpredictable and frequent changes of ups and downs rather 
than continuous economic and also demand growth. 

Customer order replenishment - supply chain end customers and company B and company C are replenished 
based on vendor managed inventory that is common in metallurgic supply chains as it enables overcoming of 
discrepancy between customer and supplier planning and operation practice. Thus, customers are replenished 
from a warehouse that is allocated at their facility and stock is replenished based on Re-order-point (ROP) 
concept and SLA agreement, 99 % in this model, between a customer and a supplier. Warehouse is expressed 
by triangle symbol between companies as used in VSM. This process is assigned to value added process. 

Planning process - it is triggered when customer´s stocks fall below ROP, therefore material planning and then 
production planning is realized by means of two material and two production planners. Planning process is 
realized throughout two shifts a day, always by one material and production planner in each shift. Detail 
process data box is provided in Fig. 2  below VSM. Planning process is considered to be business value added 
process. 

Production process - this process is provided by 6 parallel work station with assigned production batch and 
changeover time between product 1 and product 2. Company A operates on 3 shifts, 2 operators in each of 
them. After finishing production process, outputs are delivered to a customer stock. Production process is 
measured as a value added process as a whole. 

Storing - stocks between companies are based on vendor managed inventory concept, average level of supply 
chain stocks of each supply chain element is visible in VSM in Fig. 2 . In addition to that model involves work 
in process (WIP) between replenishment and production process in each company.  
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Supply chain performance is measure by using lean KPI e.g. process cycle effectiveness (PCE), lead time, 
value added time, business value added time, non-value added time, productivity etc. 

 
Fig. 2 Simulation model description 
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3. APLICATION OF THE CONCEPTUAL MODEL   

Authors have built up a simulation model and subsequently have simulated supply chain processes during 8 
weeks, 5 days a week and 3 shifts each of 8 hours a day of operation. The model has been created regarding 
proposed conceptual model enabling application of VSM including planning process, extended supply chain 
scope and simulation of scenarios. The conceptual model has been verified for instance by testing the impact 
of batch sizes on supply chain performances and the impact of demand decline on supply chain performances 
which are presented here. 

Increase of production batch is a common practice technique that is used by production managers to improve 
production process productivity as it reduces number of change over time and extends the actual time of 
operators´ time in operation.  Results are shown in Table 2 , current state proportion expresses the structure 
of the lead time. Due to the limited space here, the Table 2  only involves results of the whole supply chain and 
not the detail ones of the company A, B and C. However, the model enables identification of impacts on both 
sides either on particular company of a supply chain or on the whole supply chain when a batch size is changed 
e.g. doubled in each of the supply chain party or halved as in this model. 

Table 2 Impact of batch size changes 

KPI current state proportion [%] after batch double sizing [%] after batch half sizing [%] 

VA 19 29.9 11.3 

BVA 3 4.1 3 

NVA 78 66 85.6 

LT 1 7.90 -5.20 

The simulation has confirmed that the increase of batch size has caused increase of value added time, 
consisting of production time, by 54 %. The reason could be found in an extension of production time and a 
reduction of change over times in the total lead time. Thus, increasing of batch size seems to be good 
managerial decision from the provided outcomes as value added time is improved. However, the negative 
impact in terms of extension of supply chain lead time by 7.9 % caused by stock level growth cannot be 
overlooked as time is a competitive force of today. Furthermore, it would lead to lower agility of such supply 
chain as the EPEx would be increased. Reduction of batch size has enabled reduction of total lead time by 
drop of stock, however, reduction of VA has been achieved. Hence, increase of production batch size can help 
report efficiency improvements but on the expenses of future competitiveness. Thus, the benefits in 
identification of real impacts of the aforementioned managerial impacts has been identified by using model 
based on the proposed conceptual model. 

Furthermore, the model has proved that decline of demand unlike to mid-term and long-term forecast and so 
as to production and logistics plans results in overproduction growth by 4 % and  extension of total lead time 
although the reported productivity of the production process in each company remains unchanged. The 
overproduction has increases by less than 10 % as the supply chain system works on ROP, thus it reduces 
the magnitude of demand fall on overproduction. However, the predetermined batch sizes and system 
parameters based on estimations have caused the 4 % overproduction growth. Therefore, the simulation 
model has also provided identification of demand change on supply chain performances.  

Finally, VSM based on the conceptual model has helped identification of 3 % of the total lead time hidden in 
planning unlike to traditional VSM. 

4. CONCLUSSION 

The aim of this paper has been achieved by confirmation of the proposed conceptual model by means of 
identification of impact of the two changes in supply chain on total supply chain performances. The authors 
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have identified fundamental aspects of VSM which should be incorporated into supply chain appraisal and 
improvement based on VSM. Thus, authors´ intension is not to quantify a particular impact of changes in 
supply chain on its performances but to clarify how VSM can be used to achieve significant benefits in today 
highly competitive environment. Particularly, conceptual model has been proposed and verified based on 
example of problems that are commonly solved within supply chain management. VSM, incorporation of 
planning process and combination of VSM and simulations can help numerous companies from metallurgic 
sector to make changes in their supply chain with sufficient knowledge about their impact not only on their 
processes but also on their direct and indirect customer of their supply chain. 
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Abstract 

The evaluation of quality of metal impeller using selected quality instruments was the main purpose of this 
paper. The analysis of non-conformances of metal impeller, which is a part of in-line fan, is presented. This 
fan is used as downcast and exhaust system, which can be relevant in industrial areas with small cubic 
capacity. Pareto-Lorenz’s analysis, FMEA method and elements of Ishikawa’s analysis were used in this 
paper. Major non-conformances occurring in product were identified, quantitative analysis of non - 
conformances was made, reasons of occurrence were determined and ways of prevent were presented. 

Keywords: Quality analysis, quality instruments, metal impeller, non-conformances 

1. INTRODUCTION 

The quality of products is one of the key factors that guarantee the success of the company on the market. 
Only products with high quality causes that the customer will return, and thus company will achieve the 
optimum profit [1, 2]. Quality, comfort and safety of finished products depend on the quality of manufactured 
components. Thus manufacturing products with the best quality parameters that are in accordance with 
specifications, standards and requirements is crucial for producers [2]. Continuous analysis of the quality at 
various stages of production process, from assessing the quality of using materials, through the various stages 
of manufacture (control components) up to the control of the finished product is one of the important factors 
for the quality of the finished products [1]. 

Many various factors: raw materials used in the process, machinery and devices, process parameters and 
people affect the quality of products [3, 4]. Optimal utilization of this factors ensures that products meet the 
quality requirements. Saving on one of the factors of production may involve high costs associated with other 
factors, as well as a significant reduction in quality. 

Many authors show that various quality tools can be used successfully to evaluate the quality of different 
products. There is no one universal set of tools that can be used for this purpose. The selection of appropriate 
set of tools depends on many factors, e.g.: production industry, the type of product, volume of production, the 
type of results to be analyzed. In the case of data related to a particular product parameter it is advisable to 
apply quality tools such as histogram, SPC or control charts. In case of data related to the type or amount of 
non-confo0rmaces (or defects) other quality instruments can be used, e.g. Pareto-Lorenz’s diagram, 
Ishikawa’s diagram, FMEA method or 5xwhy? [5 - 11]. 

The evaluation of quality of metal impeller using selected quality instruments was the main purpose of this 
paper. The analysis of non-conformances of metal impeller, which is a part of in-line fan, is presented. Quality 
of the impeller is crucial for fan operation. Pareto-Lorenz’s analysis, FMEA method and elements of Ishikawa’s 
analysis were used in this paper. Major non-conformances occurring in product were identified, quantitative 
analysis of non - conformances was made, reasons of occurrence were determined and ways of prevent were 
presented. 
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2. CHARACTERISTICS OF THE PRODUCT  

Metal impeller, which is a part of in-line fan, is the element which is investigated in this paper (Fig. 1 ). This fan 
is used as downcast and exhaust system. Efficient removal of air and moisture, odors and mites is the purpose 
of this type of fan. It can be relevant in industrial areas with small cubic capacity [12]. 

 

Fig. 1  Metal impeller. Side view [12] 

The most important specifications of in-line fan [12]: 

• Static pressure - 675 Pa, 

• Acoustic pressure - 73 dB, 

• Power supply voltage - 230/50 V/Hz, 

• Engine speed - 2660 RPM, 

• Power - 250 W, 

• Current consumption - 1.11 A, 

• Maximum operating temperature - 40 ˚C, 

• Weight - 8 kg. 

3. QUALITY EVALUATION OF METAL IMPELLER 

Investigated product must have very high precision. Even small deviation causes that product must be 
classified as incompatible what means it must be either repaired or passed to the scrapping. In the study 
period, the percentage of non-conforming products in the total production volume was approx. 14-15%. 

The quality evaluation of metal impeller was made. The following quality instruments were used to assess the 
quality of product: Pareto-Lorenz’s diagram, FMEA method and elements of Ishikawa’s diagram (due to the 
problem of presenting the whole analysis). 

3.1. Pareto-Lorenz’s analysis of non-conformances o ccurring in production of the impeller  

The quantitative analysis of various types of non-conformances occurring in products was made. In the study 
period, seven main types of non-conformances which are caused by various reasons were recorded. Non-
conformances may be caused by, among others, inadequate qualifications of workers, inadequate quality of 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1972 

materials used in production process, improper state of equipment, the use of inadequate technology as well 
as mistakes due to the fault of employees. These non-conformances were as follows [13]: 

N1 - chips and erosion of the lacquered surface, 
N2 - improper balance of the impeller, 
N3 - dent on the metal surface of the impeller, 
N4 - imprecise blanking of elements of the impeller, 
N5 - inappropriate calibration of the impeller, 
N6 - imprecise welding of elements of the impeller, 
N7 - mechanical damages of the impeller. 

Results concerning the quantities of particular types of non-conformances in the study period were collected. 
Based on these results the Pareto-Lorenz’s analysis was made. The results of this analysis is presented in 
Fig. 2 . 

 

Fig. 2  Pareto-Lorenz’s diagram of non-conformances occurring in production process of the impeller  
[Own study based on 12, 13] 

Based on the results of Pareto-Lorenz’s analysis (Fig. 2) it can be said that the largest number of non-
conforming products (30.7%) are related to improper balance of the impeller (N1). Three non-conformances 
which occurring the least frequently: inappropriate calibration of the impeller (N5), imprecise blanking of 
elements of the impeller (N4) and mechanical damages of the impeller (N7) occur in approx. 19.3% of all non-
conforming products. 

3.2. FMEA analysis of non-conformances occurring du ring production process of metal impeller 

The FMEA analysis of non - conformances occurring during the production process of metal impeller was 
made. During the analysis the following elements were identified: the effects of non-conformances, reasons of 
their occurrence and preventives. The results of the analysis are presented in Table 1 . In this table four 
different values were evaluated: R - risk of appearance of non-conformance, W - possibility of detection of non-
conformance, Z - the importance of non-conformance for the customer and P - priority number of risks. 

Based on the FMEA analysis presented in Table 1 , it can be said that imprecise welding of elements of the 
impeller (N6) is the most critical non-conformance in the product. The number of priority for this non-
conformance is 450. Making more accurate random control is the method of reducing the frequency of this 
non-conformance. 
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Next two non-conformances: improper balance of the impeller (N2) and mechanical damages of the impeller 
(N7) are also crucial from the viewpoint of FMEA analysis. More accurate control of metal sheets delivered to 
the company and checking and possible repairing machine tools are proposed preventive actions for these 
two non-conformances. 

Table 1 Results of FMEA analysis of non-conformances occurring during the production process of metal  
   impeller [Own study based on 12, 13] 

No. The effects of non-
conformances 

/functional limitations 

Non-
conformances 

Reasons of 
occurrences of non - 

conformances 

Evaluation P Preventives 

R W Z 

N1 Elements of the device 
housing 

Chips and 
erosion of the  

lacquered 
surface 

Poor quality of 
lacquer, poor 

technical conditions 
of equipment for 

painting 

5 4 1 20 More accurate 
control of 

purchased lacquer, 
control of 

equipment of 
painting 

N2 The impeller does not 
reach the proper number 
of revolutions per minute 

at work 

Improper 
balance of the 

impeller 

Uneven thickness of 
the sheet from which 

elements of the 
impeller were made 

6 2 8 96 More accurate 
control of metal 

sheets delivered to 
the company 

N3 The product does not 
fulfill its function, the 

impeller, the possibility of 
rubbing the impeller 

against  elements of the 
device housing 

Dent on the 
metal surface 
of the impeller 

Employee error, 
inadequate transport 
of products among 

work stations 

4 3 4 48 More accurate 
control of the 

product at each 
stage of production 

process 

N4 Elements of the device 
housing,  the possibility of 

rubbing the impeller 
against  elements of the 

device housing 

Imprecise 
blanking of 
elements of 
the impeller 

Improper sizing of the 
elements by the 
worker, too large 

sheets of material to 
be cut 

2 2 7 28 Control of materials 
delivered to the 

production devices 

N5 Uneven operation of the 
device 

Inappropriate 
calibration of 
the impeller 

Inappropriate 
placement of central 
holes in the impeller 

disk  

1 1 8 8 Instruct the 
employees about 

their quality of 
produced units 

N6 The possibility of 
permanent damage to the 

impeller by detaching 
during operation of 
individual elements 

Imprecise 
welding of 

elements of 
the impeller 

Human error, lack of 
proper accuracy 

9 5 10 450 More accurate 
random control   

N7 The product does not 
fulfill its function, the 

impeller, the possibility of 
rubbing the impeller 

against  elements of the 
device housing 

Mechanical 
damages of 
the impeller 

Incorrect settings of 
machines carrying out  
treatment process of 
individual elements 

the impeller  

4 2 9 72 Checking and 
possible repairing 

machine tools  

3.3. The analysis of reasons of occurrence of most crucial non-conformances - elements of the 
Ishikawa’s analysis 

The analysis of reasons of most crucial non-conformances, which were identified in the FMEA analysis, was 
made. Elements of Ishikawa’s analysis were used. Reasons of these non- conformances are presented in 
Figs. 3 - 5 . 
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Fig. 3  The analysis of non-conformance N6 (Imprecise welding of elements of the impeller) in the production 
process of the impeller [Own study based on 12, 13] 

 

Fig. 4  The analysis of non-conformance N2 (improper balance of the impeller) in the production process of 
the impeller [Own study based on 12, 13] 

 

Fig. 5  The analysis of non-conformance N7 (mechanical damages of the impeller) in the production process 
of the impeller [Own study based on 12, 13] 

Based on the results of the analysis (Fig. 3 - 5 ) it can be concluded that main reasons of occurrence of most 
crucial non-conformances are mainly: inadequate qualifications of employees and the lack of periodic technical 
inspections of devices what affects their poor technical conditions. 

4. CONCLUSION 

The evaluation of quality of chosen product using selected quality instruments was the main purpose of this 
paper. Metal impeller, which is a part of in-line fan, is the element which was investigated. 

Based on the results presented in the paper it can be concluded that based on the results of Pareto-Lorenz’s 
analysis it can be said that that the largest number of non-conforming products are related to improper balance 
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of the impeller. The share of these products represents 30.7% of total number of non-conforming products. 
FMEA analysis showed that imprecise welding of elements of the impeller was the most critical non-
conformance in the product. This non-conformance is crucial to the operation of the fan, in which this impeller 
runs. On the basis of the results of the elements of Ishikawa’s analysis it can be said that inadequate 
qualifications of employees and lack of periodic technical inspections of devices were main reasons of 
occurring non-conformances, 

The high number of non-conforming products is caused by the necessity of obtain product with very high 
precision of operations. During the final quality control in the company defective items are detected and 
repaired or scrapped. The producer also offers potential customers free technical support and the guarantee 
in case of any defects during operation of device resulting from non-conformances. To significantly reduce the 
number of non-conforming products the following actions should be implemented: ensure qualified workers by 
e.g. training courses, check the conditions of machinery and equipment regularly. If it is necessary, purchase 
modern devices, carry out random control of the product regularly, verify suppliers of materials for production 
and cooperate only with suppliers who can deliver materials with required quality. 
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Abstract   

In the validation and evaluation of conformity between customer requirements and actually achieved quality of 
the products is always necessary to take into consideration two contradictory requirements. The first of them 
is the requirement for the most accurate and highest quality measurements or inspection. On the other hand, 
there is a requirement for the lowest possible financial, time and logistical requirements for the implementation 
of this measurement or inspection. The aim of this work is to evaluate the quality of the visual inspection of 
measurable quality characteristic. The quality of this measurement system will be evaluated using three 
methods used for evaluation of the acceptability of attributive measurement systems. 

Keywords: Measurement system, visual inspection, acceptability, aluminum components 

1. INTRODUCTION     

The decision making based on facts is one of basic principles of the quality management. The application of 
this principle within the scope of planning, management and process improvement means that all decisions 
made on process interventions are based on data analysis of this process. Most often such data present 
measured values of quality characteristics of the product or of its parts. For this reason one of the prerequisites 
for success in the market is quality of the measurement system. This is the reason why the evaluation of 
measurement system quality is an integral part of the activities of quality planning and quality control in both 
the automotive and also in the metallurgical industry. At present the evaluation of the quality of used 
measurement system is mostly performed by using two approaches respectively methodologies. It is a 
Measurement System Analysis (MSA) methodology developed by the U.S. automotive industry and VDA 5 
methodology developed by the German automotive industry. By using the methods included in both 
methodologies, it is possible to evaluate not only the quality of the measurement system for continuous 
variables, but also the quality of the measurement system for categorical variables (see Fig. 1 ) [1],[2].  

1.1. Visual inspection    

Both ways of evaluating of conformity between customer requirements and actually achieved quality of the 
products (measurement and control of attributive quality characteristics) have their advantages and 
disadvantages. The biggest advantages of measurement of continuous variables, respectively quality 
characteristics, is the possibility of obtaining very precise values of observed quality characteristic. Based on 
the thus obtained values it is possible to make the right decision about the fulfillment of customer requirements 
with high probability. The disadvantage can be its large financial, time or logistic requirements. An Alternative 
can be the control of attributive quality characteristics which can eliminate the mentioned disadvantages of 
measurements. On the other hand, in the case of visual inspection, when is the inspection result depends 
primarily on human abilities, can be the probability of wrong decision unacceptable. Before any change of the 
measurement or control method is therefore a necessary to assess the quality of the proposed measurement 
system by using appropriate assess methods. The main objective of this work is to assess the possibility of 
introducing visual inspections on the crimping process. This will be achieved by evaluating the quality of visual 
inspections by using three methods. 
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Fig. 1  Methods for evaluation the quality of the measurement system [1], [2] 

2. PROCEDURE FOR EVALUATION OF THE OF ATTRIBUTIVE Q UALITY CHARACTERISTICS  

Quality Characteristic, which was chosen for the analysis is the position of the groove (see A on Fig. 2 ) on the 
body of part MGG 066/1 against the groove in the holder (see B on Fig. 2 ). For the inspection of selected 
quality characteristic (specifications ± 5.5°) is not using any comparative gauge. The reason for choosing this 
quality characteristic is the relatively easy manufacturability and preparing a set of products for the analysis. It 
is also necessary to take into account the fact that this quality characteristic is measurable. On the basis of 
this fact can be determined reference values, which are necessary for using the methods of attributive 
measurement systems study that will be described in the next part of this work. 

 

Fig. 2  Selected quality characteristic 

In the absence of a sufficient number of parts that could be used for the analysis, was produced completely 
new set of parts according to the specified requirements, which are required by the MSA methodology. The 
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parts were made so that the values of quality characteristic cover the entire production range, it means that 
there were parts from the rejection and acceptance zones and also parts from the "gray" zones (see Fig. 3 ). 

 

Fig. 3  Percentage distribution of parts in the zones [3] 

2.1. Labeling of test samples and the reference val ues 

Labeling allows us to clear identification of samples. This identification give not only the possibility to distinguish 
a particular part at random controlled mixing order of the samples, but also prevents the operator to be able to 
identify the particular sample with the previous control round. For this reason, the individual parts of the set 
were labeled with a code that replaces the sample number. Reference values were determined based on 
measurement results for samples that were obtained on the Vertex 110 gauge. The samples were successively 
submitted to the operators with random set of 10 pieces. In a previously prepared tables for recording the data 
were recorded the results of the control. Before the second and third round of control were the parts always 
randomly shuffled, so that operators will not be able to identify the inspection results for the individual parts, 
which have been already controlled [5]. 

2.2. Cross-tabulation method 

The aim of the next step was to summarize obtained data from operators using cross tables. Cross tables must 
be constructed for each pair of operators (see Table 1 ). 

Table 1 Cross tabulation study results for operator A and B 

A * B Cross tabulation 
B 

Total 
NOK OK 

A 

NOK 
Count 58 11 69 

Expected Count 31.7 37.3 69 

OK 
Count 11 70 81 

Expected Count 37.3 43.7 81 

Total 
Count 69 81 150 

Expected Count 69 81 150 

The calculated indicators of the degree of compliance between operators kappa κ (see Table 2 ), we can say 
that the level of agreement between all operators is good. Since the results differ only in the order of 
hundredths, it can be stated that operators make quite similar decisions. 
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Table 2 Level of agreement between operators 

 

 

 

Similarly to the case of agreement between operators is also necessary by constructing the cross-table and 
the subsequent calculation of the Kappa, to evaluate conformity between the evaluation of operators and the 
reference value. The values of kappa indicators for all three operators are in Table 3 . 

Table 3  Level of agreement between operators and reference values 

 

 

Values of the Kappa indicator for comparison operators to the reference value showed that even in this case 
we can talk about good conformity between evaluation of operators and reference values. 

Before we can determine the performance of visual inspection, it is necessary to calculate three basic 
characteristics (see Table 4 ), under which is this performance assesses. This is an effectiveness of 
measurement system (Marginal Acceptable ≥ 80 %), the risk of miss rate (Marginal Acceptable ≤ 5 %) and the 
risk of false alarm rate (Marginal Acceptable ≤ 10 %). Miss rate essentially represents the situation, when the 
operator marks the part to be in conformity, even when the reference value indicates nonconformity On the 
contrary false alarm rate essentially represents the situation, when the operator marks the part as 
nonconforming, even if the reference value indicates conformity [4]. 

Table 4 Effectiveness, miss rate and false alarm rate 

Operator  Effectiveness  Miss Rate  False Alarm Rate  

A 74 % 16.67 % 11.5 % 

B 82 % 16.67 % 11.5 % 

C 98 % 23.61 % 0.0 % 

If we compare the obtained results with the criteria, we can say that the proposed method of visual inspection 
is not acceptable. 

2.3. Signal detection theory 

The principle of this method is based on determining an approximation of the width of the II (gray) area and 
from this the repeatability and reproducibility of the measurement system GRR. Subsequently is compared the 
percentage value of GRR with specified criteria. First, it is necessary to identify the end and start points of 
'gray' areas. On the basis of these values can be then by the following formulas determined width of the "gray" 
areas.  ZGHG = ZGHGt − ZGHGu vwxw = −R.yz− (−{.WWW) = z.W|W (1) Z}HG = Z}HGt − Z}HGu v~xw = |.W{R− z.yQ{ = �.��� (2) 

Kappa A B C 

A - 0.70 0.67 

B 0.70 - 0.73 

C 0.67 0.73 - 

 A B C 

Kappa 0.72 0.72 0.77 
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Z = z.W|W+ �.���W = �.|Ry 
 

(3) 

Evaluation of the acceptability of visual inspection is performed by calculating the percentage value of 
repeatability and reproducibility of the measurement system on the overall tolerance by the formula: 

% ���= Z}HG − GHG ∙ RQQ= �,|R|��− (−�) ∙ RQQ= �|.R|� (4) 

Since the %GRR value is greater than 30 %, is the measurement system unacceptable. 

2.4. Quasi-proof - Bowker test 

This method evaluated on the basis of a statistical test (Bowker test) whether there are significant differences 
in the evaluation between different operators. This method does not allow assessing the conformity between 
operators and the reference value. Because the inspection is carried out by three operators, it must be 
constructed tables for all possible pairs of the operators. Table 5 shows the distribution of the results between 
the operator A and B.  

Table 5 Table for conformity between operator A and B 

Frequency n
ij
 

Operator B  

„+ + +“ Mixed results „- - -“ 

Operator A  

„+ + +“ 16 1 0 

Mixed results 6 3 4 

„- - -“ 0 0 10 

The agreement between the operators should be determined based of the results on Bowker test for all pairs 
of operators (see Table 6 ). 

Table 6 Result of Bowker tests 

Interaction  T K Result  

Operator A vs. Operator B 7.5714 7.81 H
0
 

Operator B vs. Operator C 8 7.81 H
1
 

Operator A vs. Operator C 12 7.81 H
1
 

Based on the results of the Bowker tests, we have two occasions to accept the alternative hypothesis H1. So 
we reach the conclusion that between the evaluation of by operators B and C, as well as between operators 
A and C is a statistically significant difference, and we can therefore conclude that these operators have 
different results of visual inspection. 

3. THE NEW INSPECTION METHOD 

The cause of poor quality of visual inspections of selected quality characteristic is the fact, that the inspection 
is based purely on subjective opinion of the operator. In this case the only possibility how to improve the whole 
measurement system seems to be implementation of measures that would as much as possible of this 
subjective opinion of the operator prevented [6]. So, it is considering whether to stay with the existing method 
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of inspection of a given quality characteristic or try to manufacture and the introduction of for example a test 
caliber with which could be possible very promptly evaluate the deviation of the monitored quality characteristic 
according to the specifications. The proposal of this caliber can be seen in Fig. 4. 

 

 

Fig. 4  The proposal of the new caliber 

4. CONCLUSION 

Based on the obtained results can be clearly stated, that the attributive measurement system used for visual 
inspection of monitored quality characteristic is unacceptable. The most important factor which negatively 
affecting the quality of the visual inspection is the fact, that this inspection is based purely on subjective opinion 
of the operator. The implementation of measures that can avoid of this subjective opinion is the only possibility 
how to improve this measurement system. Therefore worth considering whether it is better to use the current 
measurement method for monitored quality characteristic, or use the caliber, through which would be possible 
to simply evaluate the deviation between the monitored quality characteristic and specifications. 
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Abstract   

CastNode platform is a knowledge base dedicated to casting technology and foundries. Applications database 
(the InnoCast) integrates four components of knowledge: (1) foundries and supplier base, (2) the base of 
innovations in the field of casting, forging and rolling, (3) database of publications and (4) patents for casting 
techniques and products. The schema of the relational database is a diagram of the data structure and is 
divided into several parts although physically it forms one component. Each module is treated separately. This 
is due to the complexity of the application and requirement to process it into a knowledge base where different 
parts are merged by keywords, which are common to all components. Additionally, the system is enhanced by 
a module of knowledge in the form of ontologies, which shows what data are stored and what relationships 
take place between them. This method of archiving has many advantages. The main advantage is ease of 
searching the contents according to users' criteria. In a very extensive database containing several thousands 
of records, we can search for information in a short period of time. The paper presents the architecture of the 
CastNode platform and the methodology of integration of technological data using mapping of database 
schema to ontology. The innovation of the platform is based on the enrichment of the information layer with 
the semantic scheme and providing modern search engines and navigation through the information resources. 

Keywords: Application of Information Technology to the Foundry Industry, Innovative Foundry Technologies  
                   and Materials, Ontology, Knowledge Sharing, Knowledge Base 

1. INTRODUCTION     

For several years, Foundry Research Institute in Krakow has been running projects, in which data sets are 
being developed making components of knowledge about casting and metallurgy. These components are 
intended to provide the user with a constant supply of current information and knowledge in the field of casting, 
not only derived from literature, but also from other sources, including various sources available on the Internet. 

InnoCast module discussed in this report refers to the knowledge about innovations in foundry and metallurgy. 
These innovations are understood as published patents, research projects, and publications in journals. In 
addition, data were collected on modern materials for the foundry and on suppliers of these materials. All these 
data have been organized for the purpose of import into a database, and then a common, relational data model 
was created for them and the data loading operation into a MySQL database was performed. Up to date 
information on innovations in foundry and metallurgy was collected. The data collected included various types 
of information: (1) concerning the companies involved in the metallurgical industry, and specifically foundries 
and suppliers for foundries, (2) on articles and publications (especially about ADI [1,4] supporting and control 
modern devices [2,3,5] for other fields of an application) and (3) on patents and research projects for foundry 
products and techniques. 

The collection included knowledge about: (1) process improvements, new processes of rolling, forging and 
continuous casting and (2) theoretical (metallurgical) foundations to improve the properties of products 
manufactured by rolling, forging, and continuous casting. It was divided into different files with different 
structures for projects from various sources. It has been adapted to the needs of a relational database, and a 
common, unified data structure was developed. 
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The system is equipped with semantic model in the form of ontology due to an easy searching the contents 
according to users' criteria. The paper presents the architecture of the CastNode platform and the methodology 
of integration of technological data using mapping of database schema to ontology. In the consequence it is 
an original source of information desired by the user in the field of an applied technology and innovation in the 
foundry industry. 

1.1.  Relational Data Model 

The database application integrates four components of knowledge provided by the Foundry Research 
Institute in Cracow: supplier base, base for innovations, base of publications and base of patents in the field 
of casting, forging and rolling. The base is a diagram of data structures needed to record information received 
from the Foundry Research Institute. It is divided into several parts and, although physically it forms a single 
component, each module is treated separately (Fig. 1 ). This is due to the complexity of the application and 
attempt to process it into a knowledge base; its individual parts are merged by the table of keywords, which 
are common to all components. 

 

Fig. 1 Entity Relationship Diagram for the InnoCast 

The database can be edited (supplemented and updated) via a standard mysql input interface or via ready-
made CRUD service tools. 

2.  CASTNODE KNOWLEDGE BASE  

CastNode platform is a system integrating knowledge about casting and metallurgy archived and made 
available through the components of the knowledge accumulated in InnoCast databases. The platform uses 
an ontological model to navigate the system and support the management of the knowledge components. 

This concept consists in mapping relational database tables to the base of knowledge, i.e. to the base that has 
well-defined contextual relationships between individual tables. The tables are treated as "data" and the 
defined links as compounds. Combining the data in an appropriate context creates information, while 
combining multiple information with the relationships taking place between this information and the context 
creates knowledge. All this serves the possibility of creating rules of inference based on knowledge and 
ontology for a given topic. The use of the described procedure allows processing the ordinary relational 
database into a knowledge base. 
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2.1.  Ontological knowledge base 

Currently, computers are becoming "smarter". They are able to process more and more information and can 
also be faster in drawing conclusions and making decisions. However, the way in which the computer operates 
is based on mathematics, and more specifically on logic. Ontology in terms of information technology is also a 
formalism of logic, because knowledge is made up of rules or arguments, i.e. of interrelated information. In 
contrast, information consists of data connected by relations. 

Ontology is a kind of mediator between man and computer. The requirement imposed onto a computer is that 
it should understand knowledge in the way it is understood by human. The problem is not understanding the 
knowledge in the grammatical sense, because this goal has already been largely implemented, but 
understanding it in the semantic sense, or understanding the links between the concepts expressed in natural 
language and abstract concepts. Here the main role is played by the "semantics" of inference [6,7]. 

Possessing some data, we can give them context. Combining this data with appropriate relationships we 
create, so-called, "triples" that are simple phrases in natural language containing subject, predicate and object. 
In RDF, each of these parts of ontology has its own description in the form of URI. Data is written as a class 
of ontology. One can also store additional components i.e. the properties defined as DatatypeProperty or 
relationships between individual ObjectProperty resources. In this way, the basic objects are stored that make 
up the entire system, which also includes the rules of inference. In addition to the built-in rules of hierarchy and 
subsumption, the user is able to define his own rules, on the basis of which the requesting machines 
automatically process the knowledge base. One of the most popular tools for creating and editing of ontology 
is Protege program. It allows defining all the aforementioned components. In addition, it may create graph 
dependencies, which also form an important part of the data processing system from the point of view of the 
user. It is visualization, which another user is able to quickly understand and thus learn from the knowledge 
offered to him. 

2.2.  Ontology-Based Data Integration 

For data integration it is necessary to provide in a transparent and uniform manner the user or machine with 
access to heterogeneous data sources. Information technologies long moved towards dispersion of data due 
to the dynamics of the processes of creating repositories, the use of local information across applications, and 
hence the need to diversify data structures and syntactic formalisms. Currently, we have a situation in which 
access to, generated by various sources, information is heavily congested, the growth of data is not 
suppressed, and therefore it is not possible to dispense with the idea of having scattered and varied archiving 
systems. The developing data integration techniques [8, 9] pursue a common solution where there is a need 
for application of an additional layer in systems architecture, which means that it is suggested to place between 
the data layer and application layer a conceptual layer allowing for semantic description of data sources. As a 
conceptual layer we use ontologies to ensure uniform access to sources in terms of the naming and data 
redundancy [10,11]. 

When designing the systems we often use the ER or UML models acting as interpreters of data structures. 
Usually, however, these models are not utilized during use of the system. In the proposed solution, it is ontology 
that performs this role. 

2.3.  Process of the ontology construction 

Creating ontology may be done in small fragments, depending on the application needs. In this case, 
knowledge model is determined by the data. The ability to embed it in the context of domain knowledge is 
provided by the ontological model discussed in the earlier part of the work. Ontology written in the language 
of OWL will enable in the future the integration of model data structures with decision rules resulting from the 
processes of data mining [12]. Such rules may be extracted e.g. on the basis of the studies of regression and 
correlation. Systemic use of thus created knowledge ensures the correct semantic description of the data 
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structures. To this end, a database schema transformation to the form of an ontology stored in OWL was 
performed. 

Currently, methods are already known for semi-automatic transformation of database schema into ontologies 
written in OWL. Most of them, however, require interaction with the ontology designer at one of the 
transformation stages. It turns out that for simple database, the transformation can be successfully performed 
manually, using tools for the edition of ontologies, as well as basic transformation rules. 

The first step is to save all the tables and individual fields in graphical form. Most tables will reflect the future 
classes. Linking tables, which are the embodiment of a many-to-many (n:m) relation, form the basis of future 
relations in the ontology (object properties). Also, fields being foreign keys establish relationships in the 
ontology. In this way, one can limit the number of attributes in the diagram to obtain a basis for future ontology. 

The tables, in which the foreign key is also the primary key, will form subclasses in the ontology combined by 
is_a relationship. After transformations performed in this way, what remains for the designer is to decide how 
to process the remaining fields. Some of them will automatically create in OWL the datatype properties, but 
the designer can decide that individual attributes become subclasses, if this is relevant to the description field. 
The correct description of each class involves the description of an object by object properties and datatype 
properties. The difference between these properties is that the object properties connect a particular class with 
another class using the relationship. Datatype properties allow us to assign to a class properties which are 
expressed by given values. The next step is mapping of tuples from a database to instances of classes in the 
ontology. For this purpose, one can use ready-made tools accelerating this process or manually enter 
individual instances. Supplementing of instances is done to adapt a model to future processing using rules 
stored in e.g. SWRL. 

With the dependence created, we are able to generate a directed graph showing the whole ontology (Fig. 2 ). 

2.4.  Implementation of the CastNode platform 

The project assumption was to create a Web application that supports relational database, along with its 
mapping to ontology, which is a component of knowledge. The application performs all CRUD operations on 
the database for application components. Additional functionality is the ability to import large batches of data 
to repository. This is accomplished by allowing the import of .xls files directly from the view level. This allows 
the user to quickly back up data that is stored on computer disks or enter data from the documents. The 
limitation imposed on the import mode is defined structure of .xls files themselves. To make import correctly, 
it is recommended to use the templates provided in import section, which is available for each specific 
application module. 

An important feature of the application is providing a database in the context of knowledge. To this end, the 
ontology module reproduces relationships that occur in the database, giving them a context and thereby 
building knowledge. Each table is mapped to the class of ontology and appropriately connected to the base by 
semantics. Browsing the graph, the user is able to determine what data are stored in the application, of which 
parts a particular module consists, and what messages can be obtained from this module. Knowledge about 
the application is presented in a way natural for the user, making it easier to understand the information held 
in the database. Additionally, connecting the application components to the appropriate classes of ontology 
allows direct navigation across the application to perform data processing. 

The system architecture is based on a division into several smaller modules. The modules use a variety of 
tools realizing the objectives that are assigned to them. Dividing the project and avoiding bottlenecks we make 
the application prone to expansion by further components. Just by adding a reference to the relevant project, 
which requires a new component, it is immediately possible to work with its contents. This is consistent with 
one of the principles of good S.O.L.I.D design namely "Open-Closed Principle," which says that a class or 
project will be open for extension but closed for own modification. 
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Fig. 2 Fragment of the ontology of the Foundry module 

The aim of this module is parsing OWL file with ontology and then plugging it into the model layer. Physically 
entity is saved to the database, and reflects the ontology relationships in the context of relations between the 
tables and their attributes to create knowledge. Ontology built in the Protege application is read and parsed 
for the class model. Then it goes to the view layer, where classes are converted to HTML and presents in the 
form of a graph which shows the relationships between the various entities of the database. Following a report 
the user is able to read relationship between classes comprised a main component and what information is 
able to find with the specific module. The system is a very good base for expansion as the environment 
inference. Because the database system is scalable, there is a possibility of connecting to the ontology of 
another data source, user can build rules of inference that improve automatic data management. 

3. CONCLUSIONS 

CastNode platform creates new opportunities for the collection and sharing of information by integrating data 
at the semantic level. Still not fully developed management layer thus an ontological model and the 
management of the knowledge through semantic interface layer leaves open the direction of further research 
and development of the platform. The system has a module of knowledge in the form of ontology, which shows 
which data are stored and which dependencies take place between them. The purpose of using the semantic 
technologies is to enable transparent sharing of knowledge and relationships between the data store creating 
knowledge in a broader context. Such a method of recording has a number of advantages. The benefit of such 
architecture is an ease of searching the content according to one’s own criteria. In a very extensive database 
it provides the ability of semantic search based on the relationships and not just on keywords. Expanding the 
application to include the system of inference can further increase the efficiency and clarity of the data collected 
and allow easy extension of the structure by new components, e.g. data from the Web [13]. The presented 
work describes the assumptions and CastNode platform architecture as well as methodology of data model 
mapping to ontology, which is one of the most important aspects of semantic data integration. 
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Abstract 

Economics of blast furnace process, which determines the total cost of production, is one of the most important 
elements of management in steelworks. In the article the coke consumption from different manufacturers in 
the blast furnace process in chosen metallurgical plant over five years was presented. Water, ash and volatile 
matter in the cokes used during this period was analysed. Quantitative and qualitative evaluation of the 
research cokes was also made. The obtained data was compared with guidelines contained in the BAT (Best 
Available Techniques), guideline for Iron and Steel Production. 

Keywords: Coke, pig iron, humidity, ash, volatile matter 

1. INTRODUCTION 

A coke, beside an ore and fluxes, is one of the components of the charge to the blast furnace. During the 
heating of the charge, these materials soften and melt, only the coke is in a solid state even at the highest 
temperatures of approx. 2000ºC. Solid state of the coke makes that it serves as scaffolding, which may be 
used by other material to run down during melting. This causes that one of the most important properties of 
the coke is pieces stability, especially at high temperatures. However, based on research literature [1] and 
following technological observation [2] attenuation of the coke grains was noticed. 

The probable cause of this phenomenon may be melting ash, which at low temperatures causes the 
phenomenon of scaling, and after melting can cause increased mobility of this structure. Another important 
factor in the degradation of the coke is change of the coal structure in the coke and its progressing 
graphitization. 

The aim of the article was to determine quality of the coke used during blast furnace process. The same time 
operation of the chosen blast furnace with the use of this coke was analysed. Main factors of the blast furnace 
were determined, then they were compared with the factors described in BAT including guidelines for the 
production of iron and steel in integrated steelworks. 

2. COKE USED DURING PRODUCTION OF IRON PIG IN A BLA ST FURNACE 

2.1. Blast furnace as an research object 

In the article operating status of one of the blast furnaces in Polish metallurgical plant was presented. Usable 
capacity of the blast furnace was 3200 m3. Operation of the chosen blast furnace during 5 consecutive years, 
e.g. 2004-2008, was analysed. At the end of the fifth year (in November) the blast furnace was stopped to be 
partially restored. The amount of the blast furnace pig iron and technological slag was shown in Table 1  and 
Fig. 1  and  2. 
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Table 1  Production of iron pig in the blast furnace during 5 consecutive years 

 Year 

2004 2005 2006 2007 2008 

Production of pig iron [Mg] 2 190 800 1 811 700 1 835 300 1 871 161 1 468 450 

Production of technological slag [Mg], 
including: 

615 835.98 474 835.74 570 160.67 504 640.05 446 605.23 

granulated slag 583 283.28 460 577.40 550 962.67 449 578.17 437 540.23 

lump slag 32 552.70 14 258.34 19 198.00 17 353.45 9 065.00 

 

Fig. 1  Production of iron pig in the blast furnace during 5 consecutive years in Polish metallurgical plant 

 

Fig. 2  Production of technological slag in the blast furnace during 5 consecutive years in Polish metallurgical 
plant 
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Factors of slag production [kg] (Fig. 3 ) and use of coke [kg] (Fig. 4 ) per 1 Mg produced iron pig in the research 
period were calculated. 

 

Fig. 3  Production of technological slag per 1 Mg of pig iron in the blast furnace during 5 consecutive years in 
Polish metallurgical plant 

 

Fig. 4  Consumption of blast furnace coke per 1 Mg of pig iron in the blast furnace during 5 consecutive years 
in Polish metallurgical plant 

2.2. Quality assessment of the coke for the blast f urnace process in chosen metallurgical plant 

Coking plant Zdzieszowice was the main supplier of the blast furnace coke in the research period. However, 
due to irregular delivery from this coking plant and the unstable properties of coke, the metallurgical plant was 
forced to negotiate with other manufacturers. So coking plants Częstochowa, Szczecin Dębie and Zabrze also 
delivered also this material (Table 2 ). Consequently the cokes used in the blast furnace had different types. 
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Table 2  Blast furnace coke supplier in the research period 

Mass of coke [%] 

Supplier Year 

2004 2005 2006 2007 2008 

Coking plant Zdzieszowice 99.93 99.86 84.67 97.21 97.87 

Coking plant Szczecin Dębie - 0.14 1.96 1.29 2.13 

Coking plant Częstochowa 0.07 - 1.81 - - 

Coking plant Zabrze - - 11.56 1.49 - 

Total 100 100 100 100 100 

In the research period continuous supplies of the coke were made from the Coking plant Zdzieszowice. The 
coke from the Coking plant Zdzieszowice was the basic material, however, in the third year there was an 
disturbance of supply - fall to 85%, aligned to the level of 97-98% in the fourth and fifth year. The share of 
Coking Plant Czestochowa in the supply of the coke was noticeable in the first and third year of the research 
period. In the fourth and fifth year there was no supply due to the general overhaul of the coke oven battery in 
this Coking Plant. In years 2 - 5 years the supplies from Coking plant Szczecin Dębie in the amount of 0.14 - 
2% of the total supply were made. In years 3 - 4 years supplies were supplemented from Coking plant Zabrze 
(respectively 11.5% and 1.5%). 

The quality of the cokes analysed in the research period from listed suppliers was shown in Table 3 , 4 and 5. 

Table 3  Humidity content [%] in blast furnace cokes from different suppliers in the research period 

Humidity content [%] 

Supplier Year 

2004 2005 2006 2007 2008 

Coking plant Zdzieszowice 4.29 4.60 4.44 4.53 4.91 

Coking plant Szczecin Dębie - 6.5 6.10 6.75 5.65 

Coking plant Częstochowa 6.20 - 5.59 - - 

Coking plant Zabrze - - 4.72 4.30 - 

The coke from Coking plant Zdzieszowice had humidity which ranged from 4.29 to 4.91%. Higher humidity 
content was observed in case of the cokes from Coking plant Szczecin Dębie - at 6.25%, and for Coking plant 
Czestochowa at 5.89%. The coke delivered from Coking plant Zabrze had set humidity level at 4.5%. 

Table 4  Ash content [%] in blast furnace cokes from different suppliers in the research period 

Ash content [%] 

Supplier Year 

2004 2005 2006 2007 2008 

Coking plant Zdzieszowice 9.45 9.62 9.74 9.24 10.1 

Coking plant Szczecin Dębie - 10.5 10.70 11.80 12.30 

Coking plant Częstochowa 9.6 - 9.3 - - 

Coking plant Zabrze - - 9.42 9.38 - 

The coke delivered from Coking plant Czestochowa had ash content at 9.45%. Similar ash content was 
observed in case of the coke from Coking plant Zabrze - at 9.4%. Larger amounts of ash content was observed 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1992 

for the coke from Coking plant Zdzieszowice - at 9.63%. The highest ash content was noticed in case of the 
coke from Coking plant Szczecin Dębie - at 11.33%. In case this coking plant deterioration of the quality level 
of delivered coke was observed. 

Table 5  Volatile matter content [%] in blast furnace cokes from different suppliers in the research period 

Volatile matter content [%] 

Supplier Year 

2004 2005 2006 2007 2008 

Coking plant Zdzieszowice 0.67 0.59 0.63 0.58 0.45 

Coking plant Szczecin Dębie - 1.14 1.17 1.14 2.45 

Coking plant Częstochowa 0.68 - 0.64 - - 

Coking plant Zabrze - - 0.69 0.64 - 

In case of volatile matter content in the coke, similar relations as in the case of ash content were observed. 
The coke delivered from Coking Plant Czestochowa had stabilized volatile matter content at 0.66%. Similar 
volatile matter content was observed for cokes from Coking plan Zabrze - at 0.67%, and for cokes from Coking 
plant Zdzieszowice - 0.62%, with the trend of reduction of the volatiles matter to the level of 0.45% in the last 
analysed year. The highest content of volatiles matter was observed in cokes from Coking plan Szczecin Dębie 
- at 1.48%. In this coking plant deterioration of the quality level of delivered coke was observed, and in the last 
year even a drastic fall in the case of ash and volatile matter content. 

2.3. Quality assessment of the coke for blast furna ce process in chosen metallurgical plant 
according to BAT 

In the reference documents for blast furnace technology [3-5] the share of solid fuels for blast furnace 
technology at 520 - 580 kg/Mg of product was mentioned. According to conducted observations the coke in 
the amount of 420-470 kg/Mg of product and other assortments at 5% does not exceed the indicated levels of 
fuel consumption in the blast furnace process. At the same time it was noted that in case of blast furnace slag 
creation, the standards included in these regulations 200 - 290 kg/1 Mg of iron pig have been slightly exceeded, 
i.e. in the third year it reached 310 kg/1 Mg of pig iron. 

3. CONCLUSION 

On the basis of conducted analysis of pig iron production in the chosen Polish metallurgical plant during 5 
consecutive years it was found that the furnace worked steadily, without major interruptions. In the research 
period there were some difficulties connected to fuel deliver, i.e. the blast furnace coke. The metallurgical plant 
was not able to buy this material only from one supplier. The coke was delivered also from other three 
suppliers. The cokes from all coking plants had similar properties, i.e. content of: humidity, ash and volatile 
matter. Qualitatively the worst coke was supplied by Coke plant Szczecin Dębie. The reason for the 
deteriorating quality of the coke were shortcomings in the relevant product range of carbon, which was used 
to form carbon mixtures. The blast furnace worked steadily when using delivered cokes. According to BAT the 
average efficiency of the blast furnace with a capacity of 3200 m3 is 2.2 million Mg of pig iron. The capacity of 
the research blast furnace was like this. 2008 was the fifth year of the conducted analysis. The same time it 
was the first year of the world crisis. This caused the plant management decided to partially repair the blast 
furnace. 
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Abstract    

Production of metallurgical enterprises requires high costs and the production process in blast furnaces is 
among the most complex manufacturing processes. Blast furnace process is energy intensive and, since the 
prices of input raw materials have been constantly rising, companies must look for possible ways how to reduce 
their costs. Metallurgical enterprises are not capable of reducing the prices of input raw materials, which is 
why the reduction of production costs is the way to go in order to produce cheaper than the competitors. Cost 
saving is the way to remain competitive in a global scale. One of the potential methods to reduce costs and to 
simultaneously increase the efficiency of the production process is the application of lean manufacturing 
principles. This concept was originally introduced in the automotive industry in car production in Toyota 
Company. Lean production concept has proved to be a very effective tool to improve the manufacturing 
processes, which is the reason why this concept has been applied in other industrial fields. Lean production in 
metallurgical processes may contribute to savings and to cost reduction in metallurgical production. This article 
is focused on the application of lean manufacturing principles in metallurgical processes. 

Keywords: Lean manufacturing, metallurgical production, principles 

1. INDTRODUCTION 

Metallurgical production as one of the most demanding manufacturing processes requires expensive material 
and energy inputs. The goal of every company is to reduce its manufacturing costs and to remain competitive 
on a global scale. Metallurgical companies can use their communication mix for in the process of customer 
acquisition [1]. Companies cannot influence the global prices of raw materials or energies, and the way to 
reduce the production costs is to produce in a more efficient way. One of the ways to achieve higher efficiency 
is the application of lean production principles [8, 9]. 

The concept of lean production originally implemented for the mass production of automobiles leads to 
improvements of the process of production in the company, thus reducing costs [10, 11, 12]. The application 
of lean production in a company means doing only those activities that are necessary, doing them right on the 
first occasion and faster than the competitors, while maintaining lower costs. This philosophy is based on 
maximizing the added value for the customer, while trying to shorten the time between the customer and 
manufacturer by eliminating wasting in the chain between the two sides [2]. It is a concept of continuous 
improvement. The basic principle of lean production is to identify and eliminate the sources of wasting [3]. The 
term wasting is a key word in lean production, and it includes all the aspects that increase the cost of product 
without increasing its value. The most common sources of wasting in enterprises are [4]: 
1) Overproduction - wasting means producing more products than required by the customer, resulting in 

costs incurred for storage of this production. 
2) Waiting - a case when there is no activity of a machine or a worker, because they are waiting for the 

completion of the previous process step [13]. 
3) Stocks - the accumulation of semi-finished products [5]. 
4) Process wasting - all surplus process operations in production. 
5) Transport - a resource of wasting caused by improper arrangement of the production plant, which leads 

to handling and transportation between the individual workplaces. 
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6) Unnecessary movements - movements of workers or machines during production that are caused by 
improper arrangement of workplaces. 

7) Rejects - wasting due to production of rejects and their repairs. 

Lean production takes advantage of various tools to improve the production process in the company and to 
eliminate the sources of wasting. The most commonly used tools of lean production are: Method 5S, Kaizen, 
TPM, SMED. Selected tools are mainly used in the original area which lean production was implemented for - 
automotive industry. Metallurgical production has many specific features in comparison with automobile 
production, which is why the aim of this article is to analyze the possibility of introducing lean production 
principles in the production of pig iron and other follow-up metallurgical and finishing processes. 

2. EXPERIMENTAL WORK 

The selected tools of lean production in the automotive industry should achieve the elimination of the above-
mentioned sources of wasting and increase production productivity and, on the other side, they should reduce 
its expensiveness. To see if it is possible to introduce the analysed lean production tools in metallurgical 
production for the same purpose will be the subject of this research. 

2.1. 5S Method 

5S Method has, as well as the entire philosophy of lean production, its origins in Japan, which is why the 
abbreviation of 5S stands for 5 Japanese words that start with S. The meaning of 5S is as follows: 
1) Seiri (sort) - sort all the items and keep only those that are necessary and important, you must get rid of 

everything else. 
2) Seiton (straighten) - means order, everything has its fixed position and everything has to be in its place. 
3) Seiso (shine) - cleanliness, or the cleaning process acts as a certain controlling mechanism revealing 

abnormal conditions that could lead to reduced product quality or damage to the machine. 
4) Seiketsu (standardization) - development of rules in the form of systems and procedures allowing you 

to keep and continuously follow the first three S rules. 
5) Shitsuke (sustain) - self-discipline in maintaining a stabilized workplace, which is a continuous 

improvement process. 

In Fig. 1 , you can see how 5S together create a continuous process of improvement of the working 
environment. 

 

 

 

 

 

 

 

 

 

Fig. 1 5S Method [4] 
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The 5S Method also has its place and use in metallurgical enterprises, especially in identifying positions, 
transportation routes, safety signs in buildings and protection of workers, and marking of the exact location of 
the individual tools. You can see an example of the visual signs at workplaces in Fig. 2 . 

 

 

 

 

 

 

 

 

Fig. 2 Visual signs at workplace 

2.2. KAIZEN 

KAIZEN means continuous improvement in the company. It is one of the most effective approaches improving 
company performance by means of continuous improvement in small steps. In Japan, KAIZEN is considered 
to be one of the most important steps of management, which plays a key role in the competitive struggle in the 
market, and it is used by a number of Japanese and other global companies [14, 15]. It is a method in which 
improvement takes place in all aspects and is done by all people, i.e. continuous improvement involves every 
single employee of the company. KAIZEN consists of a range of tools and approaches that should be used in 
the enterprise. The most important methods include especially: customer care, automation and mechanization 
of processes, quality circles, work discipline, suggested continuous solutions, cooperation between managers 
and workers, improving quality, creative teams, productivity improvements, etc [6]. 

Due to the universal use of continuous improvement of processes, there is also space for the introduction of 
KAIZEN in metallurgical enterprises. In high-cost production, such as metallurgical one, even seemingly small 
improvements can deliver significant cost savings [16]. It is necessary for metallurgical enterprises to search 
for these possible ways of cost reduction and to improve them. That is why it is imperative to involve every 
employee in this process, regardless of the position at work, since it is possible to look for savings in all areas 
of the production process, starting from the company management and up to the actual production. 

2.3. Total productive maintenance 

TPM is a part of the philosophy of lean production, and it involves all departments of the company and 
represents the interconnection of maintenance and production. Sometimes, the concept of TPM is incorrectly 
understood only as company maintenance. However, TPM is based on preventing the division of workers into 
those who repair it and those who work on it. TPM says that an employee working on a given machine is more 
likely to be the first person to identify any abnormality or potential sources of future breakdowns of the machine. 
TPM therefore transfers maximum diagnostic and maintenance activities on the workers. The aim of TPM is 
to prevent machine stopping and its downtime due to a malfunction or an accident. Another area covered by 
TPM is the operation of machines with damaged parts or the use of incorrect methods. 

TPM uses 5 basic activities to eliminate work stoppage of production facilities [6]: 

• using optimal conditions for the operation of the equipment, 

• compliance with the prescribed operating conditions, 

• early diagnostics and repairs of damaged parts, 

Visual 
signs 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

1997 

• elimination of imperfections in equipment design, 

• improving the skills of workers. 

Overall, TPM consists of partial areas and they are: program of autonomous equipment maintenance, program 
of scheduled maintenance, program of education and training of staff, and program of planning of new 
equipment and spare parts. 

For metallurgical enterprises, and blast furnaces in particular, TPM approach is applicable only to a certain 
extent. Metallurgical processes are mostly continuous and this is the reason why it is possible to use this 
approach only to a limited extent. However, more extensive application of TPM can be found in follow-up 
processes, such as moulding, rolling and treatment of steel products. In these areas, workers can perform 
small maintenance interventions and implement certain prediction of equipment damage. 

2.4. SMED 

SMED is a method of rapid changes or rapid conversions of equipment to another product. Cutting the time 
for equipment conversion is a key step to eliminate time wasting as a result of equipment downtime necessary 
to perform its conversion. The reduction of set-up time makes sense in places where production equipment is 
frequently converted and equipment downtime causes great losses of available production equipment 
capacities. SMED method principles are based on the distribution of activities required for equipment 
conversion to perform external and internal activities. External activities are such operations that can be 
performed while the equipment is running. The aim is to try to shift as many activities as possible from the 
internal to the external group, so that the lowest number of activities has to be done while the production 
equipment is stopped. However, this is not the entire scope of SMED Method, and it also requires cutting the 
times necessary to perform the individual internal operations. A typical benefit of the introduction of SMED 
Method includes radical shortening of the equipment adjusting time, reduced production capacity losses, 
shortening of the continuous production time, elimination of the errors during set-ups and overall improvement 
of the production process. All these results achieved by SMED Method have a direct impact on reducing the 
costs of production. 

The course of the application of SMED Method is shown in Fig. 3 . 

Original conversion time 
 

INTERNAL ACTIVITIES  
EXTERNAL 
ACTIVITIES 

 

INTERNAL ACTIVITIES  EXTERNAL ACTIVITIES 

 

INTERNAL ACTIVITIES  EXTERNAL ACTIVITIES 

 

New conversion time   

Fig. 3 SMED principle [7] 

The application of SMED Method in metallurgical industry makes sense. Its application cannot be found in the 
production of iron, but SMED makes sense especially in the follow-up processes, such as moulding, rolling 
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and other machining operations, especially in case of equipment capable of producing various ranges of 
products. Rolling and other product treatments can serve as a typical example here. 

3. CONCLUSION 

The aim of this article was to analyze the possibilities of implementing and using the tools of lean production 
in metallurgical processes. Based on the research, it can be stated that the chosen tools of lean production - 
5S Method, SMED, KAIZEN and TPM can be applied in metallurgical production. Each tool has its application 
in a different part of the metallurgical production. 

There are no practical restrictions of 5S Method, and its universal character allows its application in various 
sectors. This method has a wide application in metallurgical enterprises, from the production of pig iron, 
through other treatment activities up to the final products. The necessary tools at their designated place, 
marking of passages through production facilities, maintaining cleanliness and other factors can serve as 
typical examples. 

The same conclusion applies to the KAIZEN Method, which can help companies with extensive manufacturing 
capacities to reduce their production costs to a large extent, as a result of relatively small savings in partial 
operations. Substantial savings arise from a large volume of production. It is vital for the KAIZEN Method to 
involve all the employees of the company in this philosophy of continuous improvement. This condition is 
mainly due to the fact that every single employee performing his/her daily routine work can bring improvement 
proposals to perform this activity more efficiently. KAIZEN can therefore be applied in metallurgical productions 
in its entire scope. 

TPM and SMED methods have limited use, since they are specific tools related to production equipment. TPM 
tool is particularly suitable for subsequent treatment production processes, where the final product treatment 
is performed using a higher number of devices. These devices represent exactly the points of suitable 
application of the SMED Method, if the devices are capable of producing a wider range of products. SMED 
makes sense only in places where it is necessary to make conversions between the individual final products. 

It can be concluded that the philosophy of lean production originally introduced for mass production of 
automobiles can also find its application in other industrial fields. On the basis of the analysis, metallurgical 
production is one of the fields where lean tools can be used as well. 
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Abstract 

The article is focused on the management of labor consumption in the metallurgical industry using costing of 
metallurgical products. Costing is generally used as a tool for cost management, especially variable costs; 
here in costing there are normally reported consumptions of these costs per the production unit in monetary 
units. With unit costs costing also includes their specific consumptions per unit of production in natural units, 
especially in the areas of consumption of charge material. The article points to the fact that in the metallurgical 
production there are also known cases of the specific consumption of time per the unit of production, i.e. the 
labor consumption of individual products, which are however in the Product costing only indicated to a limited 
extent. This article proposes the system of using labor consumption of individual products listed in the costing 
to manage the Labor consumption of the metallurgical production. 

Keywords: Costing, labor consumption, management, costs 

1. INTRODUCTION 

A cost allocation base has been described as incorrigible, since it is impossible to objectively determine which 
base perfectly describes the link between the cost and the cost objective. Given this subjectivity in the selection 
of a cost-allocation base, it has always been difficult for managers to determine “When costs should be 
allocated?” and “On what basis should costs be allocated?” The answers to these questions depend on the 
principal purpose or purposes of the cost allocation. [1] 

Costing is generally used as a tool for economic management in the area of costs within the custom made and 
also the repetitive manufacturing, where most of the metallurgical production belongs.  Costing contains 
information not only in monetary terms, but also in terms of volume, for example in the form of specific 
consumptions of the unit material with the repetitive manufacturing, which are part of the statement of BOM 
(Bill of Materials).  

Managers must be prepared to react on current market situation. First, they should explore ways to reduce the 
resources required to perform various activities. Then to transform those reductions into profits, they must 
either reduce spending on those resources or increase the output those resources produce. [2] 

Our world is continuous changing and that changing conditions often require a change in cost management 
systems. [3]   

Also the labor consumptions of the products may be a part of the costing - these are specific consumptions of 
net operating (labor or machinery) time per unit of production of each product (calculation units of the objects 
of calculation) within each technological stage of the production (production facilities). Labor consumptions in 
the metallurgical industry are most often defined in minutes per ton of production (min/t). 

However, in the metallurgical repetitive production the reciprocal value of the machine labor consumption of 
individual products is used more frequently; namely these are outputs defined within the individual 
manufacturing facilities. Outputs in the metallurgical production are most often defined in tones produced per 
operating hour (t/h.). 
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The method of scheduling proportionally to the time consumption of the metallurgical products production is 
commonly used when calculating costing for scheduling fixed costs for metallurgical products [4].  

However, often for this scheduling so called Labor consumption coefficients are used instead of the time 
consumption values; these coefficients are calculated from the value of these products outputs. Coefficients 
of Labor consumption then express the relationship between the value of the maximum output (numerator) 
and the values of the output of individual products (denominator). Practically this means that for the highest 
output the value of the Labor consumption coefficient = 1; with the half output this value = 2.  

Using the Labor consumption coefficients in the costing of metallurgical products instead of labour 
consumption values prevents the use of costing as a labor consumption management tool in the metallurgical 
industry.  

2. METHODS DATA 

Using the labor consumption in the costing of metallurgical products has two principal benefits: 

• Values of labor consumption of products can be used as reference values (cost drivers) for the allocation 
of fixed overheads of individual metallurgical activities to products. (The article [5] has been dedicated 
to this issue.) 

• The Labor consumption of products can be used to calculate the so-called Recounted planned values 
of the Net operating time of individual production facilities. The basis of this calculation is the conversion 
of the planned values of the Labor consumption using the actual amount and the structure of 
production. In a similar way, costing is used to calculate the Recounted plan of variable costs, which is 
very important for evaluating the actual variable costs. 

2.1 Including the labor consumption in the calculat ion formula 

The most suitable calculation formulas for the use for labor consumption include the Dynamic calculation 
formula and the Calculation formula according to activities (ABC).  

The Labor consumption may be within the costing item created for this purpose incorporated anywhere in the 
costing formula. For the reasons of practicality we can recommend its adding only to the end of the costing 
formula. 

In order to use the product costing for the management of the Labor consumption of the metallurgical 
production it is necessary that the costing item of the Labor consumption includes types of values listed 
in the Table 1.  

Table 1  Example of types of values in the product costing required for working with labour consumption 

KM ms i SM 

Costing amounts (e.g. tons) 
Specific time consumption of the i-th product 

(e.g. minute/ton) 
Consumed amount of time 

(hours) 

Source: 

Planned or actual production volume of 
the given product 

Source: 

Planned specific time consumption per unit of 
production 

Calculation: 

KM x ms i / 60  

2.2 Possibilities of using costing for managing lab or consumption of the metallurgical production 

These possibilities are as follows: 

a) Calculation of the total planned need of the net operation time prior to the start of the production 

• Based on planned specific consumption of net operating time (Labor consumption) and the 
planned s production volumes in the detail for individual products. 
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b) Recounting the total planned need for the net operating time after the production completion 

• Based on planned specific consumption of net operating time (Labor consumption) and actual 
production volumes in the detail for individual products. 

c) Calculation of the impact of the volume and composition of the production and the impact of Labor 
consumption on the actual value of the net operating time compared to its original planned value 

• On a basis of the comparison of the planned, recounted and actual value of the Net operating 
time. 

3. EXPERIMENTAL PART AND RESULTS  

The use of the Labor consumption in the Product Costing is subject to mastering calculations of the Planned 
value of the net operating time (CPCPl)) and the so-called Recounted values of the net operating time (CPCPr). 
For the calculation of these times in costing for individual products values that are listed in the Table 1 can be 
used. 

The total values of CPCPl and CPCPr for each production facility are consequently calculated as the sum of the 
values calculated in the "SM" column (see Table 1 ) for individual products. 

To provide the basis for the management of Labor consumption for individual metallurgical production facilities 
using costing it is necessary to provide the following calculations in the costing: 

a) The calculation of the total planned need of the net operating needs time prior to the production start: 

�8�C# = 8�$QÔÞQ + 8�$'ÔÞ' +  8�$+ÔÞ+ +⋯+ 8�$ZÔÞZ = �8�$`ÔÞ`
Z

`¿�
 (1) 

CPCPl - Plan of the needs of the total net operating time of the given production equipment 
PlQi - The planned production volume of the i-th product 
ms i - Planned specific consumption of time (labor consumption) of the i-th product 
n - Number of product costing (costing units of the object of calculation)  

b) Recounting of the total planned need for the net operating time after production completion: 

�8�CÙ = sÐ$QÔÞQ + sÐ$'ÔÞ' +  sÐ$+ÔÞ+ +⋯+ sÐ$ZÔÞZ = �sÐ$`ÔÞ̀Z

`¿�
 (2) 

CPCPr - Recounted plan of the total net operating time of the given production facility for the actual volume 
and structure of production 

SkQi - Actual production volume of the i-th product 
ms i - Planned specific time consumption (labor consumption) of the i-th product 
n - Number of costings of products (costing units of the objects of calculation) 

c) Impact of the actual production volume and o structure to the planned need for the net operating time: 

∆�8�C#�CÙ  =  �8�C#  −  �8�CÙ (3) 

d) The difference between the planned and actual values of the labor consumption to the actual amount of 
the net operating time: 

∆�8�CÙ�_ä  = �8�CÙ    − �8�_ä (4) 

CPCSk - The actual total amount of the net operating time of the given production facilities  

Calculations of a) and b) can be arranged directly in within the calculation system. Calculated values PlQims i 
and SkQims i should be included in the values under the "Labor consumption" item (see the column SM in 
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Table 1 ). Values CPCPl and CPCPr can be in the costing system derived from the sums of PlQims i and SkQims i 
values for all calculation units of objects of calculation (products) of a given production equipment. CPCSk value 
can then be obtained from the operational records of the respective production equipment. 

4. RECOMMENDATION 

The management of Labor consumption is closely related to the production capacities. If the production facility 
in the monitored period produces more kinds of products with different level of Labor consumption, the total 
consumption of net operating time is affected both by the production volume and the production 
structure. Therefore, for the evaluation of the use of this time within individual production facilities it is not 
enough to use just the comparison of the planned consumption of the net operating time (CPCPl) with its real 
consumption (CPCSk). To distinguish the effects of the production volume, the production structure and the 
performance of the planned Labor consumptions within the net operating time, it is necessary to perform the 
calculation of the so called Recounted plan of the net operating time to the current volume and structure of the 
production (CPCPr). 

The planned values of the Labor consumption listed in the costing can be used both to calculate the total 
planned need of the net operating time (CPCPl) required for the planned volume and structure of 
production, and to calculate the total recounted planned need of the net operating time (CPCPr) required for 
the actual volume and composition of the production within the individual manufacturing facilities.  

The difference between CPCPl a CPCPr is caused by the impact of the production volume and product mix. The 
difference between CPCPr and CPCSk is created by differences between planned and actual labor 
consumptions of individual products. This last distinction is very important to check the feasibility of the planned 
values of Labor consumption, which is very often used in the calculation of the planned costing of the full 
costs. This costing often forms the basis for the valuation of inventory of own production and price 
negotiations. So any unrealistic data in the field of used values of Labor consumption directly influence both 
the costing calculation itself and its subsequent use for economic and pricing decisions. 

5. CONCLUSION 

The information contained in the planned (preliminary) calculations should be both values of the specific 
consumption of materials and energy, as well as the specific consumption of the net operating time (Labor 
consumption), which express the time consumption of the production of individual products. Based on the 
planned values the Labor consumption it is possible to calculate in costing the need of the net operating time 
both for the planned and the actual production volume and product mix of the given production equipment. In 
this way you can get the Planned value of the net operating time (CPCPl) and the Recounted value of the net 
operating time (CPCPr). The actual value of the net operating time (CPCSk) of the given production facility can 
usually be obtained from the operational records. These values are very important to distinguish the influence 
of the production volume, the influence of the product mix and the impact of labor consumptions within the 
evaluation of the consumption of the net operating time. [6]   
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Abstract 

This article deals with the application of the utility theory as a useful tool for the decision making process 
analysis under risk. While the theoretical value of the concept is clear, its application in practice is not easy. In 
addition to frequent skepticism common among managers, certain measurement issues have to be overcome 
in order to obtain relevant results. This article aims to use the example of a metallurgical enterprise to apply 
the theory for use in practice. 

Keywords:  Utility theory, managerial decision making, decision making under risk 

1. INTRODUCTION 

Managerial decision-making is a basic management function, the quality of which largely depends on the 
efficient functioning of the business units. Therefore, basic management skills should include knowledge of 
various procedures and methods to ensure high quality decision-making problem solving. One of these 
processes is the use of the utility theory in managerial decision making. 

2. UTILITY AND ITS RELATION TO MANAGEMENT DECISIONS   

When analyzing decision making under risk, the best alternative is usually chosen based on the calculation 
and comparison of expected return (cash or in-kind). However, there are situations in which the expected cash 
income is not the correct criterion: 

• If the decision maker has problems expressing the value of certain outcomes of his/her decisions as a 
cash contribution, then the expected monetary value cannot be used. 

• If we assume that the decision maker is willing to risk a short-term loss of money, when he/she is better 
off in the future. Typically, the decision-maker acts to minimize the short-term risk, especially if there is 
an option of a big initial loss. 

• We assume a linear relationship between the amount of money and its value (utility), e.g. CZK 2 mil. is 
double CZK 1 mil. In fact, with an increasing amount of accumulated wealth, the value of additional 
money decreases, e.g. the value of CZK 10 added to CZK 100 is higher than CZK 10 added 
to CZK 10,000. 

For all these situations, it is necessary to make a scale that would better describe how the decision-maker 
assigns value to each possible outcome. [1] 

The utility as a measure of the outcome value was suggested by von Neumann and Morgenstern. They 
assumed that each individual has a measurable extent between various choices in risk situations. This 
measure is indicated as a utility. It is measured in units that are agreed to by the utility [2]. Appropriate inquiries 
can determine the utility of the decision maker from various sums of money; it is called the utility function of 
the decision maker. The graph of this function shows the attitude of the decision maker in the 
relationship to the risk [3]. We assume that the decision maker, when making a decision that involves risk, 
chooses the option that maximizes the expected benefit.  
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This idea is based on the following assumptions: 

• The utility can be measured on a cardinal scale, where numbers (1, 2, 3, etc.) describe how many utility 
units form the yield. E.g. a 5% market share is twice as important as a 6% return on investment. 

• The utilities of various objects can be combined. If the value of enterprise A corresponds to 10 units of 
utility and enterprise B to 5 units of utility, then A and B together are worth 15 units of utility.  

3. AN EXAMPLE OF USING UTILITY THEORY IN MAKING A M ANAGERIAL DECISION 

Suppose that the management of a metallurgical company is about to decide on taking out a business 
insurance policy against fire for CZK 50 million. The chance that the company will be destroyed by fire during 
the year is 1:2,000 (i.e. 0.0005). The annual premium is CZK 37,500. Should the company take out the 
insurance policy or not? The situation is depicted in Table 1 . 

Table 1  Fire Insurance 

                 Conditions 
 
 
Alternatives 

0.0005 0.9995 Expected monetary 
value 

fire Without fire 
Insurance 37,500 37,500 37,500 
Without insurance CZK 50 mil. 0 25,000 

According to the expected monetary value, the management should not insure the company because the 
alternative without insurance involves a lower value. Over the long run, the insurance would cost much more 
than the uninsured condition. Since the problem to be solved is from an area of uncertainty, there is a chance, 
albeit very small, that a fire may occur in the very first year. The loss of CZK 50 million would bring the company 
to bankruptcy, i.e. to a point that the enterprise’s management could not afford. Therefore, it would be 
preferable to pay the insurance policy, although it has a higher expected monetary value. 

If we analyze the problem in terms of utility, it may look like this: 

The paid policy of CZK 37,500 has a value of 1 utility unit for the enterprise. CZK 0 corresponds to 0 units of 
utility. The loss of CZK 50 million has the value of 10,000 units of utility. This information is incorporated 
in Table 2 . 

Table 2  Insurance against fire and its expected utility 

                  Conditions 
  
  
Alternatives 

0.0005 .9995   
Expected utility 

fire Without fire 
Insurance -1 -1 -1 
Without Insurance 10,000 0 -5 

The results show that the expected utility of insurance is higher than the uninsured condition, so the company 
chooses to take out the insurance policy. 

The previous text indicates that the application of utility is similar to the use of money. The only difference is 
that the expected value is expressed in terms of expected utility instead of expected monetary value. The 
biggest problem lies in determining the values of utility as a substitute for expected cash value. The relationship 
between money and utility can be expressed graphically using a curve called the curve of utility or using the 
utility function. 
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If you build a utility curve, you can read individual utility values from it corresponding to cash values. The utility 
curve itself is constructed based on the decision maker’s attitudes towards risk.  

  

Fig. 1  Various utility curves 

The shape of the curve is a function of individual attitudes towards risk (Fig. 1 ): 

• Curve 1 shows a decision maker with a typical amount of aversion to risk. 

• Curve 2 shows a decision maker who is poor and wants to play the lottery in order to improve his/her 
standard of living. This decision-maker automatically becomes risk-averse as soon as he/she 
accumulates wealth. 

• Curve 3 shows a decision maker indifferent to the risk. 

• Curve 4 shows a decision maker who has a willingness to take a risk and wants to take it. 

As soon as the personal benefit curve is known, then it is possible to replace any monetary value with its utility 
equivalent. [4] 

4. DECISION MAKING UNDER RISK 

For decision making under risk, we compare the results of each alternative according to their probabilities. 
This is called the risk profile. [5] 

Below are shown risk profiles for investing in two projects. The first project involves an investment in a new 
saw for cutting pipes. The second one is for the repair to an existing saw in Table 3 . 

Table 3  Investing in the given projects 

Project Possible result Probability Expected monetary value 

The first 

-1,000,000 0.1 100,000 

6,000,000 0.6 3,600,000 
10,000,000 0.2 2,000,000 
15,000,000 0.1 1,500,000 

Total 7,000,000 

The second 

0 0.1 0 
5,000,000 0.5 2,500,000 

10,000,000 0.4 4,000,000 
Total 6,500,000 

 

1 
2 

3 

4 

UTILITY 

MONEY (CZK) 
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Using utility curve number 1, we will find the expected values of the utility. [6] 

Table 4  Investing in individual projects, complemented by benefits 

Project Possible result Utility  Probability Converted utility (U) 

The first 

-1,000,000 16 0.1 1.6 

6,000,000 70 0.6 42 
10,000,000 83 0.2 16.6 
15,000,000 100 0.1 10 

Total 70.2 

 The second 

0 30 0.1 3 
5,000,000 65 0.5 32.5 

10,000,000 83 0.4 33.2 

Total 68.7 

The first project prevails over the second and its expected monetary value is also higher (CZK 7 million 
compared to CZK 6.5 million the second project) in Table 4. 

The utility curve can be expressed as a function, for example: 

r(�) = 0,8. � +  √9. �           (1) 

The benefit is algebraically compared to the amount of money using a formula. If M = 1,000,000, the utility will 
be: 

       (2) 

5. CONCLUSION 

The utility curves show the relationship between the utility and money, or probability. It is a useful tool that is 
applicable when making managerial decisions under risk. Obtained values are particularly dependent on the 
relationship between the decision maker and the risk. It is also necessary to address the question whether the 
utility curves remain constant over time or if they change. We must also take into account group or enterprise-
wide preferences. 
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Abstract   

Many of metallurgical companies are joined to the chain of suppliers of automotive producers. Automotive 
industry suppliers must submit evidence about capability of their processes, which is evaluated on the basis 
of quality of products produced by these processes. In the cases of normally distributed quality characteristics 
process capability analysis is performed according to standard procedure. Problems are in the cases, when 
data of monitored quality characteristic are not normally distributed. Example is symmetry of produced parts. 
This paper is focused on capability analysis of overmoulding process in terms of achieving part symmetry. 
Measured part consists of metal rod and overmoulded eye. There are presented various approaches to 
process capability analysis in this case and suitable procedure for non-normality solution is proposed in this 
paper. 

Keywords: Process capability analysis, non-normal quality characteristic, symmetry 

1. INTRODUCTION 

Proper product quality planning is default assumption for market success and customers satisfaction. Part of 
proper quality planning is not only design of product which fully satisfies customer requirements but also 
process capability analysis. Capability analysis is defined as the process ability to consistently provide products 
meeting required quality criteria. Submission of process capability evidence is required in the process of 
approving parts into serial production (e.g. PPAP) in the field of automotive suppliers. 

Process capability analysis is statistical method, therefore it is important to emphasize the correctness of used 
procedure and correct results interpretation [1]. Standard process capability analysis is based on certain 
assumptions which may not be met in real processes. One of them is assumption of normality which may not 
be met in a number of quality characteristics [2]. This paper is focused on possibilities of data  
non-normality solving at process capability analysis in terms of part symmetry. 

Kotz and Lovelace [3] shows examples of quality characteristics which naturally do not correspond with normal 
distribution. Quality characteristics which are usually expressed by deviation (deviation of position, angle 
deviation, etc.) could not be often described by normal distribution. 

2. PROCESS CAPABILITY ANALYSIS FOR NORMAL DATA DIST RIBUTION 

The process capability is expressed by capability indices. Values of commonly used indices Cp and Cpk are 
derived by ratio between tolerance range and real variability of observed characteristic expressed by standard 
deviations in cases of data normality [4]: 

C) = �������
õ�                (1) 

C)� = min(C)� = �����
+� , C)� = �����

+� )             (2) 

where: 
σ   standard deviation, 
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LSL  lower specification limit, 
USL  upper specification limit, 
μ   mean of monitored quality characteristic. 

Capability index Cpk is less or equal to Cp. The equality of these indices occurs when the mean of monitored 
quality characteristic is in the middle of specification limits [1]. As capable is usually considered process whose 
capability index Cpk is greater than 1.33. 

3. PROCESS CAPABILITY ANALYSIS FOR NON-NORMAL DATA DISTRIBUTION 

Percentile method or data transformation method are most commonly used to determine capability indices in 
the cases of data non-normality. Real variability of monitored quality characteristic is expressed by percentile 
differences in case of using percentile method [5]:  

�p = d_ç�ç_ç
ßÉÉ.È54�ßÖ./24  (3) 

�pä = min(�p# = ß4Ö�ç_ç
ß4Ö�ßÖ./24 , �p� = d_ç�ß4ÖßÉÉ.È54�ß4Ö)      (4) 

where: 

Xp are percentiles based on distribution of monitored quality characteristic.  

In the case of data transformation are data transformed into new variable by suitable transformation function. 
Transformed variable could meet normality when transformation is successful. After specification limits 
transformation are used standard formulas for calculation of capability indices. 

In the cases of data non normality it is also used Clements method which is based on percentiles calculation 
using Pearson family curves of probability distribution [6]. 

Many quality characteristics whose probability distribution does not naturally meet normal distribution are 
assessed in the field of metallurgy and engineering. Examples are quality characteristics which are based on 
absolute value of deviation from some standard. A little attention is dedicated to capability analysis of given 
processes due to quality characteristics so far. For example, Czarski [7] performed case study where process 
capability in terms of thickness of hot rolled steel strip was analysed. Quality characteristic was specified as 
absolute deviation of thickness from nominal value. Process capability analysis was performed using percentile 
and Clement´s methods. The results of this case study shows that the application of quantile method based 
on three-parameter Weibull distribution and application of Clement's methods can lead to approximately the 
same results.  

4. CASE STUDY 

The subject of case study was proposal of suitable approaches to process capability analysis of overmoulding 
process in terms of symmetry of the produced parts.  

4.1. Preparation and data collection 

The symmetry belongs to the quality characteristics which naturally do not meet data normality. Symmetry is 
defined as tolerance zone which is limited by two parallel planes a distance t apart symmetrically disposed 
about the median plane, with respect to the datum a (Fig. 1 ). Letter t marks symmetry and t/2 marks deviation 
of symmetry [8]. 
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Fig. 1 Definition of symmetry tolerance zone [8] 

During overmoulding process is plastic eye moulded into metal rod. One of the most important quality 
characteristic is symmetry of center of plastic moulding in relation to the axis of metal rod. Upper specification 
limit USL=0.3 mm for symmetry is prescribed in accordance with drawing specification. 

At the output of overmoulding process they were sampled subgroups of products with size n=5 in periodical 
time intervals. Values of symmetry were measured on 3D optical measurement device Excel 6XX. Data about 
25 subgroups of products were obtained which represent totally 125 values. Fig. 2 shows graphical distribution 
of symmetry values using histogram. 
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Fig. 2 Histogram of part symmetry 

It is obvious from Fig. 2  that distribution of symmetry could be a part of normal distribution. Missing part can 
never be obtained because symmetry has a natural border at the beginning of coordinate system. Symmetry 
is calculated as absolute value of twice deviation of symmetry (t=│2.t/2│). It can be assumed that symmetry 
distribution corresponds to half-normal distribution. Two approaches for process capability assessment in 
terms of part symmetry were proposed: 

• Simulated recalculation of symmetry values into deviations of symmetry using random assignment of 
negative signs (Method A), 

• Adding of same values with negative sign (at the same operation is each value divided by two) (Method 
B). 

For comparison process capability analysis was also performed using the procedures applied in the cases of 
data non-normality such as percentile method, Clement´s method or data transformation method. 
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Capability analysis results were compared with process capability analysis calculated for the really measured 
deviations of symmetry. 

4.2. Application of proposed process capability ana lysis approaches  

Method A 

As first, simulated recalculations of symmetry values into deviations of symmetry using random assignment of 
negative signs were performed. Ten data files from standard normal distribution were generated to verify 
reproducibility of achieved results. Value -0.5 were assigned to negative values, 0.5 were assigned to positive 
values. Then measured symmetry values were multiplied by these numbers (±0.5). Ten data sets of simulated 
values of deviations of symmetry were obtained by this way. For all ten data sets it was found that differences 
in arithmetic means and standard deviations are minimal and data correspond to normal distribution. After that 
capability indices Cp and Cpk were calculated for these created files. Determined Cpk values ranged from 0.89 
to 0.91, average value was 0.90 (see Table 1 ). 

Method B 

Second proposed approach recalculated values of symmetry to absolute values of deviations of symmetry 
(divided by 2) and these values were supplemented by the same values with negative sign. This approach is 
easier in comparison with method A. Disadvantage of this method is artificial increase of number of values 
(twice values) and fact, that probability distribution is symmetrical with respect to zero. Even in this case 
conformity with normal distribution was confirmed (p-value 0.052) and capability index Cpk could be rightly 
calculated (see Table 1 ). Worse conformity with normal distribution may relate with higher number of data. 

Table 1  show that both proposed methods present very close results of process capability. There is difference 
in their rate of conformity with normal distribution. Fact that Method B shows the same values of Cp and Cpk 

values confirms symmetry of new data set distribution with regard to zero.  

Table 1 P-values and Cpk indices based on the proposed methods of process capability analysis 

Method A  (125 values;, LSL=-0.15; USL=0.15)   

Probability distribution P-value Cp Cpk 

Normal 0.236 0.91 0.90 

Method B  (250 values; LSL=-0.15; USL=0.15)    

Probability distribution P-value Cp Cpk 

Normal 0.052 0.91 0.91 

4.3. Application of classical process capability an alysis approaches  

For comparison, process capability analysis in terms of part symmetry was also performed using conventional 
approaches for capability analysis in cases of data non-normality. In this case it is prescribed upper 
specification limit only (USL=0.3).  

Applying of percentile method based on the best theoretical probability distribution led to the best conformity 
with three parameters Weibull probability distribution (p-value = 0.237). Then appropriate percentiles were 
found and capability index Cpk was calculated in accordance with formula (4). Also Clement´s method was 
used as percentile method alternative. 

In the case of data transformations they were used Box-Cox and Johnson transformations. While Box-Cox 
transformation was unsuccessful, using of Johnson transformation shows very good conformity of transformed 
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data with normal distribution (p-value = 0.736). Cpk index was calculated by classical formula (2) for normal 
distribution after specification limit transformation. 

Comparison of achieved results is performed in Table 2 . Table 2  summarizes p-values and capability indices 
calculated by percentile method, using data transformation and Clement´s method. The comparison shows 
that there are significant differences between results achieved by different methods.  Higher values achieved 
by Clement´s method are expected, because this method usually overestimates capability analysis results. 
Surprised is very high Cpk evaluated by Johnson transformation. 

Table 2 P-values and Cpk indices determined with using classical methods. 

Method P-value Cpk 

Quantile method: 3-Parameter Weibull dist. 0.237 0.83 

Clements method - 1.13 

Johnson transformation 0.736 1.60 

As already mentioned, the symmetry is calculated as absolute deviation of symmetry multiplied by two [8]. In 
this case it was possible to trace measured values of deviation of symmetry and perform a results confrontation 
obtained by using different methods with the results obtained on the basis of really measured values of 
deviation of symmetry. Achieved results are shown in Table 3. 

Table 3 P-values and capability indices for real deviation of symmetry 

Probability distribution P-value Cp Cpk 

Normal 0.083 0.96 0.85 

It is evident that proposed approaches (Method A and Method B) for process capability analysis in terms of 
achieving part symmetry provide results which correspond very well with reality.  

 

Fig. 3 Comparison of various ways of Cpk calculation 
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Difference between Cp and Cpk indices indicates that real mean of deviation of symmetry did not correspond to 
zero value (it was 0.09). 

Comparison of the Cpk values calculated by all mentioned approaches is shown on Fig. 3 . If we choose index 
Cpk calculated on the basis of real deviation of symmetry as reference (100 %), then proposed capability 
analysis approaches lead to Cpk values about 6 % or 7 % higher. Best fit in this particular case was found using 
quantile method, when index Cpk was only about 2.5 % lower. The significantly higher value of Cpk (about 33 %) 
was achieved by using Clement´s method. This significantly higher value could be caused by difference of 
given distribution from Pearson distribution curves. The most expressive difference was found using Johnson 
transformation. Calculated value of Cpk index was about 88 % higher in comparison with analysis based on 
real deviation of symmetry.  

5. CONCLUSION 

This paper draws attention on the fact that in some cases non-normality of monitored quality characteristic is 
created artificially. One example is symmetry whose value is determined as absolute value of deviation of 
symmetry multiplied by two. In this case and also in similar cases may not be the most suitable techniques for 
process capability analysis percentile method or data transformation method. Moreover these techniques 
could not be applicable. The most suitable theoretical probability distribution could not be found or, in the case 
of data transformation, normality could not be achieved or specification limits could not be transformed. Two 
possible approaches based on character of monitored quality characteristic are proposed in this paper. Their 
applicability was verified in presented case study. 
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Abstract 

Companies’ effort to work effectively, associated with the implementation of lean philosophy principles has 
changed significantly all companies processes within last decade. There has been a huge progress since the 
day when principles of lean manufacturing were introduced by Toyota. The change is visible not only in the 
number of companies’ departments where these principles may be implemented, but also in the number of 
companies adopting them in any of them. In the very beginning lean processes were associated to automotive 
mainly, but today we can see an acceptance of these principles also in the other industries. Main focus of the 
article is on comparison of differences in management of company’s procurement in three companies. Data 
about supplies’ management and processes in automotive companies will be compared to the data from 
company operating in engineering, metallurgy. This comparison can contribute to advocate two statements. 
First of them is that not only production but also all companies’ processes are lean nowadays. Second is that 
the principle of being lean within whole supply chain management has been accepted also by companies in 
other industries, including suppliers of metal products. Article describes key elements of lean supply chains 
and identifies how far are the companies, including company from metallurgy, with their implementation. 

Keywords: Lean, supply chain, procurement, efficiency, metallurgy 

1. INTRODUCTION 

We can see a significant change in companies’ approach to efficiency within last decade. Dynamic and 
competitive environment on all markets worldwide brings new requirements on managers and forms new 
organizational structures [1]. 

Many years have passed since the idea of lean management was introduced by Toyota [2]. In spite of the fact 
that the main principles and ideas remain to be unchanged, there is a new view on the whole concept. In the 
very beginning lean management was associated with automotive industry and companies tried to decrease 
costs and increase efficiency of production processes [3]. A lot of methods and tools have been developed 
and thanks to them, companies have succeeded in the practical implementation of the theory. Lean 
management in practice saves companies’ money by reduction of wasting of time, resources and energy [1]. 
As a side effect, companies are becoming more stable as the whole organization of the business is being 
constantly improved [4]. All related benefits have apparently motivated companies to conceive and develop 
the theory in a broader sense. The new approach is focused not only on lean production, but it emphasizes 
the need to be lean in all company’s processes and the need to utilize the whole concept also in other industries 
[5]. 

2. LEAN SUPPLY CHAINS  

Focus on efficiency in the process antecedent to production has been linked to procurement and the logistic 
system as a whole. There are different principles that can be implemented in order to increase efficiency and 
reduce logistics and purchasing costs [6]. All principles can be divided into three categories - new company’s 
perception of logistics and procurement, suppliers management and alternative sourcing [4]. 

2.1. Perception of purchasing  
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First category may be described as a move of managerial activities to a different executive level. Purchasing 
processes are newly considered as a strategic and in accordance with that, management is focused on 
particular areas more deeply [7]. Not only all defined targets and strategies must be based on the whole 
company’s plans, but also the approach of employees and managers has to be changed. Activities should be 
centralized in one place enabling better coordination and direct focus on inventories and employees 
management [4]. Orientation on total cost of inventories ownership, benchmarking, regular evaluation of best 
market practice, risk management and employees training are considered as the most important areas [1]. 
First of all managers however have to understand the most important rule: each system is built and formed by 
people - without the acceptance, participation and support of everyone involved the probability of successful 
implementation rapidly decreases. 

2.2. Suppliers management 

Second area is related to supplier management. The acknowledgement of importance of purchasing has 
opened the discussion about the optimal supplier base. The main idea is to find balance between the 
immediate availability of goods and the cost associated with their ownership [7]. Company can influence both 
factors to a certain level. Availability of goods depends on the level of inventories that can decrease securely 
thanks to the mutual trust with particular suppliers [8]. But for sure it is not possible to develop closer 
relationship with all suppliers or to apply only one general strategy for all supplies. Two indicators can influence 
company’s approach - importance of goods supplied and the number of suppliers available on the market [9]. 
With this knowledge it is easier to choose a partner for closer cooperation in order to build a strong and stable 
relationship. Current trend is to rationalize supplier base: 1. Standardize components to lower complexity of 
supplies, 2. Consolidate purchases and size of supplies [10]. 

Optimizing of supplier base enables stronger focus on particular suppliers and partnership development. 
Suppliers may be motivated either by the size of individual supplies or by the length of cooperation 
accompanied by variety of incentives, leading to deeper supplier’s integration into the company’s processes 
[4]. 

End customers are more sophisticated nowadays and expect more in the terms of quality and flexibility [11]. 
Flexibility means the ability to react quickly on the market changes and innovate product based on different 
customers’ needs and wants. Companies offer wide range of product customization by the optional scale of 
shapes, colors, materials, features and functionality. They are trying to shorten delivery time, improve customer 
care and sell goods for reasonable price [12]. This concept can’t be implemented without the change of supply 
chains management and supplier involvement. Shared information systems or physical presence of supplier’s 
employee in a customer’s premises are quite common nowadays to ensure real time information exchange 
and effective communication [13]. Suppliers can either directly manage all supplies based on the real 
consumption or cooperate on product development. This enables further adjustments and enhancements in 
the whole production process of goods supplied [1]. 

2.3. Alternative sourcing 

Third area may be described as an alternative sourcing as traditional sourcing is being modified in the last 
decade. As mentioned above, it is quite common that suppliers by themselves manage either whole sourcing 
process or its particular parts. Companies are moving to big industrial parks to enable suppliers deliver goods 
directly to the production lines [14]. As companies tend to minimize stock, all current supplies are more or less 
managed on just-in-time principle. In addition, companies tend to pull the point, where the ownership and 
responsibility for the goods is transferred as close as possible to the manufacturing process. It might be at 
supplier’s premises, on the way or directly next to the production line [6]. There are hybrid alternatives such 
as consignation, where goods still owned and managed by supplier are stored in the company’s warehouse. 
In the same time companies tend to get rid of stock management. They are supporting supplier’s activities and 
they are trying to improve efficiency and quality of the whole supply chain by sharing know-how, physical 
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resources or by direct financial incentives. Higher efficiency, reduction of costs and wasting in all processes 
finally lead to formation of lean supply chains [13]. 

2.4. Lean supply chains in metallurgy 

Since the theory of lean production and complex lean supply chains was firstly introduced by Toyota, the most 
significant progress in this area might be expected mainly in the companies operating within automotive 
industry [2]. Being proved by the evaluation and comparison of purchasing processes of companies operating 
in automotive and metallurgy (see Table 1 ), not only automotive companies tend to be lean nowadays. Two 
medium automotive businesses and one metallurgy business were interviewed to demonstrate this fact.  

Table 1 Lean supply chains - selected criteria (Procurement Managers, personal communication, March,  
   2015) 

Criteria Company 1 Company 2 Company 3 

Industry Automotive Automotive Metallurgy 

Type of production  Batch Batch Batch 

Number of employees 500 - 1000 1000 - 1500 500 - 1000 

Operational purchase Local Local Local 

Strategic purchase Centralized Centralized Local 

Central coordination Yes Yes Yes 

Purchasing strategy Sole sourcing Sole sourcing Not defined 

Standardization Yes Yes Yes 

Consolidation Yes Yes Yes 

Supplier development  Yes Yes Yes 

Information exchange Advanced Advanced Limited 

Information system SAP SAP MRP system 

EDI  Yes Yes No 

Consignation Yes Yes No 

The first above-mentioned area is related to general thinking about the company procurement. Table 3 shows 
that all interviewed companies have already realized the importance of strategic approach, however 
companies operating in automotive industry seem to be more advanced in the terms of centralization than the 
one operating in metallurgy. All strategic activities are centralized in Mother Company. That enables bigger 
efficiency in particular purchasing processes - sharing of data and suppliers, consolidation of purchases, etc. 
There is even a mechanism in one of the companies that monitors on the global level whether the immediate 
stock in branches doesn’t excess predefined level. If so, specific actions have to be done to prevent 
penalization by Mother Company. Automotive companies seem to be also one step ahead in terms of 
purchasing portfolio analysis as they handle each supplier in a special way based on the results of advanced 
analysis. In metallurgy company there is more simple portfolio analysis done as it is based on the monetary 
value of purchased material only.   

The big difference might be seen in the number of suppliers and in relationship with them. Companies in 
automotive are focused on sole sourcing strategy being proved also by the value of current stock. In spite of 
the fact that the scope of business is almost the same, the value of company’s stock in metallurgy is two times 
bigger compared to the stock level of companies in automotive. The company in metallurgy has however 
already started with standardization and consolidation. This can suggest that there is a perceivable tendency 
to reduce supplier base also in the metallurgy industry.  Automotive companies are still more advanced in the 
terms of the real time information sharing with the suppliers, compared to the metallurgy one. Both companies 
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are using SAP as a main information system. In spite of the fact they don’t share information system within the 
supply chain at all, they use EDI as a standard protocol for communication with suppliers. They also have 
online system for data sharing enabling quick and effective exchange of information. Company operating in 
metallurgy uses just simple MRP system and the amount of information shared with suppliers is minimized. 
However there is an intention to implement online system enabling effective and quick information exchange 
in the near future.  

There is also a difference in supply chain management of interviewed companies. Automotive companies are 
more oriented on JIT supplies. They are using consignation and they are trying to develop relationships with 
carefully preselected amount of suppliers. Company operating in metallurgy tends to change the stock 
management system towards the lean production too. Kanban system, one of the JIT methods, had already 
been implemented and helped decrease stock level of 15% in the last year. Company is also working on 
suppliers’ performance improvement. Despite the fact that company is trying to improve production efficiency, 
it unfortunately doesn’t focus on the suppliers with the evaluated best performance to further strengthen the 
cooperation. Company focuses only on suppliers evaluated as the worst from the perspective of quality of 
supplied goods and on suppliers chosen by the Procurement Manager according to the subjective criteria.  

3. CONCLUSION 

No similar article focusing on implementation of lean procurement principles in company form metallurgy 
industry has been found. Therefore the main goal of the article is to describe, how companies’ processes has 
changed and how lean management of supplies can increase efficiency even in companies in metallurgy. 
Interviews with the Procurement Managers revealed that there is a trend to adopt as much similar principles 
of lean management as possible even in other industries. In spite of the fact that implementation of lean 
concept seems to be more advanced in the automotive industry, there is a significant change and progress in 
approach to lean management in metallurgy too. Focus on efficiency and lean approach even in procurement 
processes seems to be also really important for all companies searching for cost efficiency and flexibility.  

Article is focused on description of lean procurement processes adoption and deep analysis of purchasing 
process in one company from metallurgy. This article can serve as a base for further research focused on 
deeper analysis of more companies’ purchasing processes.  
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Abstract   

The results of the risk assessment in the logistics processes at the metallurgical industry are presented in this 
article. The paper contains a comparison of safety systems based on the PN-EN 18001 and OHSAS. In the 
process of risk assessment FMEA method was used. The most critical of safety areas have been determined 
obtained from analysis. 

Keywords: Work safety system, chain of logistic processes, risk assessment 

1. INTRODUCTION 

The implementation of the integrated system in the enterprises is mainly characterised by standardizing the 
common documentation for particular management systems. The integrated system has a task to facilitate 
work in a system combining several norms or standards, what translates directly to the smooth functioning 
of the company. An important factor of the decision-making on the implementation of the Integrated 
Management System is also the fact, that the cost of certification of the Integrated Management System is 
much lower than the total cost of a single certification for every norm. Guidelines for the implementation 
of certificates of the management systems are based on the structure of quality management system, due to 
the versatility and the need to adapt and integrate the functioning of a greater number of standards in one 
production system [1, 2]. In practice, this means creating one common procedure (e.g. supervision 
of documentation) for all components of the integrated management system. An additional element of the 
integration of the applied standards is the widely available set of computer tools that improve the operation 
of the company itself.  

The aim of the presented paper is to characterise the functioning of the management systems in the company 
and indicate the common elements important from the point of view of the integration of the implemented 
standards. Determination of the integration elements was made based on the quality management system as 
well as safety and work hygiene in the company from the metallurgical industry. The subject of the research is 
a company operating within trade and steel processing. The performed identification of logistic processes was 
used as an indicator of important integration points for the analysed management systems functioning in the 
company. 

2. COMPARISON OF THE PN-N 18001 AND OHSAS SYSTEMS 

OHSAS 18001:2007  is the international equivalent of the Polish PN-N 18001:2004 norm “The Occupational 
Health and Safety System". These standards have very similar requirements and the implementation of the 
system for the occupational safety and hygiene management according to one of them is almost synonymous 
with the implementation of the requirements of the second one. The BS OHSAS 18001 norm bets on the 
protection of individuals, occupational safety and prevention of health care. Through preventive measures in 
managing the occupational safety and hygiene it enables the workers the undertaking of necessary actions, 
before an accident or a damage to the property takes place. OHSAS was developed by the British Standards 
Institution together with the international certification units and it enjoys the growing popularity and acceptance 
throughout the world. 
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Both PN-N 18001, and OHSAS 18001 specify the requirements for the management system of the 
occupational safety and hygiene to enable the organisation to define the policy and objectives in this scope. 
Between the PN-N 18001 norm and OHSAS 18001 are slight differences. Table 1  presents the synthetic 
comparison of the most important elements of the management systems based on health and safety 
standards.  

Table 1   Comparison of the most important elements of the management systems based on health and safety 
standards. 

PN-N 18001 standard OHSAS 18001 

PN-N 18001 is issued by the Polish Committee for 
Standardization and is known only in Poland 

standard was developed by several well-known 
institutions - BSI, BVC, DNV, LRQA, SFS, SGS; a few of 

them are certification organization 

it determines strong emphasis on participation of workers 
in the design, implementation, maintenance and 
improvement of work safety management system 

OHSAS guidelines also define the participation 
of workers in the development of the system, but in 

a much less extent 

risk assessment applies only to employees 
according to OHSAS risk assessment should also 

include the work of subcontractors and the presence 
of guests 

Source: SKOWRON-GRABOWSKA B. Strategic Innovation in Polish Transport Industry 

However, despite the differences the construction of both standards is similar and they have the same goal - 
ensuring safety in the organisation. So, regardless of the fact on which of them the organisation will be based 
while implementing the health and safety management system, the effect should be similar. The PN-N-18001 
norm is the Polish equivalent of OHSAS 18001. The benefits from the implementation and certification of the 
health and safety management system: 

• increasing work safety, and hence also the satisfaction of employees, 

• reducing the risk of accidents at work and occupational diseases, 

• increasing the awareness of employees in the field of health and safety, 

• improving the management efficiency by reducing the number of accidents and reducing the downtime, 
lower insurance costs, damages and penalties for violations of the law provisions (including PIP), 

• reducing the amount and nuisance of PIP and safety services, 

• meeting the requirements of the global corporations in the field of health and safety. 

3. IDENTIFICATION OF THE CHAIN OF LOGISTIC PROCESSE S 

The analysis of the supply chain is certainly not a linear structure of the interconnected elements, but a network 
of involved organisations, through linkages with suppliers and customers, in various processes and activities, 
which create the value in the form of products and services provided to the final customers [3]. The 
assumptions of the integration approach to the supply chain management are presented in Fig. 1 . 

In the deliberations concerning the management of the supply chain we should also pay attention to the place 
of contact of the production system with the market environment, where the logistics and transport are the 
main parameters determining the achievement of the competitive advantage [4]. Given the approach to the 
management, not through another processes in the supply chain, but the management of the system functions, 
the supply chain management is connected with the following problems: Maintaining standards of customer 
service, Comprehensive cost analysis, Management of the action time [5]. Regardless of the approach to the 
supply chain management, we should remember about the dominant role of the client. It is the customer that 
constitutes the most important link (entity) in the supply chain, and ensuring the standards of his service 
becomes the primary goal of management. Such an approach to the logistic chain management focuses on 
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the links between different functional areas in the supply chain. It focuses on the attempt to use the better 
management of the contact points in order to achieve a significant competitive advantage. This concept is 
based on the management of product flows through the next chain segments, what makes the logistics and 
transport needed as the main variables for achieving the competitive advantage. Given these considerations, 
the supply chain management can be defined as: technology oriented towards all contact points in the chain 
from raw material suppliers, through various levels of production, storage and distribution to the final customer 
[6].  

 

Fig. 1  The logistics system of production company according to functional division 
(Source: RUTKOWSKI K., Zarządzanie łańcuchem dostaw - próba sprecyzowania terminu i określenia związków z logistyką) 

The research entity is a partnership, which started its activity in 1994 at that time dealing with the trade 
of seamless tubes made of carbon steel. After numerous structural changes in 2001 it transformed into 
a consortium after establishing cooperation with a foreign investor. From that time the research subject has 
continued developing its offer, first with another product groups, that is stainless steel and aluminium. Then, a 
modern storage and service centre in the Greater Poland was created. In subsequent years, the development 
of the company caused the creation of the next modern storage and service centre, this time in Silesia. The 
development of the company has also covered the introduction of another product group into the offer that is 
plastics. Investments in the development of the company’s services have borne fruits in a wide range of laser 
cutting, sheet cutting in a circle on the sheets (CTL line), welding and protective coating. In 2012 the first phase 
of the logistic infrastructure was ended, which included the construction of storages in the south, west and east 
of the country. In the same year the next - third storage and service centre in central Poland was ready for 
use. Since 2011 the company has its representative offices in Lithuania, Latvia and Estonia. Currently, the 
analysed company is a leading distributor of steel products and plastics in Poland. The company also offers 
products of special purpose, construction systems and consumables. The wide range of products is available 
directly from warehouses across the country. Services provided by the company allow the adjustment of the 
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material to individual needs of the client and the reduction of costs connected with the involved capital by 
reducing own processing processes. On the customer’s request, they also provide materials in special formats 
or with the additional processing of the surface according to his guidelines. Product Manager deals with the 
planning of material needs, who is responsible for the implementation of goals according to the company’s 
strategy. The basis for planning is the monthly and thorough analysis of the client’s needs on the market. 
Planning the material needs is also made taking into account the rolling processes in steel mills, with which 
the company cooperates. On this basis the purchases are made, which include up to 40 000 - 50 000 tonnes 
a month.  

 

Fig. 2  Diagram of the distribution process at research company 
Source: author’s own study 
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A specialised material purchase department cooperates only with the renowned manufacturers in the country 
and the world from almost 30 countries, so thus they can guarantee the highest quality of products. The 
research entity is the leader in the distribution of carbon steel in Poland. It offers a wide range of over 9 000 
products available in stock from warehouses throughout the country and the service, thanks to which it adapts 
the material to individual customer Leeds. The diagram of the distribution process and implementation of the 
customer’s order is presented in Fig. 2 . 

4. RISK ASSESSMENT BASED ON THE FMEA METHOD  

Failure Mode and Effects Analysis can be used at every stage of the production process. The main goal of 
FMEA metod is to maximie detection of errors at the early stages of the manufacturing process, because that’s 
the easiest way to prevent the occurrence of errors. Through the use of FMEA method, product or process 
can be constantly improved by subjecting it to further analysis. Results are used to determine a new solutions, 
which are introduced to eliminate the causes of defects and innovative ideas improving products properties. 
Therefore, the method is implemented based on the principle of continuous improvement, along with the use 
of the Deming cycle (PDCA). 

Table 2 The most important inconsistencies in the welding process realized in the company 

INCOMPATIBILI
TIES  CAUSES  EFFECTS  SE

V  
DE
T  

OC
C  RPN CORRECTIVE ACTIONS  SE

V  
DE
T  

OC
C  RPN 

N1 - Lack of root 
fusion  

Bad edge 
beveling 

of connected 
elements  

Negative result 
of visual 

inspection or 
ultrasonic  

10  5  5  250  

Introduction in technological 
process of additional self-
control operation before 
proceeding to welding  

10  5  3  150  

N2 - Abnormal 
termination  

Lack of 
appropriate 

qualifications 
of welder  

Negative result 
of visual 

inspection  
10  5  6  300  

Putting emphasis on self-
control and training for 

welders  
10  3  6  180  

N5 - Uneven 

 knit line  

Improper 
welding 

technology  

Understated 
aesthetics of 

product 
performance  

9  7  5  315  
Modernization of welding 
technology, increasing the 

range visual inspection  
9  6  3  162  

N13 - Undercut  

in fillet weld  

Wrong 
parameters  

of arc voltage  

Understated 
structural 
strength  

5  6  5  180  Implementation of welding 
instructions  

5  6  3  90  

N15 - Leakage  Poorly prepared 
weld groove  

Low quality of 
weld  

10  3  6  180  Development of self-control 
system, training of welders  

4  4  6  96  

Source: author’s own study 

One of the main processes this company is welding metal structures according to client guidelines. Good 
quality of welded structures can be obtained through effective organization of control in welding works. Integral 
components of this control are non-destructive testing of performed welded joints during all stages. Using the 
method of the FMEA identification of the factors influencing the quality of welded joints in steel structures has 
been made. The most important results of FMEA analysis are shown in Table 2 . 

Risk priority number [RPN] was calculated by multiplying the Severity [SEV], Detection [DET] and Occurrence 
[OCC] for each incompatibility. Analyzed welding process revealed a number of generated during its lasting 
non-compliance. Specified corrective actions have been predominantly focused on the worker (man) - as the 
main element and the main source of improvement to motivate workers to work effectively should be introduced 
incentive system as part of the operation, which workers would be rewarded for their work effectively. In order 
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to reduce the number of occurrence of non-compliance with the highest RPN number in technological 
processes were added: the additional operations of self-control before welding; increase attention on the 
inspection stage and training for workers; modernization of welding technology, modernization of welding 
technology, increasing the range of visual testing associated with a lack of root fusion, leaking, and lack of 
penetration ridge. Implemented corrective actions have caused a decrease the RPN number. 

5. SUMMARY 

Current market requirements impose the necessity of paying attention to the problem of realizing the process 
of welding metal structures at an adequate quality level of welded joints, as well as at a cost production level 
acceptable by the client. Today's market requirements make it necessary to control the welding process of 
metal structures to ensure adequate quality level of the welded joint, as well as the manufacturing cost 
accepted by the Client. 

For enterprises the most important area that determines production process are quality of delivery and 
cooperation with suppliers. The other hand sale is an area which determines the market success of the 
company. Buying and selling are the two "extreme" business area. The first one decide on the possibility of 
production in strictly designated time, but subject to obtaining appropriate input material. The second one 
allows for structured cooperation with customers. Inventory and invested capital optimization brings lower costs 
of the company and increase its financial capacity. The prevalence standardized system solutions in the field 
of quality led to the development auditing practices. Audit is an important component of quality management 
system. It is a basic control mechanism aimed to ensure the implementation of quality improvement program. 
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Abstract 

One of the objectives of the optimization of material, energy, information and financial flows in logistics and 
supply chains is ensuring economic efficiency of the activities carried out. The established manner of the flow 
in the chain and the method of carrying out logistics activities are, however, determined by the specific 
conditions prevailing in enterprises of the links involved. Chains operating on the basis of win-win approach 
take into account the specifics of the links involved; however it is the link with the greatest bargaining power in 
the chain that usually plays the decisive role in shaping the results. The paper describes the results of a primary 
research focused on the economic impact resulting from the implementation of production based on the build-
to-order principle, requiring flexible provision of inputs. At the same time, it specifies the implications of this 
production in the cooperation with direct suppliers of steel material, who must adapt their supplies to this 
production while taking also into account the specifics of their own metallurgical production. 

Keywords: Material management, inventory management, made-to-order, supply chain management 

1. INTRODUCTION  

The current competitive environment is forcing management of enterprises to build effective long-term 
competitive advantages. Due to the global availability of information on new products and technologies, 
however, it is increasingly difficult to create a competitive advantage only on the basis of a unique product or 
technology. A quality product and unique know-how of the enterprise need to be supported also in terms of 
optimization of flow of material, energy, information and funds. The constant pressure to shorten delivery times 
is also apparent in the metallurgical industry where it raises a number of economic consequences, particularly 
in the area of stockholding and working capital management [1]  

Goals, Scope and Background. A decision of the management of the metallurgical enterprise to build a 
competitive advantage based on rapid response to customers’ wishes necessitates the adoption of production 
based on the made-to-order principle. With the company management requesting to minimize working capital, 
there is a fundamental conflict in securing a sufficient amount of stock of metallurgical material. In many cases, 
the solution to this conflict causes changes in the supply chain, where it is necessary to negotiate specific 
conditions for the supply of material, or pass on the cost of stockholding to the supplier, while respecting the 
win-win strategy. This paper describes the results of a primary research aimed at defining economic contexts 
that are caused by the requirement for immediate execution of orders from customers while respecting the 
need to minimize working capital in a manufacturing company that processes and produces bulk quantities of 
metallurgical material in serial production process.  

Methods. Theories, annual reports, financial reports (balance sheets, income statements), conference 
proceedings and empirical findings (realized one-to-one interviews) from relevant fields of research are used 
to address the validity of theoretical problems and assumptions. Based on theoretical basis concerning 
practices and specific circumstances in supplier relationships in the supply of high volumes of metallurgical 
materials in metallurgical industry, a preliminary research was realized with managers of metallurgical 
company through structured one-to-one interviews. The company manufactures metallurgical materials in a 
cold working process into products intended primarily for the engineering, construction, automotive, and other 
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industries and therefore also manufactures and produces metallurgical materials. The respondents were 
Logistics Director and the Director of the company. The research was conducted in the period December 2014 
- February 2015. Information obtained was processed using content analysis. The first set of questions inquired 
into the company's ability to detect and possibly model the expected demand for its products. The second set 
of questions investigated the range of stock of finished products. The third set of questions focused on 
determining the extent of inventories of raw materials. The last set of questions investigated conditions in 
production that must provide the required flexibility. 

Results. The paper defines the principles of cost-effective approaches to ensure production on the made-to-
order principles while meeting the requirement for rapid response to customers’ wishes as well as meeting the 
requirement for minimizing working capital. The structured one-to-one interviews were used to identify missing 
information and specifics influencing the process of production of metallurgical products. Necessary 
requirements were defined for working with suppliers who also require economic efficiency of own productions 
and delivery processes. This preliminary research creates a foundation for a future qualitative research into 
the economic context not just in relation to the manufacturer, but also in relation to the suppliers and other 
supply chain participants. 

Conclusions. Setting efficient production processes of metallurgical bulk materials poses considerable 
challenges for the management of these enterprises. The success of the strategy of building a competitive 
advantage based on rapid response to customers’ wishes while meeting the requirement for minimizing 
working capital depends on the bargaining power and the ability to effectively develop cooperation with 
suppliers, but also along the entire supply chain. Only cooperation, communication and information sharing 
can provide cost-effective results for both producers and suppliers [2].  

2. PROBLEM FORMULATION 

The requirement for rapid response to a specific request from the customers raises the need for the enterprise 
to produce on the made-to-order principles and primarily address the ability to prepare finished products for 
shipping in time, which in turn raises the need to provide enough material for production. Both of these 
requirements can be easily solved by the creation of adequate stock of both inputs into the production process 
and finished products. [3] In case of fast and flexible production, it is sufficient to keep only the stock of material, 
while in case of a lengthier yet flexible production process we need to build up the stock of work in progress in 
various parts of the production process, depending on the possibility of shifting the decoupling point as close 
to the customer as possible [4]. In case of a lengthy process, without the possibility of flexibility, the stock of 
finished products is basically inevitable. 

With the requirement for minimizing working capital, stockholding is perceived as unacceptable and 
economically inefficient. The management of the company must find ways to transfer or at least spread the 
burden of stockholding to another entity and the solution is clear: 

• on the side of finished goods inventory, systematically deepen relationships with customers in order to 
effectively estimate demand and joint planning, 

• on the side of material stock, systematically work to deepen relationships with suppliers of material, [2] 

• on the side of stock of work in progress (during the actual production process), achieve the maximum 
possible degree of flexibility and speed of the production process, as well as the maximum effectiveness 
of other business processes, 

On the customer side, the enterprise needs to develop, in marketing terms, relations with them while working 
with market information efficiently enough to create models and estimates of demand as accurate as possible 
for subsequent periods and joint plans. Relevant demand forecasting is a fundamental and essential tool for 
an effective economic solution in consequence of the reduction of excess inventory in all possible forms, but 
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it is not always possible to estimate demand [5] and plan together due to the sector-specific circumstances 
and relationships in the supply chain. 

Depending on the producer’s bargaining power it is necessary to involve suppliers in sharing information [6] 
and coordinating plans and, if possible, continuously improve material flow in the chain through the 
implementation of modern methods such as Quick Response, VMI, CRP, CPFR. The focus of these methods 
lies in vertical channel integration to achieve some of the efficiencies of coordinated systems without ownership 
[7]. Implementation of methods requires adapting to the specifics of each supplier-customer value chain [8]. 

However, it is not always possible to achieve this ideal coordination, as it is necessary not only to respect the 
needs, wishes and requirements of the manufacturer, but also comply with restrictions and specific conditions 
on the side of the supplier [9]. 

Adapting the actual production process always represents a strategic, time-consuming and costly process 
requiring significant changes across the enterprise and its surroundings, so it is not always in the interest of 
the management to intervene in the production process. Significant changes in the flexibility and speed of 
production are not a very common and applied way to reduce inventories. 

2.1.  Specifics of Metallurgical Production  

Specific factors arising from the conditions of the particular chain and the chosen strategy of customer service 
are largely determined by the specific conditions of the industry. The metallurgical industry is characterized by 
significant specifics resulting from the nature of the processed materials and raw materials and manufactured 
products. Most businesses of the metallurgical industry process or resell large volumes of material, binding 
significant amounts of funds. These input conditions then give rise to a number of specifics having a significant 
impact on economic efficiency of stockholding and management thereof [10,11,12]: 

• The nature of production resulting from the processing of large volumes of materials and raw materials 
causes a significant limitation to any flexibility. 

• At the same time, starting with metallurgical manufacturing of the majority of metallurgical materials in 
large batches owing to the economical managing of the production (melting) process, these high-volume 
batches are characteristic for most of the successive links in the supply chain. 

• A wide range of products is produced, mainly due to the requirements for different chemical composition 
of metallurgical products, but also because of other requirements for the shape, size, finish, packaging, 
etc. 

• Large volumes of the material and the product require adequate warehouse space as well as handling 
and transport capacities. 

Equally significant are the specifics characterizing the global market for metallurgical products. The many 
specifics include: 

• Basic raw materials and semi-finished products are now freely tradable worldwide. As a result of the 
global market, the competitive pressure is significantly higher than it was in the past. 

• The relatively unstable demand for metallurgical products has a significant impact on creating effective 
demand forecasting. [13] 

• The nature of the product and the manufacturing technology used do not produce in most cases 
sufficient guarantee of product differentiation and subsequent formation of the competitive advantage 
on the basis of the utility properties of the product. 

These factors greatly reduce the possibility of eliminating the creation of inventories in the supply chain and 
the associated negative economic effects that are characteristic for the metallurgical industry. Still, with 
intensified cooperation along the supply chain, it is possible to substantially reduce inventories in the chain 
and associated costs [3], however, it is necessary to meet some of the fundamental conditions for the system 
solution of this cooperation.  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

2029 

2.2.  Theoretical assumptions 

On the basis of the defined specifics and theoretical assumptions, it can be assumed that the enterprises in 
the metallurgical industry must build a competitive advantage as a multi-criteria one and based on complex 
CRM [14]. The chosen strategy of rapid customer service necessitates the adoption of principles of demand-
driven production (Pull Strategy), resulting in several theoretical assumptions for a successful strategy thus 
formulated to build a competitive advantage. With the requirement for minimizing working capital during mass 
production in a batch process, it can be assumed that businesses must particularly: 

• promote an effective system of estimating the demand for products due to elimination of stock 
throughout the production process, despite the often unpredictable situation on the market for 
metallurgical products [2]; it can be assumed that businesses will build stronger relationships with 
customers in order to obtain relevant market information. The economic impact of effective demand 
forecasting does not limit only to the minimisation of stock, but undoubtedly also to the ability to efficiently 
plan the production and generally all business processes, using thus the resources of the company 
optimally, 

• minimize finished goods inventory due to the inability to hold them for their high volumes in the 
company’s storage; we can assume that not only large volumes of finished goods inventory, but 
particularly high values of this inventory trigger measures to spread economic cost of stockholding to 
the downstream links of the supply chain. The economic impact is created not only by the actual locked-
up capital, but also the costs associated with stockholding (storage areas, handling, security, etc.), 

• minimize the stock of materials and raw materials again due to their large volumes and high value, 
particularly through closer cooperation with the immediate suppliers; it can be assumed that the 
company depending on its bargaining power will spread the burden of high economic demands of 
stockholding to the supplier, either by: 
o reducing the stock using methods such as Quick Response, VMI, CRP, CPFR in order to receive 

the material when needed; in this case, economic effects are significant in terms of low level of 
locked-up capital, but the introduction of these systems is associated with investments in their 
implementation and operation, 

o or arranging a consignment storage with suppliers; in such a case, materials are then fully 
available and there is no company’s capital locked-up by them, but it must at least bear some of 
the costs incurred by the consignment storage (handling, storage space, insurance, etc.), 

• maximize the actual production rate and shift the decoupling point as close to the customer as possible, 
particularly in metallurgy the ability to shift the decoupling point depends on the geometric 
characteristics, material characteristics and product characteristics [9]; it can be expected that, for fast, 
flexible and small batch or single-piece manufacture it is possible to significantly reduce the need for 
inventory, conversely with a decreasing rate and flexibility along with an increase in the extent of the 
individual batches of metallurgical products it is not possible to avoid inventory of work in progress and 
finished goods. 

In addition to this economic context, it is clear that managing the production on the made-to-order principles 
will require managing many other business processes and activities, particularly with regard to transport of 
materials and finished products, production programme coordination, reliable communication with suppliers 
during replenishment with respect to their own limitations in the production of raw materials, optimization of 
the planned amount of stock on the tactical and operational level of the management and others.  

3.  CONDITIONS FOR ENSURING ECONOMIC EFFICIENCY OF PRODUCTION ON THE MADE-TO-
ORDER PRINCIPLES IN METALLURGY - RESEARCH FINDINGS 

The research was conducted in a manufacturing company, which is a major direct purchaser of metallurgical 
products, both ferrous and non-ferrous metals (it annually processes more than 100 thousand tons of 
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metallurgical materials), producing (using its high-quality know-how for material cold working) products 
machined with precision based on steel and other metals. A competitive advantage consists in a complex 
ability to produce, in high quality and in the shortest possible time (within 48 hours) at a reasonable cost, 
products according to specification and send them to the logistics centre where they are distributed to 
customers. Although the products are divided into five separate groups, they do not differ significantly in terms 
of technological processing; the groups differ, in particular, in the material used and depending on the 
composition of the chosen method of treatment. Since the resulting products can be manufactured in a wide 
range of chemical composition (the content of individual elements in the input metallurgical material) as well 
as a variety of shapes, a wide range of products is produced within these groups intended for different uses. 
Using a single technology, the production itself is relatively simple with a reasonable degree of flexibility. 

The first group of questions revealed significant negative constraints complicating the achievement of 
economic efficiency in sales. The company is not able to estimate the development of demand for various 
products, not even in an elementary form. It only creates annual framework production plans for individual 
production groups, but it is unable to elaborate them in greater detail in terms of structure of the range of 
products or shorter time horizon. The reason is mainly the inability to establish closer contact with customers 
who are unknown to the enterprise. In addition, the demand throughout the industry is characterized by 
significant variability and instability. These factors severely limit the company’s ability to minimize the amount 
of stock. 

The second group of questions investigated the range of finished goods inventory. It was clearly confirmed 
that the company is not interested in forming finished goods inventory. The reason is the inability to estimate 
their sales, a lack of storage space and the resulting economic inefficiency. Only a small proportion of the 
produced assortment with a relatively permanent offtake can be made to stock, nevertheless the overall 
finished goods inventory do not comprise more than 5 percent of all inventories. 

Based on the evaluation of the third group of questions, it was surprisingly found that the company was able 
to significantly shift the costs of holding these inventories to their suppliers. The research confirmed that, with 
regard to the range of supplied materials and in particular the lack of flexibility of producers of metallurgical 
material, there is no supplier who could smoothly supply material when needed through the use of methods 
such as Quick Response, VMI, CRP, CPFR, and the only solution is to create a sufficient stock of materials, 
at least for over the next three weeks to one month. This would constitute a disproportionate economic burden 
for the company and in line with the aim of reducing working capital, the company managed by building long-
term relationships to persuade all suppliers of key materials to accede to consignment storage. Due to the 
variability in consumption , it is crucial for the company to negotiate with suppliers the degree of discretion 
when replenishing these storage houses. In many cases, the input materials for the production with individual 
suppliers are mass-produced only on certain days of the week or the month, and it is therefore necessary, by 
mutual agreement with the supplier, to respect the supplier’s interest to ship and deliver this material in high 
volume, which is contrary to the interest to replenish the storage when demanded by the production company. 
Only with long lasting negotiations and sustained relationship-building it can ensure mutual economic benefits. 
It is thanks to long term relationships and cooperation that the company to date takes 85 percent of all materials 
and raw materials and essentially 100 percent of all key materials for production from the consignment storage. 
With each of the supplier  it has negotiated a specific strategy to restock these storage houses where the 
primary interest of the company to restock the storage houses if demanded can be adjusted by the specifics 
of production on the part of the supplier. Thanks to that, the company holds only 30 percent of all corporate 
inventories in the stock of material, and it has almost completely eliminated the risk of material shortages.  

Economic consequences of consignment stores consist in elimination of the capital locked up in inventory; 
nevertheless the actual cost of consignment storage is divided between the suppliers and the manufacturer. 
The supplier bears the cost of shipping of material (shipping is included in the agreed price of the material), 
only rarely is transport shipped by the purchaser of material, shipping costs depend mainly on transport 
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distances. The suppliers also provide certificates for supplied inputs, which demonstrate compliance of 
parameters with the required specification. The manufacturer bears the cost of input control of purchased 
materials, storage costs (lighting, heating, security, maintenance, etc.), costs in connection with the 
registration, being responsible for loss, and pays insurance. The economic advantage is also in negotiating 
long maturities for the purchase of material, moreover the beginning of maturities is always determined after 
the material is actually taken from the storage house. 

The last set of questions investigated conditions in production, which must provide the required flexibility. Not 
even the elimination of inventories of input materials can affect the economic burden caused by the nature of 
production. With the material reprocessing rate, the production time for a number of orders would exceed the 
required lead time, so it is necessary for the production company to create surprisingly high inventories of work 
in progress. With an appropriate adjustment of the production process, however, it managed to move the 
inventory of work in progress almost to the end of the manufacturing process, before the final operations, which 
are customized dimensions and packaging of the product. Even though it is a significant economic burden due 
to holding a broad spectrum of an almost finalized product, it is not desirable to eliminate that inventory, even 
though it would probably be possible to optimize the amount of the inventory (representing 65 percent of all 
business inventories) through mathematical modelling. The economic consequences of high inventories of 
work in process are undeniably negative, nevertheless due to the high rate of turnover of each inventory usually 
in 7-10 days (one month maximum) for the majority of key products it is an acceptable and tolerable burden.  

The high costs associated with the inventories of work in progress are acceptable for the manufacturing 
enterprise also in terms of understanding the requirements of its customer, who is neither willing nor able to 
accept delivery of a high-value product where the sale has not been secured and negotiated. And similarly, a 
relationship is built on the input side; shifting the cost to the supplier of metallurgical materials had to be 
negotiated with guarantees of stability of the business relationship, the size of purchases and requirements for 
consistent quality of the material. Only under these conditions it would be economically feasible for the supplier 
to accept the consignment storage.   

4. CONCLUSIONS 

Theoretical and empirical findings and research found that the success of the strategy of building a competitive 
advantage based on high quality and rapid response to customer demand while minimizing working capital 
depends, to a large extent, on the flexibility and rate of the production process. If the rate and flexibility of 
production threatens the desired delivery time, the inventory of finished goods and work in progress is 
inevitable and economically costly. Consequently, it is desirable for the company to develop cooperation with 
its customers, especially in terms of demand forecasting and planning. However, the research has shown that 
it is often not possible to establish and develop cooperation in the sector, which means for the company to 
focus more on its own flexibility and collaboration with its suppliers. 

If the manufacturer is limited in terms of flexibility of production, it needs to build up inventories of work in 
progress, but also those of the input materials. The manufacturer needs to develop cooperation with suppliers 
in order to manage inventory of inputs, allowing it to spread the burden of material stockholding among other 
participants in the supply chain. This is possible if it has a sufficient bargaining power in relation to its business 
partners, however, given the constraints of flexibility on the part of the supplier, a systematic and long-term 
cooperation and communication is necessary. The research has shown that it is worth investing effort to build 
long-term relationships between the manufacturer and the supplier, in order to achieve not only the stability of 
the material quality, but also the flexibility of supply. 

The benefit, however, also consists in the understanding of the production process and economic performance 
of the entire supply chain. The cost of holding stock with a high financial value need to be divided equally 
among the participants in the logistics chain to make sure that individual links share the economically negative 
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consequences of stockholding. Otherwise, one of the companies in the supply chain may, due to disappointing 
economic results, reduce or terminate its activities, thereby jeopardizing the long-term operation of the entire 
chain.  
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Abstract 

Based on the analysis of value drivers, the main aim is to assess whether and to what extent an enterprise 
creates value for its owners. The value of a metallurgical enterprise in the Czech Republic is usually estimated 
using an income approach, which is generally based on the capitalization of future benefits (profit or cash flow) 
arising from the enterprise. The basic drivers of enterprise value include corporate revenues. These can be 
very hard to predict, especially due to overall development of metallurgical industry when more steel products 
are imported into the Czech Republic and global manufacturing is dominated by Asian countries. In practice, 
this causes the decrease in volume contracts for the Czech Republic. Therefore the valuation of metallurgical 
enterprises becomes even more complicated and more specific. The aim of the article is to try to estimate the 
viable profit opportunities in such a specific area such as metallurgical production. 

Keywords:  Revenues, value, value drivers 

1. VALUE CHARACTERISTICS 

The value of an enterprise can be characterized through value drivers. Based on the analysis of value drivers, 
it is possible to assess whether and to what extent an enterprise creates value for its owners. The value of an 
economically viable metallurgical enterprise in the Czech Republic is usually estimated using an income 
approach which is generally based on the capitalization of future benefits arising from the enterprise. 

The basic drivers of enterprise value include corporate revenues. Revenues reflect how successful a company 
is in meeting customer needs and - combined with the efficiency of transformation of inputs into outputs - they 
generate the enterprise value. The income approach, which is also the most appropriate means of assessment 
of metallurgical enterprises, is based primarily on the estimation of future development of the business, making 
it fundamentally different from other methods of enterprise value assessment (comparative and cost-based) 
and presenting a starting point for discussion within the approach in general. Since it is necessary to deal with 
the future, which is always unknown and therefore uncertain, the future development can only be estimated 
(predicted, projected or modelled). Due to the material and energy demands of the metallurgical sector and 
the transfer of heavy industry to third world countries, the situation is even more specific in these companies. 

In theory and in practice, the enterprise value assessment deals with the said fundamental issue of income 
approach using essentially two methods. The first method is based on the fact that certain countries can be 
reasonably expected to have specialized and trusted entities involved in the compilation of market analyses 
and forecasts of future development of individual markets or businesses, including the metallurgical sector, 
which are in public domain or which are widely available. The second method is based on the fact that there 
are no reliable market analyses and projections publicly accessible or readily available, which may be due to 
a lower degree of development and efficiency of the capital market, and for this reason it is up to the assessors 
themselves to individually estimate the future development of the enterprise and its relevant environment. This 
is typical mainly for emerging markets, including the Czech Republic and other countries of the former socialist 
block (notably Slovakia, Hungary and Poland).  
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In the Czech Republic, the development of value assessment methods in all sectors, including metallurgy, was 
disrupted for a long period of time and it was only after 1989 that it was resuscitated again, following the 
changes in the political and economic system. Initially, the Czech theory of enterprise value assessment was 
greatly inspired mainly by western authors who worked with facts in relatively developed economies. In the 
course of time, however, the Czech theory, too, began to emphasize specific conditions of our economic 
environment, including the degree of development and efficiency of the capital market, and began to deal with 
the issue of how to predict the future development of an enterprise and its relevant environment in the Czech 
Republic within the income approach to the enterprise value assessment. It needs to be noted, however, that 
the Czech metallurgical sector is still characterized by being concentrated into a single region. Specifically, up 
to 98 % of production originates from the Moravian-Silesian Region despite the fact that the local environmental 
limits are among the toughest in the entire EU. 

2. VALUE CATEGORIES 

The following value categories are used in the evaluation practice in the Czech environment: market value, 
investment value, fair/real/ value, objective value, common price. 

Three basic approaches to value assessment according to IVS [1]: 

• Market or comparative approach. The value of goods is indicated through comparison to available prices 
of identical or similar goods. 

• Income approach. The value of goods is indicated by means of converting future benefits into the current 
value of capital. 

• Cost approach. The value of goods is indicated trough an economic principle according to which the 
buyer will not pay more for the goods than the costs of acquiring goods of equal utility which the buyer 
would acquire by purchase or development. 

The income approach to the enterprise value assessment is based on the fundamental premise that the value 
of goods is determined by the expected benefits of owning the goods and, consequently, it is closely focused 
on the future development of the enterprise. As part of the income approach, three basic methods of profit (net 
income) capitalization are usually considered, based on the economic value added (EVA) and discounted cash 
flow (DCF). Under certain conditions, all three methods provide the same result or, in other words, they weigh 
the future of enterprises in a similar way. 

3. VALUE DRIVERS 

Koller, Goedhart, Wessels [2] define enterprise value drivers as “…quantities that have a short-term or long-
term effect on the business performance and thus they create value”. As part of a so called performance 
management, the relation between the value drivers and the business performance can be assessed according 
to a mixture of quantitative criteria (value indicators) and qualitative criteria (comparison of development or 
degree). Growth, ROIC and WACC are considered to be the basic enterprise value drivers. These three basic 
quantities can be broken down into further levels, allowing to track causal relationships affecting the 
development of individual indicators. With regard to the nature of value drivers, Copeland, Dolgoff [3] state 
that: “the general approach is to describe value drivers as financial indicators which have significant leverage 
with regard to the enterprise value.” They distinguish between financial and operational value drivers. 
Revenues, costs, growth and WACC are examples of financial drivers. Operational drivers include, among 
others, customer loyalty, the quality of means of production or accrued costs of developing new products. 
Dobbs, Koller [4] perceive value drivers as tools for business performance management. They consider long-
term growth, ROIC and cost of capital as the main factors influencing the discounted cash flow and these 
quantities are determined by the ability of the enterprise to generate future value in short, medium and long 
term. Scott [5] sees value drivers as quantities influencing the shareholder value. According to him, the 
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shareholder value is determined mainly by sustainable growth and profitability. The principal categories 
affecting the shareholder value on the company level include the business strategy, mission, culture, values 
and financial performance. Rappaport [6] also perceives value drivers in the context of managing shareholder 
value which, according to him, is the primary business objective. He considers cash flow, discount rate and 
debts as the components of the shareholder value generation. He distinguishes between three main categories 
of enterprise value drivers, namely operational drivers (revenue growth, operating profit margin, tax rate), 
investment drivers (working capital, fixed capital) and financial drivers (cost of capital). Regarding this topic, 
Dluhošová [7] adds: “Value drivers form the basis of business performance since they represent predictive 
performance indicators…”. Dluhošová considers the generation of shareholder value as the principal goal of 
the business. According to her, the following value drivers are included in the operational strategy: revenues, 
margins, planning horizon; in the investment strategy: capital investments, working capital, acquisitions; and 
in the financial strategy: credit rating, tax rate, capital structure and dividend policy. Mařík et al. [8] use the 
following definition: “Value drivers are defined as a set of basic business-economic factors, which together 
determine the value of the enterprise.” Mařík et al. use the following value drivers: revenues (turnover) and 
revenue growth, operating profit margins, investments in working assets and long-term net operating assets, 
discount rate, method of funding and time of existence of the business. 

Table 1  Overview of value drivers per authors 

Author/authors Value drivers 

Koller, Goedhard, 
Wessels growth, ROIC, WACC 

Copeland, Dolgoff 
financial - revenues, costs, growth, WACC; operational - customer loyalty, quality of 
means of production, accrued costs of developing new products 

Dobbs, Koller long-term growth, ROIC, cost of capital 

Scott business strategy, mission, culture, values, financial performance 

Rapport 
operational - revenue growth, operating profit margin, tax rate; investment - working 
capital, fixed capital, financial - cost of capital 

Dluhošová 
operational strategy - revenues, margins, planning horizon, investment strategy - capital 
investments, working capital, acquisitions; financial strategy - credit rating, tax rate, capital 
structure, dividend policy 

Mařík 
revenues and revenue growth, operating profit margins, investments in working assets and 
net operating assets, discount rate, method of funding, time of existence of the business 

In summary, as you can see from the Table 1 , each author perceives value drivers as certain business-
economic indicators which allow to manage efficiently the business performance and value (shareholder 
value). However, there are differences in the extent and depth to which authors deal with the value drivers. 

3.1. Individual Value Drivers 

Shareholder value represents the primary objective of the business performance management. Business 
performance can be characterized mainly through value drivers and their development. If the shareholder 
value is quantified through income-based methods, then the basic parameters of long-term enterprise value 
on the primary level may be assumed to consist of the business growth (FCFF g growth) and the value range 
(ROIC - WACC). By breaking down the basic parameters it is possible to reach the individual value drivers. 
The growth of free cash flow for shareholders and creditors of foreign interest-bearing capital (FCFF) is 
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determined by the growth of NOPAT and IC. The increments of NOPAT and IC (IC growth must correspond 
with NOPAT growth) determine the return on new invested capital (RONIC), which - as an incremental factor 
- affects the average value of ROIC. If ↑ RONIC, then ↑ ROIC and vice versa. With RONIC = ROIC, the average 
value is stable. The NOPAT growth is influenced by the corporate revenues growth (T), the operating profit 
margin at the level of EBITDA/T, depreciations (A) and tax rate (d) (income tax). Increase in the net investment 
operating capital (IC) (fixed assets + working capital) is generated by net investments (In), which in proportion 
to NOPAT create net investment rate (m), which can be expressed in the long term as g/RONIC. The range of 
value of ROIC - WACC depends, through ROIC (which is defined as NOPAT/IC), on RONIC and, through 
weighted average cost of capital WACC, on the funding structure (St) of net investment operating capital (IC), 
due costs of equity nVK and costs of foreign interest-bearing capital nCK. 

Consequently, the enterprise value drivers are as follows: revenues and revenue growth; operating profit 
margin at the level of EBITDA/T; gross investments in net investment operating capital (i.e. depreciations as 
replacement investments + net investments); tax rate; funding structure of net investment operating capital; 
indebted costs of equity; costs of foreign interest-bearing capital. 

Using the value drivers, it is also possible to express the free cash flow to firm (FCFF), as per below 
equation (1): 

;��; = À=8vI − ]L = A8�� ∙ (1 − M) − ]L = lI ∙ _Ó�\gn
\ − vo ∙ (1 − M) − ]L  (1) 

where FCFF = free cash flow to firm, NOPAT = net operating profit after tax, In = net investments, KPVH = 
corrected operating income, d = tax rate, T = revenues, EBITDA = earnings before interest, taxes, depreciation 
and amortization, A = amortization (depreciations). 

4. THE CONCEPT OF REVENUES 

As mentioned above, revenues reflect how successful the enterprise is in capitalizing its output on the relevant 
market, in this case in the metallurgical sector, and together with the efficiency of transformation of inputs into 
outputs they generate shareholder value. In this concept, revenues are seen as a business-economic quantity 
and, for the purpose of enterprise value assessment, as a significant enterprise value driver. 

According to the references [9], “In the accounting, revenues are earnings of an accounting entity that affect 
the operating result based on the sale of outputs (products, goods, services, securities) or fixed assets…,” 
while income is “…monetized equivalent of outputs provided….” From an accounting point of view, in the 
Czech Republic and for the purpose described, revenues can be defined as income generated from the sale 
of the output, i.e. from capitalizing the output on the relevant market, in particular in the form of the company’s 
own outputs (products and services) and goods. 

The concept of revenues (T) that has been discussed so far, does not include the income from the sale of fixed 
assets. This is so because in the income approach to the enterprise value assessment, the assets for sale are 
usually treated as non-operating assets that do not affect NOPAT, IC and - in case of DCF entity income-
based method - FCFF. The value of non-operating assets is estimated separately and it is taken into account 
by being added to the company Hn. The reason is that revenues (T), as the enterprise income value driver, 
must arise from the so-called business core operation. Subsequently, it is possible to define the core business 
as the main entrepreneurial focus of the company. From the perspective of the core business, the company 
assets can be categorized into net operating assets and non-operating assets. As mentioned above, non-
operating assets must not affect the FCFF estimation, i.e. the related income, costs and cash flow must not 
affect the enterprise value drivers. 
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5. METHODS OF ESTIMATING FUTURE DEVELOPMENT OF REVE NUES 

5.1. Forecasting Methods 

Generally, forecasting methods can be categorized into two basic groups [10]: 

• qualitative forecasting methods, 

• quantitative forecasting methods. 

Qualitative Forecasting Methods 

The following methods are usually included in the qualitative forecasting methods: brainstorming, expert panel, 
Delphi, analogue method. 

These methods are essentially based on the experience and reflections of experts who create forecasts in a 
formalized manner, using certain procedures (research or normative).  

Quantitative Forecasting Methods 

Future development of the monitored quantities is estimated mainly by using extrapolation techniques based 
on: time series analysis, correlation and regression time series analysis. 

Time series analysis is typically performed through a so-called decomposition of time series into trend, 
seasonal, cyclical and residual components, based on an addictive or multiplicative decomposition method. 
Time series decomposition method assumes that “the process generating the relevant time series is dependant 
only on time.” Correlation and regression time series analysis is based on the analysis of interdependence of 
economic phenomena (correlation), seeking the form of mutual dependence of these phenomena (regression). 

Future development of the monitored quantity can be estimated on the basis of extrapolation, i.e. extension of 
past values of the time series into the future using an appropriate analytical function (smoothing of time series). 
The smoothing of time series is performed using the method of least squares (MLS), which “is designed to 
approximate statistical data using an appropriate analytical function.” 

These methods can be perceived as basic approaches to the estimation of future development of revenues as 
part of the income-based enterprise value assessment. 

5.2. Structural Analysis 

For analysis of and flexible reaction to changes in production-consumption relations of production-consumption 
systems and for studying the conditions allowing to maintain economic balance, it is possible to rely on the 
existing set of general theoretical knowledge of mathematical modelling and analysis of production-
consumption relations, usually denominated as structural analysis.  

Structural analysis results in structural models (balance models), showing - under different conditions - both 
endogenous and exogenous production-consumption relations of any production-consumption system. They 
allow the customer/market requirements to be relatively quickly and accurately reflected in the required 
production volumes of individual company divisions, in material and energy demands on suppliers, in the 
demand for workforce and resources for their remuneration, in the overall structure of costs of production and 
in the company’s gross or net income. [11], [12] 

6. SENSITIVITY ANALYSIS 

As part of individual scenarios - estimates of future development - the assessor is able, if necessary, to use a 
sensitivity analysis to examine how the enterprise value drivers respond to isolated, simulated changes in a 
risk factor within a particular scenario, allowing the assessor to obtain valuable feedback regarding the 
significance of individual risk factors for a given scenario. 
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The sensitivity analysis examines how the monitored quantity responds to changes in input parameters. Using 
a so-called one-way analysis, the quantity sensitivity to changes in a single parameter is analyzed, while other 
parameters maintain their original values. The contemplated changes of the input parameter may be based on 
pessimistic and optimistic estimates of parameter values or there are simulated deviations from the originally 
planned values expressed as a percentage. The result of the sensitivity analysis indicates which input 
parameters may be considered as less important or significant, depending on how the monitored quantity 
responds to changes in a particular input parameter. The disadvantage of the one-way analysis of sensitivity 
is the fact that it does not take into account the links between the input parameters. [13] 

7. CONCLUSION 

As mentioned above, authors perceive value drivers as certain business-economic indicators allowing to 
manage effectively the business performance and shareholder value. There are differences in the extent and 
depth to which authors deal with the value drivers but all authors undeniably agree that one of the most 
important enterprise value drivers is the growth of revenues which reflect how successful the company is in 
meeting the customer needs on the relevant market, in this case in the metallurgical sector, and together with 
the efficiency of the transformation of inputs into outputs they generate shareholder value. 

In order to determine the enterprise value it is necessary to predict the development of revenues, which is a 
very complex process, particularly in the metallurgical sector. The field of mathematical modelling of economic 
phenomena and processes, which is gradually gaining a strong position in all sectors, can be of a significant 
contribution in this respect. Unfortunately, despite the undeniable significance of economic-mathematical 
methods and modelling techniques for quantitative support in management decisions, their practical use in 
Czech enterprises is still insufficient. The methods are often applied inappropriately and ineffectively, which 
inevitably leads to dissatisfaction with their application and subsequently to skepticism regarding their practical 
use. The main area of their application is the planning process, where they allow the algorithmization of balance 
calculations required for the creation of distribution, production and supply plans and flexible allocation of 
production steps. 

In terms of its technological nature and due to its position in the production cycle, the metallurgical process 
generally creates some specific requirements for procedures and methodology of operational and strategic 
planning. This makes long-term planning more complicated, as market situation constantly changes in the 
current business environment, individual customer demands become more manifested and there is growing 
demand for production or provision of services according to client’s individual requirements. As a result, 
businesses that strive for prosperity and long-term success in the market are forced to produce an increased 
number of differentiated products which leads to increased variability in production. At the same time, there 
are requirements for higher quality standards, reliability, speed and accuracy of deliveries. This is all subject 
to prices determined by the market. 

It follows that in dealing with the issues related to the planning process in metallurgical enterprises, an 
opportunity presents itself to use atypical applications and permissible simplifications which could lead to wider 
use of regression and correlation analysis, sensitivity analysis as well as structural analysis in the metallurgical 
process. 
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Abstract   

The aim of the following article is to define measures to reduce costs in the metallurgical enterprises. One 
possibility is the usage of alternative materials - waste. In case of increasing requirements for cleanliness of 
products in metallurgy is necessary to take into account all sources accompanying elements from the entire 
course of the process. The main source of charge is mainly iron-bearing charge - mainly pig iron and steel 
scrap, further ferroalloys used in the production and fluxes. Therefore attention must be paid to the choice and 
particular sorting charge materials. Economic evaluation is directly related to new Act on Waste. 

Keywords: Metallurgy, iron-bearing charge, economic evaluation 

1. INTRODUCTION    

Application of cost prices in an integrated metallurgical company is a natural way of business, because from 
the point of view of the whole company and its relation to the environment a global resulting economic effect 
is a decisive one. This effect reflects even influences of secondary products of technological process, such as 
blast-furnace gas and slag and/or treatment of other products (secondary raw materials from other processes, 
for example scales or wastes containing iron). The aim of the following article is to define measures to reduce 
costs in the metallurgical enterprises. One possibility is the usage of alternative materials - waste. The 
comparison of production of pig iron and steel in Czech Republic and Poland are mentioned in the following 
Table 1. 

Table 1 The comparison of production of pig iron and steel in Czech Republic and Poland [1]    

Production [thousand tons] European 
Union 

Czech Republic Poland 

Crude steel production 169 243 5 360 8 620 

Iron production 95 088 4 152 4 651 

2. METALLIC CHARGE AND QUALITY OF CHARGE BASE MATER IALS 

Base materials consist of primary materials: (ores, sinter, ore extract, lime stone) and secondary materials 
(treated steel slag, scales with oil content up to 1%, flue dust emission), rough converter sludge (up to 1 mm), 
blast-furnace sludge, magnetic  fracture, dust from agglomeration electro-separators. 

Czech metallurgical plants purchase prevailing part of iron ores from the Ukraine and Russia. The main 
supplier states are as follows: the Ukraine - it supplies approx. 60 million tons per year and it is the main 
supplier for the Czech Republic. Russia supplies pellets first of all (Michajlovsky, Lebedinsky, with richness of 
60-62% Fe). 
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A similar situation can be observed in Poland. The iron ore in the form of pellets are imported mainly from 
Russia and the Ukraine. The Poltava pellets are the most used, but also to a less extent, Mikhailovsky, 
Lebiedeńsky and Kostomuksha [2].  

Steel scrap belongs to the “local” raw materials, the consumption in the Czech Republic is approx. 1.4 t per 
year but there are problems with its quality, it is also a commodity with the highest price fluctuation. 

In Poland, the main suppliers of steel scrap are local junkyards. Widely extensive network of junkyards and 
scrap collection allows to use mainly Polish scrap. However, due to variations in the amount of scrap available 
on the market, as in the Czech Republic, the price of scrap constantly fluctuates [3]. 

Considerable part of wastes from metallurgical processes is used in other metallurgical processes as a charge 
material [4], some waste materials can be used also in other technological processes. More than    95 % of 
total waste in metallurgy is recycled, only 3.5% is eliminated and 1.3% temporarily stored which is connected 
with a specificity of this industry branch. Constantly tightening up legislative leads to necessary use of treated 
wastes, for example in the form of briquettes [4], even in Czech metallurgical companies [5]. 

Waste management legislative in the frame of EC lays emphasis on restriction of origination of wastes and on 
exploitation of generated wastes and their elimination only by methods which are not harmful to people health 
and the environment [6]. Secondary sources should gradually replace primary ones where it is technically 
possible and economically effective and in this way it will contribute to reduction of material and energy 
demandingness of production. Higher payments are to motivate companies to limit waste disposals which will 
be much more expensive during next years. The environmental aspect is an element of organization activities 
or products that can interact with the environment [7]. Scheme of product lifecycle illustrates Fig. 1. 

 

Fig. 1  The scheme of product lifecycle 

3. ALTERNATIVE STRATEGIES FOR COST REDUCTION  

From the point of view of economy increase of metallurgical companies and cost reduction it would be suitable 
to apply also some alternative (untraditional) procedures:  

• application of untraditional alternative fuels, 

• use of pre-deoxidized charge for blast furnaces, 

• present addition of two charge components.  
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The use of some alternative procedures illustrates Fig. 2. 

 

Fig. 2  The use of some alternative procedures 

There are several properties characterizing the quality of metallurgical material [8]. One of the most important 
and specific for production process are metallurgical properties of used feedstock [9].  At VSB - Technical 
University of Ostrava, Centre ENET the reducibility of metallurgical material supplied from ironworks was 
tested. This device is also possible to use for sinter and lump ore testing [10]. 

The need of connection of technical and economic data for complex evaluation of a blast-furnace process 
seems to be a very advisable. Besides accompanying elements which are advisable for iron pig production, 
also elements and metals get into blast furnace together with metallic charge which are not wanted for the 
process, such as alkali metals and zinc.    

 Alkali cyanides are generated in blast furnace in the zone of tuyeres by reactions of alkali metals with coke 
carbon and air nitrogen.  Furnace gas puts them into stack where they condensate on colder furnace filling. 
Alkali cyanides settled down on the charge descend to the zone of higher temperatures where they react with 
carbon dioxide. Generated alkali carbonates react further on with nitrogen contained in gas during generation 
of other cyanides. Through furnace gas they are again transferred to the stack where they again condensate, 
they fall together with the charge into lower furnace parts with a high temperature. Between stack middle parts 
and tuyeres´ zone the circulation of alkali cyanides is created to which newly generated compounds come up 
so that concentration of these substances increases [11].      

Alkali presence in the furnace is technologically not wanted because alkali metals and their compounds 
circulating in the furnace influence unfavourably coke quality. Mechanical strength and wear resistance is 
reduced by their activity; it means that coke degradation increases when passing through the furnace [12].      

4. CONCLUSION 

Economy of pig iron production is determinative for competition ability of connected steel and rolling mill 
production. It is connected both with cyclic changes in steel business and changes caused on the market with 
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iron ores and fuels. Repeated variations of inputs as well as outputs influence more and more the economy 
and competition ability of metallurgical companies. The first tests of metallurgical waste-briquettes and pellets 
reducibility from metallurgical dust were carried out at VSB-TUO. Reducibility in test samples was comparable 
to the value commercially used sinter. 

The achieved test results confirmed that the application of these unconventional alternative fuels (waste) into 
the blast furnace is beneficial both from an environmental and economic perspective. However, further 
research focused mainly on the quality of the metallurgical waste is necessary. 
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Abstract 

The aim of this article is to present the situation of the steel industry in Poland, and to show the impact of 
economic conditions on this sector. The study covered the period from 2006 to 2013. The Polish steel industry 
underwent restructuring and was under strong influence of fluctuations caused by the economic crisis in 2009. 
The findings of the study indicate that steel production was strongly linked to the economic situation, measured 
by the rate of changes in the GDP, volume of demand and dynamics of industrial production. The only 
exception were hot-rolled steel products which did not indicate such a strong link. Employment was also heavily 
dependent on the economic situation. However, exports and imports of steel products, and the level of their 
consumption, were independent of the market situation. The only exception to this rule was consumption of 
long steel products. 

Keywords: Steel industry, macroeconomic indicators, steel production and consumption 

1. INTRODUCTION 

Apart from concrete and wood, steel is one of the most important construction materials. The advantages of 
this material include wide range of possible applications, affordable prices and recyclability [1]. Iron and steel 
sectors are treated as separate branches of industry both in EU and national documents. In the Polish 
Classification of Activities, iron and steel industry involve production of pig iron, ferroalloys, iron, steel and steel 
products, manufacture of tubes, pipes, steel profiles and related fittings, and manufacture of flat cold-rolled 
steel products [2, 3]. 

Before the economic transformation of 1989, Polish steel and iron industry consisted of 26 steel plants, of 
which 18 started operations before the First World War. As a result, in 1990, amortisation of fixed assets 
amounted to 85%. This situation had a negative impact on the economic efficiency of the plants and their ability 
to compete with the steel industry in other countries. In subsequent years, efforts were made at restructuring 
Polish steel industry [4]. The restructuring process is mainly associated with employment reduction. In 1990, 
145 thousand people were employed in the steel sector, and in 2006 - only 32 thousand. [5]. In addition, after 
the economic transformation, there were numerous technological investments. The activities focused on the 
modernisation of steel plants through the installation of equipment for continuous casting of steel [6]. The aim 
of such activities was to improve economic efficiency [7, 8, 9]. Investments in new equipment, modernisation 
of metallurgical processing and improvement of steel smelting and casting processes contributed to the 
reduction of negative impact of steel plants on the environment [10]. The problem of environmental protection 
is particularly important in Poland, which, along Germany, Austria and the Czech Republic, was the largest 
emitter of greenhouse gases in the steel industry [11]. The measures taken to improve the efficiency of the 
steel industry are significant because, in a market economy, companies should provide high-quality products, 
in appropriate quantities, to the relevant customer, and at the same time - at the lowest cost and with the lowest 
capital involvement [12, 13]. 

The restructuring process was successful. However, the steel industry was strongly dependent on the 
economic situation. The last great crisis began in the American financial market in September 2008, and 
quickly moved to European markets. In particular, the economic slump affected countries in the Euro zone [14, 
15, 16]. The crisis of 2008 contributed to economic growth inhibition, and consequently, to the decrease in 
demand for steel products. The dynamics of sold production in the industry in 2009 was negative, similarly to 
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the rate of changes in exports, imports and investments [17, 18]. As a result, companies made decisions 
related to cost and employment reduction, liquidation of production lines or temporary shut-down of production 
capacity [19, 20]. In 2009, production capacities of Polish steel plants were used only in 54 %, and in the first 
half of 2010 - app. 62 % [21]. 

2. METHODOLOGICAL BASES 

The main purpose of this paper is to determine the relationship between the Polish steel industry and the 
overall economic situation. In addition, specific objectives have been adopted, including presentation of the 
situation in the steel industry in its various aspects, determination of the condition and changes of the economic 
situation, and illustration of the influence of the market and economic situation on steel production in Poland. 
The period covered by the study is between 2006 and 2013, i.e. the years directly before the economic crisis, 
during the crisis, and the years of economic upturn. The sources of materials include literature, figures from 
the Main Statistical Office, and almanacs of the Steel Chamber of Commerce and Industry. The following 
methods have been used in this paper: descriptive, graphic and correlation coefficient. 

3. RESULTS 

The global economic situation worsened in 2009. In most countries, GDP decreased. Poland was one of the 
few countries with positive GDP in 2009 (see Fig. 1 ). During the next two years the situation improved, and in 
2012-2013, the economy slowed down again. The pace of changes in gross value added was the same as 
GDP. Gains in value-added manufacturing were larger than GDP. The market situation is reflected in domestic 
demand. Only in 2009 and 2012, the dynamics of changes in demand were lower than 100%. Economy is also 
characterised by such indicators as inflation rates, unemployment rate, export and import volumes, and 
investment levels. In the case of industry, it is possible to present detailed information on the volume of steel 
production and consumption, the rate of changes in producer prices, the rate of changes in prices of 
construction and assembly production, industrial production growth rates and Steel Weighted Industrial 
Production Index. 

Fig. 1  The rate of changes in the GDP in Poland in 2006-2013 (previous year = 100) 
Source: Own analyses based on data of Central Statistical Office of Poland 

In 2013, the share of steel produced in Poland accounted for about 5 % of the EU production. The majority of 
steel produced in Poland was crude steel. Its production significantly decreased in 2009 (see Fig. 2 ). Similarly, 
in the case of pig iron production. The manufacture of hot-rolled products amounted to app. 7.5 million tonnes, 
except for the years 2009-2010 when production fell below 7 million tons. There was a very strong positive 
correlation between the rate of changes in GDP and the production of pig iron (correlation r = 0.87, p = 0.00) 
and crude steel (correlation r = 0.91, p = 0.00). There was no significant correlation between changes in the 
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level of GDP and output of hot rolled products (correlation r = 0.60, p = 0.12). Similar results were reported in 
the case of correlation between domestic demand and production of pig iron (correlation r = 0.86, p = 0.00) 
and production of crude steel (correlation r = 0.89, p = 0.00). In this case, there was no significant relationship 
between domestic demand and the size of hot-rolled products (correlation r = 0.57, p = 0.14). Nearly identical 
results were obtained in the case of correlation between individual steel production values and the dynamics 
of industrial production. 

 
Fig. 2  Steel production in Poland in 2006-2013 (million tons) 

Source: Own analyses based on data of Polish Steel Association 

Domestic consumption of finished steel products was dominated by flat steel products (about 57 % in 2013) 
and long steel products (33% in 2013). The share of tubes and hollow section was low (see Fig. 3 ). There was 
a very strong correlation between the rate of changes in GDP and consumption of long steel products 
(correlation r = 0.93, p = 0.00). On the other hand, there was no significant correlation between the rate of 
changes in GDP and the volume of consumption of flat steel products (correlation r = 0.39, p = 0.34) as well 
as tubes and hollow section (correlation r = 0.06, p = 0.89). The correlation between domestic demand and 
investments and consumption of finished steel products was similar to the correlation with the rate of changes 
in GDP. The only consumption dependent on the market situation was the consumption of long steel products. 

 
Fig. 3  Apparent consumption of finished steel products in 2006-2013 (million tons) 

Source: Own analyses based on data of Polish Steel Association 

Steel imports significantly exceeded its exports, which shows negative features of the domestic industry. In 
2013, the trade exchange balance was negative and amounted to 3.1 million tonnes - as per quantity, and 
EUR 2.8 billion - as per value. The biggest recipients of Polish steel products were Germany and the Czech 
Republic (56% of total exports). The lowest values of trade exchange were reported in 2009 (see Fig. 4 ). There 
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was no significant correlation between the rate of changes in GDP and exports of steel products (correlation r 
= - 0.07, p = 0.87) and imports of these products (correlation r = 0.15, p = 0. 37). Similarly, in the case of 
correlation between the growth of total exports and the volume of steel exports (correlation r = - 0.04, p = 0.92), 
as well as the growth of total imports and the volume of steel imports (correlation r = 0.25, p = 0.56). There 
was no significant relationship between Steel Weighted Industrial Production Index (SWIP) and the volume of 
steel exports (correlation r = 0.07, p = 0.87) and the volume of imports of steel products (correlation r = 0.27, 
p = 0.51). 

 
Fig. 4  Export and import of steel products in Poland in 2006-2013 (million tons) 

Source: Own analyses based on data of Polish Steel Association 

In 2013, employment in the steel industry was at the level of 22,200 (see Fig. 5 ). In the domestic steel industry, 
there has been a long-term trend of downsizing, which is a result of plant restructuring and unfavourable 
taxation as compared to other EU countries. It also illustrates market needs in terms of steel production. There 
was a strong correlation between the rate of GDP and the level of employment in the steel industry (correlation 
r = 0.80, p = 0.02). Similarly in the case of relationship between employment levels and dynamics of domestic 
demand (correlation r = 0.77, p = 0.03), and dynamics of investments (correlation r = 0.75, p = 0.03). No 
significant correlations were found between the level of employment in the steel industry and the 
unemployment rate (correlation r = - 0.58, p = 0.13). 

Fig. 5  Employment in the steel industry in 2006-2013 (number of people) 
Source: Own analyses based on data of Polish Steel Association 

The steel industry was the source of supplies for other sectors of the economy, such as construction, 
manufacture of metal products, manufacture of machinery and equipment, cars and household appliances. 
The situation in these sectors had a strong influence on the situation of steel plants. For instance, the 
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construction industry, where problems were related to limited contracts for residential buildings and the 
availability of capital. As a result, many economic entities were forced to close their businesses. Prices of 
construction and assembly production did not depend significantly on price changes in the economy 
(correlation r = 0.13, p = 0.76). A strong correlation was found between changes in producer prices of the 
industry, and changes in prices in the economy (correlation r = 0.73, p = 0.04). 

4. CONCLUSION 

After 1990, the Polish steel industry underwent constant restructuring, which manifested itself in the reduction 
of employment and increased investment in technology. At the same time, steel industry operators had to 
adapt to the situation on the market. The study shows that steel production was strongly linked to the situation 
in the economy, measured by the pace of changes in GDP, volume of demand and dynamics of industrial 
production. Only in the case of production of hot-rolled products, this relationship was not confirmed. 

The consumption of long steel products was the only type of consumption which depended on the economic 
situation. In the case of other product groups, such as flat steel products, cold-rolled steel pipes and profiles, 
there was no significant correlation with the market situation. The volume of exports and imports of steel 
products was not correlated with the economic situation. There was no significant correlation between these 
parameters and the rate of changes in GDP, growth of total exports and imports or Steel Weighted Industrial 
Production Index. 

Employment in the steel industry was strongly associated with the rate of changes in GDP, and dynamics in 
domestic demand and investments. There was no significant relationship between the level of employment 
and the situation on the labour market as determined by unemployment rates. The situation of the steel industry 
is influenced by demand for products made of steel. There was a strong correlation between changes in 
producer prices in this sector and price changes throughout the economy. Prices of construction and assembly 
products did not depend significantly on the price changes throughout the economy. 
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Abstract  

The utilization of the diverse measures to reduce environmental impact in the industries characterized by the 
high level of energy and pollution intensity is essential for achieving sustainable development. Therefore, the 
main purpose of this article was to investigate the engagement of steel and metal companies operating in 
Poland in the implementation of the voluntary environmental management practices, and to explore its 
relationships with the scope of interorganizational cooperation, the knowledge sharing intensity and the level 
of eco-innovation. The research has shown that the planning and organizational environmental management 
practices and the operational environmental management practices are significantly related to the companies' 
level of eco-innovation. There have been also statistically significant relationships between the engagement in 
environmental practices implementation and the scope of interorganizational cooperation and the knowledge 
sharing intensity within companies. However, the results of conducted study reveal that the interorganizational 
cooperation and the knowledge sharing are not significantly related to the companies’ level of eco-innovation. 
Nevertheless, the study has proved that the more intensive the interorganizational cooperation and the 
knowledge sharing, the more developed voluntary environmental management practices are implemented. It 
means that the interorganizational cooperation and the knowledge sharing may indirectly support eco-
innovation. This is because those activities directly foster environmental practices implementation which in 
turn significantly influences the level of eco-innovation.  

Keywords: Environmental management practices, interorganizational cooperation, knowledge sharing,  
         eco-innovation, steel and metal industry. 

1. INTRODUCTION 

In recent years, the environmental sustainability has considerably attracted attention in the steel and metal 
industry [1]. In order to reduce the environmental impact of business activity in an efficient way, the 
implementation of adequate environmental management practices is necessary. The development of such 
practices, especially in the turbulent business environment, should be supported by the interorganizational 
cooperation which has become very popular in the knowledge based economy. A notable role, in the 
absorption of the acquired external knowledge and in the dissemination of the knowledge accumulated in the 
company earlier, is played by the knowledge sharing among employees, business units or work teams. The 
voluntary environmental management practices, supported by the interorganizational cooperation and the 
knowledge sharing are expected to significantly facilitate implementation of eco-innovation. Since eco-
innovation reduces environmental impact and improves business performance [2], studies on factors 
influencing the development of the voluntary environmental management practices and eco-innovations, as 
well as relationships occurring in this area, become more and more interesting in scientific and practical terms. 
There has not been any such analysis until now in respect of the steel and metal industry in Poland. Therefore, 
the results of the research presented in this article were, to a certain extent, to fill the existing gap.  

The purposes of this study were in particular: 

• to recognize the engagement of selected steel and metal companies operating in Poland in the 
implementation of the voluntary environmental management practices, 
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• to identify the specificity and the scope of interorganizational cooperation and knowledge sharing 
practices in the above mentioned companies, 

• to investigate the relationships between the engagement in the implementation of voluntary 
environmental management practices, the scope of interorganizational cooperation, the knowledge 
sharing intensity and the level of eco-innovation. 

2. THEORETICAL BACKGROUND 

There are various typologies of corporate approaches to environmental management. In general, researchers 
distinguish between two extreme postures: environmental reactivity and environmental proactivity. The latter 
strategy is typical for companies that voluntarily implement environmental management practices to reduce 
their impact on the natural environment [3]. 

The interorganizational cooperation results from the fact that no company posses all the knowledge resources 
needed to achieve its objectives. Therefore, it is a way to complement the company‘s competencies [4]. 
Regarding cooperation on innovative activities it comprises different formal and informal modes and types of 
partners. They may have different functions in the R&D&I processes, including vertical and horizontal 
cooperation [5]. 

Knowledge sharing, as a basis of organizational learning, consists of knowledge donating and knowledge 
collecting. It involves the processes through which employees mutually exchange knowledge and accordingly 
create new knowledge [6] to help others and to collaborate with others to solve problems, develop new ideas, 
innovations etc. 

The environmental proactivity manifested in the implementation of voluntary environmental management 
practices may be associated with the development of unique organizational capabilities as conceived by the 
resource-based view of the firm [7]. One of the most fundamental company’s resources are knowledge 
resources, including external knowledge acquired from outside of the company. Sharing knowledge can not 
only facilitate the exchange and dissemination of the knowledge accumulated by the employees in the 
company, but it can also improve the efficiency of absorption of external knowledge acquired within the 
interorganizational cooperation. All these processes can be, therefore, significant for the success of eco-
innovative activity.  

3.  MATERIALS AND METHODS 

The presented empirical study is a part of the research conducted in November and December 2013 on  
a sample of 37 steel and metal companies (NACE code C24 - Manufacture of basic metals) operating in 
Poland. The surveyed group included 18 small, 12 medium and 7 large entities. The research method applied 
was an interview with a questionnaire conducted among representatives of the companies:  
the owners, management board members or other decision-makers in a given organization.  

The thematic scope of the research concerned the issues related to proactive environmental management, 
interorganizational cooperation, knowledge sharing and eco-innovation. The representatives of the studied 
companies were asked to rate the degree of implementation of sixteen environmental management practices 
adapted from previous studies [3, 8]. There were also employed the adapted existing tools for measuring the 
scope of the interorganizational cooperation [9], the intensity of knowledge sharing [10] and the level of eco-
innovation compared to key competitors [11] in the conducted research.  

The seven-point Likert-type scales (1 - strongly disagree/much worse/not at all; 7 - strongly agree/much 
better/very high) were used in the questionnaire. 
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4.  RESULTS AND DISCUSSION 

The exploratory factor analysis revealed the two-factor construct for the environmental proactivity.  
The factors obtained were labeled as the planning and organizational environmental management practices 
(P&O-EMP) and the operational environmental management practices (O-EMP). The conducted study has 
shown that in general the planning and organizational environmental management practices were more 
developed than the operational practices in the surveyed steel and metal companies. The variables describing 
the development of analyzed environmental management practices are shown in Fig. 1  and Fig. 2 . 

 

 

EMP 1 -  Environmental issues are high priorities in our company’s objectives  
 and strategy  

EMP 2 - We have explicitly defined and documented environmental policy  

EMP 3 - We have clearly defined and documented environmental objectives and  
long-term environmental plans 

EMP 4 -
Our top management regularly measures and assesses the environmental 
performance  

EMP 5 - We conduct periodic environmental reviews and internal audits  

EMP 6 - Our organizational structure includes management representative responsible 
entirely for environmental issues  

EMP 7 -
We have management representative responsible for environmental issues 
actively participating in formulation of firm’s objectives and strategy  

EMP 8 - Our employees participate in environmental trainings 

  

Fig. 1 Development of planning and organizational environmental management practices in the surveyed 
companies (mean values) [own analysis] 

 

 

  EMP 9  -  We conduct periodical environmental impact assessments of products  
 with regard to all stages of their life cycle  

EMP 10 - We take into account environmental criteria in design and development  
of products  

EMP 11 - We use cleaner technology and environmental friendly processes 

EMP 12 - We take into account environmental issues in design and development  
of production methods, maintenance and logistics 

EMP 13 - We take into account environmental criteria during suppliers selection  

EMP 14 - 
We require our suppliers and subcontractors to improve environmental 
activities and to keep relevant environmental standards 

EMP 15 - We take into account environmental issues during selection of mode of 
transport and distribution channels  

EMP 16 - We emphasize commitment to environmental protection in marketing activities  

  

Fig. 2 Development of operational environmental management practices in the surveyed companies  
(mean values) [own analysis] 

The variables characterizing the scope of interorganizational cooperation (IC) and the knowledge sharing (KS) 
intensity within the surveyed companies are shown in Fig. 3  and Fig. 4 .  

 

 

IC 1 -  Cooperation with suppliers 

IC 2 - Cooperation with clients or customers  

IC 3 - Cooperation with competitors and other firms from the same industry  

IC 4 - Cooperation with universities and research institutes 

IC 5 - Cooperation with consultants and experts  

  

Fig. 3  Scope of interorganizational cooperation in the surveyed companies (mean values) [own analysis] 
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The results of the study have revealed that although knowledge sharing practices are relatively well developed 
in the surveyed companies, the scope of the interorganizational cooperation is rather poor.  
It concerned in particular cooperation with universities and research institutes. 

 

 

KS 1 - 
 Our top management repeatedly emphasizes the importance of knowledge  
 sharing in our company  

KS 2 - Our company uses senior personnel to mentor junior employees  

KS 3 - Our company groups employees in work teams 

KS 4 - 
Our company analyzes its past failures and disseminates the lessons learned 
among its employees 

KS 5 - 
Our company implements and invests in IT systems that facilitate knowledge 
sharing 

KS 6 - Our company develops mechanisms of sharing the experiences gained from 
completed projects 

KS 7 - Our company offers incentives to encourage knowledge sharing 

KS 8 - Our company provides a variety of training and development programs 

  

Fig. 4  Intensity of knowledge sharing in the surveyed companies (mean values) [own analysis] 

In the next stage of the analysis carried out within the study, an evaluation of the reliability of the scales of the 
examined constructs was performed and the relationships occurring between them were explored.  

The Cronbach's α values exceeded the critical threshold of 0.7 for all analyzed constructs (they equaled 
between 0.83 and 0.89 respectively). This confirmed the reliability and internal consistency for each construct. 
In order to examine the significance and strength of the relevant relationships, Pearson’s correlation 
coefficients were used. The results of this analysis are presented in Table 1 .  

Table 1  Relationships between proactive environmental management practices, interorganizational  
   cooperation, knowledge sharing and eco-innovation - Pearson's correlation coefficients  
   [own analysis] 

Construct P&O-EMP O-EMP IC KS EI 

P&O-EMP 1     

O-EMP 0.753***   1    

IC 0.407*     0.383*     1   

KS 0.514**  0.566***   0.502** 1  

EI 0.526***   0.582***   0.251     0.312   1 

Notes: * p < 0.05,  ** p < 0.01, *** p < 0.001 

The study results have shown that planning and organizational environmental management practices and 
operational environmental practices have been significantly related to the level of eco-innovation of the 
surveyed steel and metal companies operating in Poland. There have been also statistically significant 
relationships between the engagement in both types of environmental management practices and the scope 
of interorganizational cooperation and the knowledge sharing intensity. The scope of interorganizational 
cooperation and the intensity of knowledge sharing are not significantly related to the companies’ level of eco-
innovation. Nevertheless, the analysis has proved that the more developed interorganizational cooperation 
and the knowledge sharing, the more advanced proactive environmental management practices are 
implemented. This means that interorganizational cooperation and the knowledge sharing may indirectly 
support eco-innovation. The exploration of these indirect effects requires more detailed analysis to be carried 
out in the subsequent study on a larger surveyed group of companies (applying e.g. the structural equation 
modeling).  
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The obtained results proved that the engagement of the steel and metal companies in the implementation of 
environmental management practices is extremely important for supporting the eco-innovation. On the other 
hand, the intensity of knowledge sharing within these companies and the scope of their interorganizational 
cooperation have a considerable importance for the development of environmental practices. It confirms the 
fact that in order to implement the eco-innovation efficiently it is necessary to design and develop it using 
mainly the knowledge resources [12]. This process may facilitate the embodiment of eco-innovation in the 
business models of steel and metal companies [13] and the value creation [14] which can lead to gaining and 
maintaining the competitive advantage.  

The promising area in terms of simultaneous improving competitiveness and reducing the impact on the natural 
environment is, for example, a new approach to EU research and innovation. The European Commission has 
proposed an European Innovation Partnership (EIP) on Raw Materials which promotes innovation (eco-
innovation) at all stages of steel production, from raw material extraction and production to the efficient 
processing, recycling and the search for alternative raw materials [15]. Since the eco-innovation may reduce 
environmental impact and improve business performance it notably contributes to environmental and 
economic pillars of sustainable development. 

5. CONCLUSION 

The considerations presented in this article point out the complexity of relationships between voluntary 
environmental management practices, the scope of interorganizational cooperation, the intensity of knowledge 
sharing and the level of eco-innovation in companies. The multifaceted nature of the issues discussed in the 
article should be the subject of interest of both managers of companies implementing eco-innovations and 
decision makers developing instruments to support various cooperation forms that facilitate eco-innovation 
activity.  

The performed study has proved the importance of the environmental proactivity. It comprises the 
implementation of the planning and organizational environmental management practices as well as the 
operational environmental management practices. This must be supported with systematic development  
of knowledge resources, including the external knowledge acquired from outside of the company.  
The role of knowledge sharing has been emphasized as not only does it facilitate the exchange and 
dissemination of knowledge accumulated earlier by the company’s employees, but it may also improve 
absorption of external knowledge acquired within the interorganizational cooperation. Those processes directly 
foster voluntary environmental management practices implementation which in turn significantly influences the 
level of eco-innovation. For that reason, it is very important to develop and continuously improve such activities. 

It should be pointed out that the study results presented herein have some limitations that must be taken into 
consideration. Due to the size of the surveyed sample, generalizing of the obtained results for the entire steel 
and metal industry should be rather cautious. Furthermore, the research focused on the analysis of 
relationships between selected constructs, which could be influenced by other context variables.  
For example, the application of the acquired external knowledge in the form of implemented eco-innovations 
depends on the absorption capacities of the specific entity, which in turn are contingent on the level and 
idiosyncrasies of the already accumulated knowledge, which was not the subject of the study presented in this 
article.   
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Abstract  

The effort to long-term prosperity of companies and the achievement of high productivity is the goal  
of the enterprise managers for decades. More than 100 years ago the first effort to introduce scientific practice 
in corporate governance can be traced and through them achieved the maximum productivity during the 
elimination of wasting of any kind. The current trend of customer requirements of fulfillment entails  
the increase of production variability.Purely serial production shifts their demands closer towards the custom 
production. Nevertheless, customers and management of enterprises expect maximum quality, speed  
and reliability of supply but if it is possible for the costs of mass production. If we want to be successful  
and compete in this field, it is necessary to know how and under what conditions the companies operate 
including the difficulties associated with their management. There is a number of technical publications where 
it is widely described a variety of methods and techniques that can be used on the way to a lean company. 
One of these techniques is also Value Stream Mapping (VSM). This paper presents an example  
of the use of VSM in a company that is the leader of steel producers and owns  
the largest metallurgical complex in the Czech Republic. VSM method was applied in the manufacturing 
process of seamless steel tubes. 

Keywords: Management, Value Stream, Productivity, Competitiveness, Practice 

1. INTRODUCTION 

The implementation of methods of lean production means to carry out only those activities that are necessary 
and do them right at the first time with minimizing of the time and especially financial losses. Required 
investigation can be counterproductive if it does not comply with the close links between product development, 
preparation of technical production, logistics and not least with the administration  
of the company. Rother Mike, the author and promoter of the value stream management, describes  
the notion of investigation (minimizing costs) or lean manufacturing. He says: "Lean manufacturing is  
a paradigm and the way of thinking about production. It's a philosophy that reduces the elapsed time by 
eliminating the waste to be shipped high quality products at low coston time. " 

Relatively large and stable interest from businessesis reflected especiallyin the areas of modernization 
of system management, development of new products, restructuring of processes and cost reduction. 
It is evidenced by regular surveys conducted by EY (formerly Ernst & Young) in the Czech Republic. [1]  
The business interest in solutions of given problems can also be traced in connection with the topics  
of processed of final bachelor's and master's theses of university students in recent years. Topics 
appearrepeatedly from the areas of rationalization, modernization, innovation, cost reduction, logistics, supply, 
maintenance, management processes and systems, including the management of projects with  
an impact on achieving high quality in all directions and not only in manufacturing but also in providing services. 

The notion of lean production has been associated with Toyota's production system which developed it after 
World War II known as the Toyota Production System (TPS). Lean manufacturing or lean enterprise uses  
of many techniques, tools and methods such as 5S, Kaizen, Kanban, Total Productive Maintenance (TPM) 
etc. for its functioning. One of these methods is Value Stream Mapping (VSM) and depending on it Value 
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Stream Design (VSD). The advantage of these tools is that they can be used in any field of business 
in principle as the manufacture of automobiles as well as in mechanical or metallurgical production. 

The scientific aim of the solved problems can be seen especially in the verification of methodology of VSM and 
VSD for flow control values and improving of the performance of organizations engaged in metallurgical 
production. Proposals may also serve as an input for dynamic process simulation. 

This paper presents an example of the use of VSM in a company that is the leader of steel producers 
and owns the largest metallurgical complex in the Czech Republic. VSM method was applied  
in the manufacturing process of seamless steel tubes. 

“Company profile: production activities of the company are focusing mainly on production and processing  
of hot metal and steel and rolled products production. The largest share of rolled products is represented  
by long and flat rolled products. Mechanical engineering production is focusing mainly on production of mine 
supports and crash barriers. Maintenance and servicing activities are ensured mostly by internal service plants 
[2].” 

2. METHODOLOGICAL BASE - Value Stream Mapping (VSM) , Value Stream Design (VSD) 

As already mentioned in the introduction, the methodological tools base used in the article, was built  
on the experience of the production system of Toyota. The concept of lean manufacturing has gradually 
become a phenomenon, which is being confirmed by a number of authors engaged in these problems  
in different areas of manufacturing processes on a different level of detail. [3, 4]  

2.1. Value Stream Mapping (VSM) 

Value Stream Mapping (VSM) consists of all the processes leading to the creation of the final product of your 
customer. The activity or activities involving the transformation of inputs into outputs can be considered  
as the process. There are also variants where the output from one process is input to another following 
process. Individual processes contribute to the creation of value of the production of a greater or lesser extent 
or it even not contributes at all. The effort of businesses is focused on implementing only those activities that 
add value to production and eliminate any wastage. 

VSM can help us to identify and quantify the waste in the process, to eliminate hidden costs which  
do not add any customer value and to shorten the lead time process in a graphical representation of all key 
of streams and metrics in the process. It is based on the analysis of the current state of the production 
processduring mapping. The result of value stream mapping is a clear graphical representation, determination 
of order lead time and so called Value Added Time Index (VA Index). VA index expresses  
the ratio of times that add value to the times that do not. The implementation of measures can be proposed  
in reaction to the detection of incidence of shortcomings. Those measures will lead to more efficient flow  
of values that can be represented in a new graphic expression of Value Stream Design (VSD). Value Stream 
Mapping can be considered as a suitable technique leading to continual improvement of processes, which  
is one of the fundamental principles of quality management system. VSM is a technique that can be used  
in any value chaini.e. in the analysis of production but also non-production processes, especially  
for repeated rhythmic production. [5] 

2.2. Value Stream Design (VSD) 

Value Stream Design - it is based on the design and evaluation which come from pre-built Value Stream 
Mapping during compiling this chart. In most cases there are the information flows changed minimallyin VSD. 
Different methods are used to production flow improvement, e.g. One Piece Flow, Kaizen, Kanban, FIFO, 
SMED etc. The process of creating VSD is similar to the VSM. At first, the information flows are shown (supplier 
- manufacturer - customer), which are the same in both diagrams in the key points.  
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Then the drawing of the form of transport of the material from supplier to manufacturer followed. Another part 
is compilation of a complete manufacturing process, which includes all proposed measures, which were 
discovered in VSM and determination of the product shipping to the customer. The last part is the timeline 
based on which the main variables of VSD are calculated, i.e. Average time of production  
and VA index. Improving of these factors is considered as a success by the management. Usually, these 
indicators will significantly reduce Average time Production and raise VA index. After the final processing is 
the complete VSD diagram forwarded for review and evaluation to personnel of management. If there are  
not any erroneous measures, VSD can be implemented into production. 

2.3. Methodological process of Value Stream Mapping  (VSM) and Value Stream Design (VSD) 
creation 

It was proceeded according to the following steps during the Value Stream Mapping (VSM) and Value Stream 
Design (VSD): 

• to prepare the necessary forms, diagrams and templates, including symbols and marks for creating the 
maps (see Fig. 1 ), 

 

Fig. 1 Symbols of Value Stream Mapping (VSM) and Value Stream Design (VSD) [6] 

• to determine the type of representative, 

• to write the flow of processes - to identify the main processes and customers and to place themin the 
map of the specific order, 

• to place the flow of materials (including the suppliers) into the map after their mapping (to find out how 
often and in what quantity come the materials and semi-finished products into the company, to identify 
and to record supply of the given workplace),  

• to map the information flow between activities and its subsequent writing in the map, 

• to gather the data of the whole production process, such as: the number of operators, type of process, 
C/T (Cycle Time), C/O (Change Over Time), the time of handling, the time fund of workplace, the number 
of product variants, shifts, the size of batch, machine utilization, etc. Every company writes only the 
information it considers relevant in its maps, 

• finally, it is appropriate to submit created VSM to ongoing review by independent workers familiar with 
the operation and then to correct all detected deficiencies, 
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• compiling the VSD diagram is based on VSM diagram. Initially   the information flow is displayed, then 
the mode of transport of material from the supplier to the company is drawn and then the complete 
production process is compiled, which however contains the changes proposed in the VSM diagram. 
The process is followed by determination of shipping the products to customers and setting the overall 
timeline, 

• finally, it is appropriate to submit created VSD to ongoing review by independent workers familiar with 
the operation and then to implement the proposal into production. [7, 8] 

3. THE CASE STUDY OF USE OF VSM AND VSD IN PRACTICE  

Practical use of VSM and VSD will be described in the following lines based on an analysis of the current 
status relating to the preparation and cutting of billets material in the company and identification  
of any issue, which slows the process considerably. VSM and VSD is focused on mapping of the value stream 
in the hall called "Billet preparation" and it is aimed at employees who work on the machines in this hall. Those 
machines cut and transport billets to the grates of furnaces. The paper presents only summary results prepared 
on the base of a large number of observations and analysis (processes themselves, technology, used 
equipment, information and material flows, production times, etc.) in the company. Detailed analysis is a part 
of the work that has been processed in this area. 

Description of information flow 

Information flow begins with the initial document called the Order and issued by the Steel Plant  
or by the external customer. The Schedule of billets supply is subsequently developed based on the order  
for the specific period. In this case, billet of 210 mm diameter was elected, because this one came out  
as the most producing (production volume is ca. 180 kilotons per year) compared with other production 
volumes of diameters of individual billets. Planning department of the company manage the entire flow  
of information relating to the production of billets and pipes. It is a planning and management of wagons moving 
to the "Transverse Hall" and out. The Master of “Transverse Hall" plans the preparation of billets  
for every month in advance according to a document issued by the planning department called "Campaign" 
(this is the time of the products of one dimension or of finishing diameter of pipes). The information flow  
in the "Billet preparation" Hall is oriented by the VAX/IBM computer software and both of cutting equipment 
are equipped with this system in this hall (the saw Lisinger and flame cutting line Messer). The information  
of the weighed wagons and cutting of billets, storage of cut and uncut of entire billets are sent directly  
to the original software. This information come directly from the plan of pipes production and workers  
of cutting equipment must cut the billets to a specified length to the pipes required by the customer can be 
rolled. Planning department and master of "Billet preparation" Hall decide about the capacity of material  
for cutting equipment. 

Description of material flow 

The casted billets in Steel Plant (area AMO a.s.) are transported to the dock of billets (area AMTPO a.s.)  
on the railway wagons. The billets are stored at this place and getting cold until the contract of their cutting  
in the "Billet preparation "Hall is scheduled. The billets are transported by cranes to the grates of cutting lines 
(Lisinger and Messer) or they are transferred into the individual storage located within the building.  
The billets are sent to grates of lines after the cutting process on basic lengths and then they are inserted into 
the carousel furnaces or into the storage (transport of billets is shown in Fig. 2 ). 
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Fig. 2 Transport of billets in AMO a.s. and AMTPO a.s. areas 

The "Billet preparation" Hall is divided into a northern part (preparation of material for production of seam-
welded pipes), the middle part (the saw Lisinger and the flame cutting line Messer are located here)  
and the southern part (the warehouses of cutting billets are occupied this part). Packages of billets are 
delivered from the dock and unloaded at warehouses in the area of the "Billet preparation" Hall or they are 
exported to 9 outdoor sectors around the area of AMTPO a.s. using the train service. 

The foreman makes the inventory of the wagon into the inventory book after every change of wagons  
(he does the measurement of billets length, he checks their markings and the record of transport with the real 
physical state) and finally he uploads all the data into the VAX/IBM system. Workers put the billets  
on the grates or into the warehouses within the building using overhead cranes. The saw Lisinger operator  
or flame cutting line Messer operator cuts the billets, but first he does the check of quality, smelting, etc. with 
the data in the system VAX/IBM. A worker, who sorts and stores cut billets, marks the forehead of billets and 
he exports billets using the crane and sends them to the grate of lines or into the dedicated warehouse. 
A worker must check the movement of the billets again and uploads the data into the VAX/IBM system. 
The storing of billets is controlled by fundamental rule, which is: to preserve the coherence  
of the smelting. The entry of every manipulation must be recorded in the control VAX/IBM system. Graphic 
representation of material flow is shown in Fig. 3 and Fig. 4  using a Sankey diagram. 

 

Fig. 3 Sankey diagram for determination of the distances and the necessity of material flow  
in the "Billet preparation" Hall 
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Fig. 4 Sankey diagram for transport of material in the „Billet preparation“ Hall 

4. CONCLUSION 

Fig. 5 shows the VSM diagram. Proposals for the creation of VSD diagram are marked red. VSD diagram is 
shown in Fig. 6. VSD diagram (see Fig. 6 ) shows following improvements that will save not only area and time 
but finances as well: 

• the total length of the line (which is travelled by wagons with billets produced in Steel Plant)  
is 7 430 meters from the dock to the "Billet preparation" Hall, so dock located next to the hall was set 
up. This dock has sufficient capacity to accommodate all required capacity of billets. More than 7 km is 
saved, 

• finished i.e. cut billets are stored in outdoor warehouses around the hall, and then they are 
imported back to be inserted into the carousel furnaces. The proposal is to increase the capacity  
of internal storage, which is real, because there are empty places in that area for example warehouses 
space for the welding shop. This would cancel the position of worker, who imports  
and transports cut billets. Moreover the outdoor warehouses space was spared and the workload  
of cranes would also be reduced, 

• another improvement is the cancellation of internal storage of uncut billets, because it would  
be directly imported according to the plan from the dock (which is currently located next to the hall 
according to the proposal) to the cutting device. This would cancel the position of employee who keeps 
of storage uncut billets inside the hall, it would be spared the storage space inside the hall  
and once again the workload of cranes would be reduced, 

• the above diagrams show a range of further improvements for example the purchase  
of new machines, which would reduce the lead Average time of production and thus would increase the 
VA index. Another suggestion would be construction treatment, which would accelerate  
the transport of uncut billets from the warehouses into the "Billet preparation" Hall to the cutting 
equipment and then to the insertion into the carousel furnaces, etc. All these proposals are realistic and 
can be implemented, which was confirmed by employees of middle-management  
of the company. [9]  

Case study was focused on the production of seamless pipes. It was proved that using of VSM and VSD 
diagrams might improve the functioning of the processes and thereby contribute to the better functioning  
of the entire system. The solution demonstrated that the tools can be actually successfully used in other areas 
than just the automotive industry and mechanical engineering. These tools can be used in the steel industry 
in other processes too, eg. rolling of sheet, heat treatment, etc. The problem may be a static display of the 
process in VSM and VSD diagrams that can be solved using dynamic simulations. 
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Fig. 5 Value Stream Mapping (VSM) in "Billet preparation" Hall 
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The senior management of each organization has the right to choose strategy and tactics, which will  
be implemented in the operation of company. If the organization wants to be permanently successful in their 
field, one must try to not only keep up with competitors, but, if possible, be a step ahead of them. Therefore  
it is important to know your weaknesses and potential external threats and to know your competitors,  
but your partners as well. If it is possible to apply the principle of learning from the others, the better, through 
the use of best practices, we can avoid a series of mistakes but we can easier, faster and more effectively 
improve own performance. 

 

 
Fig. 6 Value Stream Design (VSD) in "Billet preparation" Hall 

REFERENCES 

[1] ERNST & YOUNG Průzkum řízení projektů v ČR a SR 2013 [online]. web 2005-2006  ABZ.cz, [cited 2. 2. 2015]. 
Available from: 
http://www.ey.com/Publication/vwLUAssets/Průzkum_řízení_2013/$FILE/EY_Pruzkum%20rizeni% 

[2] 20projektu%20v%20CR%20a%20SR%202013.pdf. 

[3] Arcelor Mittal Ostrava a.s. Profil společnosti AMO [online]. web 2014, [cited 15. 3. 2015]. Available from: 
http://ostrava.arcelormittal.com/o-spolecnosti/profil-spolecnosti.aspx. 

[4] MASCITELLI R. Lean Product Development Guidebook - Everything Your Design Team Needs to Improve 
Efficiency and Slash Time-to-Market [online]. Technology Perspectives, 2007, [cited 22. 3. 2015]. Online version 
available from: http://app.knovel.com/hotlink/toc/id:kpLPDGEYDN/lean-product-development/lean-product-
development. 

[5] LIKER J. K. The Toyota Way: 14 Management Principles from the World's Greatest Manufacturer. McGraw-Hill, 
2004. 



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

2064 

[6] Mapovanie toku hodnoty (VSM). Stihle myslenie [online]. 2011 [cited 2015-02-11]. Available from: 
http://www.stihlemyslenie.sk/sk/stihle-nastroje/3/mapovanie-toku-hodnoty-vsm.html?all=1.  

[7] SERVODATA a.s. MICROSOFT VISIO PREMIUM 2010 [software]. 2010. [cited 17. 8. 2012]. 

[8] KOŠTURIAK J., FROLÍK Z. a kol. Štíhlý a inovativní podnik. Praha: Alfa Publishing, s.r.o., 2006. 

[9] TAPPING D., LUYSTER T., SHUKER T. Value stream management: eight steps to planning, mapping,  
and sustaining lean improvements. New York: Productivity Press, 2002. 

[10] JUŘÍČEK M. The Optimization of the Input Material Flow for Seamless Tube Mill Lines AMTPO. Diploma thesis. 
Ostrava: VSB - Technical university of Ostrava, 2015.  

  



Jun 3rd -  5th 2015, Brno, Czech Republic, EU 

 

 

2065 

APPROACH OF CZECH METALLURGICAL ENTERPRISES TO HUMA N RESOURCE 
PLANNING 

SAMOLEJOVÁ Andrea, LAMPA Martin, DLUGOŠ Ivan 

VSB - Technical University of Ostrava, Ostrava, Czech Republic, EU, 
 andrea.samolejova@vsb.cz, martin.lampa@vsb.cz, ivan.dlugos@vsb.cz  

Abstract  

The article deals with outputs from a survey conducted among Czech metallurgical and cooperating 
enterprises in 2014 on the labor turnover rate and human resource planning. Responses to questions showed 
both underestimation and, on the other hand, sophisticated systematic approaches taken towards the creation 
and monitoring of human resource plans, which other companies can learn from. 

Keywords:  Human resources, planning, demand-forecasting methods 

1. INTRODUCTION  

The ever-increasing dynamics of political and economic changes acting as major external factors lead (to the 
dislike of many companies, both in the Czech Republic and abroad) to medium and especially long-term 
planning instruments of human resources. However, most enterprises are well aware that planning is and 
always will be a fundamental managerial function and due to that fact that, human resources are considered 
a major source of competitiveness. Therefore, having a human resource plan in place and attracting the right 
people is a fundamental managerial activity of any enterprise. The extent and direction of human resource 
management plans always depends on the specifics of each enterprise, including the type of the required 
workforce, its availability, industry dynamics and the related changes in technology. [1] For example, the 
metallurgical industry was greatly affected by the recent global economic depression and since then it tends 
to resolve fluctuations in sales through agency employees. The article authors conducted a survey in 2014 
among Moravian metallurgical and cooperating companies, the aim of which was to find out what attention 
these enterprises paid to the movement and planning of their workforce. This article aims to introduce outputs 
of the investigation and to draw recommendations from the responses that can be used by other companies.   

2. HUMAN RESOURCE PLANNING 

According to Armstrong [2], human resource planning combines three basic activities: hiring the right number 
of people with satisfactory skills, appropriately motivating them to perform and creating links between corporate 
goals and planning. It deals with ensuring that the enterprise has the required number of employees at the 
right time at a reasonable cost, with the required knowledge, skills and experiences. It is a systematic, 
continuous search for harmony between objectives, vision and strategy of the enterprise and the reality of the 
labor market. [3] 

Human resource planning is a process that is based on the identification (forecasting) and comparing of current 
and future human resource needs. An important part of HR planning is the optimal deployment of staff in 
internal departments and for individual jobs. Human resource planning strategies traditionally include 
strategies concerning the recruitment, selection, retention, training and motivation of employees, as well as 
inspection tools and the management of employee absence and turnover rate. 

The aim of planning should be finding and choosing the right people. But even properly selected employees 
must be educated, trained and developed over the course of time according to the specifications and the 
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current needs of the enterprise, and at the same time they shall be motivated, because only motivated 
employees deliver maximum and high quality performance. [2] 

HR planning, as well as other business activities are affected - to varying degrees - by external and internal 
factors. 

Internal factors include: 

• The necessity to outsource some processes - which means that some employees will be released soon. 

• A high fluctuation rate - which often indicates something must be changed in both HRM and related 
plans. 

• The need for new company methods and technologies for implementing work and production - this 
requires revised plans for training and developing current workers or a plan for recruiting new workers. 

• New skills - as mentioned, they also can be needed as a result of the previous factor. Or businesses 
can look to move into new foreign markets - this would mean planning languages lessons and other 
forms of employee education. More distribution staff may be needed if the business grows and plans 
must also consider this fact.  

• Employee aging - knowing the age structure can help managers plan for the future and also ensures 
that the company can fulfil any legislation requirements. 

• Workforce profiles - the company needs to update them so that managers can view and monitor the 
types of employees who work for the business. They usually describe details such as employee 
qualifications, age, gender, ethnicity and study availability. [4]  

External human resource planning factors influence the business from outside its direct control and include: 

• Government policies and legislation - ruling parties differ in the approaches they take towards the labor 
force and each option may have a significant impact on labor-legal standards. 

• Labor market competition - As a business plans its workforce needs for the future, so do other 
businesses within the same industry. There may not be enough skilled employees for each business, 
so the company may need to offer more money to attract the right staff; however, it needs to properly 
manage its funds in order to make a profit. 

• The changing nature of work - Trends such as flexible working hours, working from home, part-time jobs 
and a healthier working environment are now common for the workplace.  

• The supply of labor - What are the trends within the area the business is operating? Are there any 
particular trends in that area?  

• Labor costs - The cost of labor, as a percentage of the other costs within a business, will depend on 
whether the business is capital or labor intensive, as well as the extent to which the skills needed by 
that organization are available and accessible.  

• The impact of automation - This addresses the changes in technology over time and how this affects 
organizations - such as the internet and email, no need for phone operators, customers entering their 
own details into an online database.[5] 

• The demand for products and services - A business may have to alter or change its HR requirements 
or staff levels based on the natural changes that occur in the demand for goods or services.[6]  

3. SURVEY AMONG ENTERPRISES 

3.1 Survey methodology  

In the period from September to November 2014, the authors sent questionnaires to contact representatives 
in the HR departments of 11 Czech metallurgical enterprises. The questionnaire consisted of 17 questions; 
the first two identified the company and the number and structure of employees, four questions inquired about 
the company’s labor turnover rate, five questions were dedicated to the specifically-used staffing plans and 
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methods and other questions were directed at monitoring the external and internal factors of human resource 
planning. Following telephone and email consultations, 100% of the questionnaires that were sent out were. 

3.2 Inquiry outputs 

Seven enterprises that participated in the survey employ 200-600 employees each (hereinafter referred to as 
medium enterprises) and 4 enterprises employ more than 1,000 employees each. Inquiries regarding the labor 
turnover indicated that all enterprises monitored its level. Two medium-sized enterprises reported a labor 
turnover of below 1 %, 6 enterprises reported a labor turnover level of 4-10 % and 3 enterprises had a turnover 
level higher than 10 %, while the other two levels of labor turnover applied to both enterprise sizes. Only one 
company reported a slightly increasing labor turnover level, while others reported stable or even declining labor 
turnover levels. Enterprises in which the annual labor turnover did not even reach one per cent did not monitor 
their individual components; other enterprises monitored the individual components. 

In all enterprises, the employees (mostly heads) of HR departments are responsible for preparing the staffing 
plan and are responsible for collecting all data from other departments within the enterprise. 

All enterprises generate plans regarding needs of recruitment for new employees, employee compensation 
plans and employee training plans. At the same time, eight companies create succession plans for 
managerial/specialized positions and five enterprises also create plans for the career growth of their 
employees, retirement plans and employee layoffs, plans of caring for workers, occupational safety plans and 
plans concerning daily tasks and staff scheduling.  

For the longest periods, succession plans for managerial/specialized positions are prepared for periods longer 
than one year. Most of the remaining plans are defined for a period of 6-12 months. 

Medium-sized enterprises use rather intuitive methods in order to estimate their labor needs, whereas larger 
enterprises take into account their high number of employees and they use quantitative methods that typically 
reflects the respective company’s production plan. 

Regarding the assignment of the significance of external factors on human resource planning, the highest 
average ratings (on a scale of 1-10, with 10 being of the highest significance) were reported with the following 
factors: legislation (8.8), the qualification levels of labor in the labor market (8) and the HR policy of competitors 
(7). Lower values of significance (4-6) were reported with regard to Czech and EU policies, unemployment, 
infrastructure in the area around the enterprise and the inflation rate. Two enterprises did not differentiate 
between individual factors and assigned the same significance to them. 

As for internal factors, the enterprises rated corporate finance (9.6), professional qualification of employees 
(8.6) and labor turnover (7.6) as the most important ones. On the other hand Corporate Social Responsibility 
(4.8) and corporate culture (5.8) were rated the least important.  

3.3 Evaluation of outcomes of the questionnaire and  recommendations 

The survey conducted among the selected companies indicated mostly positive (but also some negative) 
information about their approach towards monitoring and human resource planning. The positive and inspiring 
outputs include: 
1) All enterprises monitor their labor turnover rate. 
2) More than half of the enterprises achieved a labor turnover rate between 4 and 10%, which is the 

recommended, healthy labor turnover rate. 
3) All of the survey’s enterprises create basic human resource management plans: plans concerning the 

need for recruitment of new employees, employee compensation plans and plans providing for the 
education of employees; two-thirds of the enterprises prepare succession plans for 
managerial/specialized positions. 
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4) Most of the enterprises monitor their human resource planning and take into account external factors in 
human resource planning, namely legislation and the qualification structure of the labor market. In 
particular, professional qualification is the weakest point in the metallurgical industry; therefore, the 
recognition of this external factor by eight enterprises is very responsible and encouraging for the 
industry. 

On the other hand, with some of the other outputs of the survey, the following recommendations can be made: 
1) In one-third of enterprises, the labor turnover rate exceeds the 10% threshold. In spite of the fact that 

this is quite common in Czech enterprises, it is important to realize that the high labor turnover in addition 
to increased costs of recruiting a new employee also mean an increase in the costs for the acquisition, 
adaptation period and training of new employees. 

2) Just over one-half of the enterprises prepare career growth plans, which is due to a lack of qualified, 
specialized metallurgical positions; this is not a good strategy and these plans should be included in 
their planning activities. An employee who is a part of a career promotion plan is more motivated, trained 
and above all loyal to his/her employer. This usually concerns key employees whose loss would be hard 
for the enterprise; finding a reasonable replacement would surely be very costly. 

3) In medium-sized enterprises, intuitive methods to estimate workforce needs predominate. These 
methods are acceptable in small businesses, but in cities and locations where it is necessary to plan 
hundreds of jobs, it is more efficient to use quantitative planning methods that are based on corporate 
empirical data. 

4) Most enterprises still underestimate the importance of corporate culture and corporate social 
responsibility, which is reflected in less than half the number of companies that have plans regarding 
caring for their employees.  

4. CONCLUSION 

Effective human resource management is based on careful planning, organizing, managing and monitoring 
human resources. Planning is the starting point for other managerial functions. Ignoring any part of the long-
term strategies is big mistake. [7] This may result, among other things, in creating dissatisfied key employees 
who will leave as a result of the absence of career growth plans or employee deployment plans. If these 
employees leave, it is very difficult for enterprises and it takes them a long time to find a suitable replacement. 
All enterprises must pay attention to the labor turnover rate of their employees and its components, because 
it is an indicator of employee satisfaction and is an important basis for many staffing plans. Czech metallurgical 
enterprises have long been struggling with a shortage of skilled labor, and therefore should not underestimate 
planning for the education of their employees, career development and succession for key specialist or 
managerial positions. Only systematically planned and implemented training, motivation and corporate care 
can help employers to achieve stabilization and develop key state enterprise employees. Most of the surveyed 
enterprises pay due attention to staffing plans, nevertheless the authors emphasize those occasional deficient 
areas that can be used as a source of learning for these enterprises, which can then integrate them into their 
future management strategies. 
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Abstract 

An increased competition and customer expectations according offered products lead to the conclusion that it 
is essential to measure and assess very carefully business activity. This need is observed especially in 
metallurgical sector, where production is more and more often made in make-to-order systems. As research 
indicated, there are many differences in management of make-to-order systems. It is especially important 
when an increased number of make-to-order systems is observed. 

In the paper the proposition of the system of Key Performance Indicators to assess enterprises belonging to 
metallurgical sector is presented. The proposed solution leads to improve efficiency of the main strategic 
objectives realization and helps to significantly improve monitoring and control of strategy realization in 
enterprises of metallurgical sector.  

Keywords:  Key Performance Indicators (KPI’s), metallurgical production, make-to-order system 

1. INTRODUCTION 

Nowadays enterprises operate in highly turbulent and variable market conditions. One of the most important 
task of contemporary enterprise is a continuous search for opportunities to gain a competitive advantage in 
the market and rapidly response to them. This requires a complete change of priorities in the management of 
modern enterprise.  

Strong competition in the market and the need to constantly seek competitive advantages is forcing companies 
to manufacture products in accordance with the individual needs and requirements of customers. 
Organizations are moving away from standardization in favour of diversity and flexibility [8], [9]. Standard 
production of identical products is being replaced by the production of short and medium-sized series of 
products made to individual customer orders which requires use new method of production planning [14]. The 
life cycle of products and technology is now radically reduced. The risk of economic activity increases [1]. A 
need of sustainable development is highlighted [5]. 

In metallurgical sector a rapid development of small and medium enterprises (SME’s) manufacturing their 
products in the make-to-order sector (MTO), which form a long supply chains are observed. Make-to-order 
production means the production of bespoke and customized products to particular customer specifications 
but not repeated on a regular basis or in a predictable manner [3]. 

Constantly improving information technologies allow quick, easy and affordable access to information and 
knowledge resources, which has not only significantly increased the pace of technological changes, but has 
also become the basis for increased efficiency and productivity [4]. The most significant changes in company 
management include [7]: 

• departure from the strategy for growth in favour of a strategy of increasing value for shareholders, 

• changing the orientation of the product to focus on the customer and his needs, 

• replacement of measures based on earnings with measures of value added and cash flows, 

• departure from the ratio of market share to shares in migration values. 
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Enterprises need implementation and improvement of innovative management systems. Comprehensive 
measurement and assessment of enterprise activity play a significant role in these conditions. 

Companies involved in make-to-order manufacturing are designed not only to fulfil production orders according 
to customer requirements, but also to take care of their own development. To stay in business, they must be 
flexible and able to quickly identify and respond to emerging opportunities and threats, which mean frequent 
change of strategy [13]. 

An increased competition and customer expectations according offered products lead to the conclusion that it 
is essential to measure and assess very carefully business activity. This need is observed especially in 
metallurgical production, where the most part of production is made in make-to-order systems. As the result 
of research indicated, there are many differences in management of make-to-order systems. It is especially 
important when an increased number of enterprises which are make-to-order system is observed [13]. 

In the paper the proposition of Key Performance Indicators to assess enterprises which use metallurgical 
production is presented. The proposed solution leads to improve efficiency of the main strategic objectives 
realization and helps to significantly improve monitoring and control of strategy realization.  

2. SPECIFICITY OF A METALLURGICAL INDUSTRY SECTOR 

The metallurgical industry is closely linked with the condition of the main sectors of production such as: 
automotive, mechanical engineering, shipbuilding and aviation. Despite the restructuring process aimed at 
reducing costs and improving labour productivity and significant innovation in the development of new 
applications industry position is weakened in global competition. The competitiveness of the sector has been 
declining to a significant increase in gas and energy prices. The production process in the metallurgical industry 
is very energy consuming and energy falls generally from 10 to 37% of the cost of production. Metallurgical 
industry as a major source of CO2 emissions is also burdened with the high cost of ecology [12], [16]. An 
efficient use of all input raw materials naturally affects the cost aspects of metallurgical production. [17]   

Extremely important for this sector is the issue of access to non-energy minerals, which is heavily dependent 
on imports of ores and concentrates from third countries. This dependency is however reduced due to recycling 
by reducing energy consumption. The use of scrap has increased significantly and still responsible for 40 to 
60% of the metal in the EU. Economic development in many emerging markets, however, increase demand 
and contribute to higher prices of metals and metallurgical products and to unprecedented pressure on prices 
and supply of raw materials [16]. 

Economic Policy of the European Union and the situation in the global market causes that [16]: 

• small and medium-sized enterprises (SMEs) are developed which means enterprises with fewer than 
250 employees whose turnover or balance sheet total does not exceed, respectively, of the ceilings of 
EUR 50 million or EUR 43 million (Recommendation 2003/361 / EC); 

• competitiveness is increased, which means the capacity of enterprises to quickly adapt to change, 
exploit their innovation potential and develop high-quality products and leads to a need of higher 
enterprise flexibility; 

• innovation is developed and manifested the renewal and extension of the range of products and 
services, implementation of new methods of design, production, and distribution of  supply chains, 
changes in the management and organization of enterprise and work conditions of skilled workers; 

• the eco-efficiency and eco-innovation is developed, which means any form of innovation aiming at 
achieving the objectives of sustainable development with respect for the environment by reducing the 
impact on the environment or more efficient and more responsible use of natural resources, especially 
energy [2].  
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Therefore, it is a need to monitor and control the realization of main aspects of strategy in enterprises. For this 
reason it is strong pressure to implement solutions which help measure the level of the realization of significant 
strategic objectives and lead to the sustainable development [10, 18]. 

A critical literature analysis, conducted research and observation in metallurgical enterprises allows the 
following significant strategic objectives in enterprises of the metallurgical sector connected with main aspects 
of strategy, which should be monitored and controlled, to be identified: 

a) energy saving;  

b) customer satisfaction increasing; 

c) flexibility developing [8]; 

d) efficiency increasing [11], [15]; 

e) shortening costs connected with ecology [2]. 

3. IMPLEMENTATION OF KEY PERFORMANCE INDICATORS TO ASSESS AN ENTERPRISE OF 
METALLURGICAL SECTOR 

To prosper and survival on the global market enterprises have to quickly introduce and realize often changed 
strategy. The efficient implementation strategy is possible when the realization of strategy is continuously 
monitored and controlled. There is needed a measurement system which allows a level of achievement of 
significant strategic objectives to be checked and analyzed [13]. Very helpful seems to be the Balanced 
Scorecard approach (BSC). BSC is used mainly for supporting the strategy for the development and growth 
of enterprises, but is also used in the process of improvement and development restructuring. BSC can be 
used to gain competitive advantage, increase the company's market value and monitor performance of 
intangible goodwill and communication strategies to improve the system in the organization. The management 
strategy based on the concept of the BSC has many advantages. The most significant are [6]: 

• focus on enterprise-wide implementation of the strategy; 

• collection of many seemingly disparate elements of a company’s competitive agenda into a single report; 

• a holistic approach to performance measures; 

• only a limited number of measures or performance indicators need to be checked at any one time; 

• serves as a bridge between different fields - financial and non-financial; 

• flexibility and adaptability to fit to each specific enterprise; 

• the systematic translation of strategy into operational activities; 

• strong focus on customer and market; 

• mobilizing companies to change through clear leadership management; 

• motivation to change the behaviour of employees - strategy becomes their daily work; 

• the creation of an ongoing process of improvement strategies; 

• improving the management of information in an enterprise. 

In proposed solution using Key Performance Indicators to manage of the main aspects of strategy is proposed. 
Therefore, the system of Key Performance Indicators for the highlighted areas in point 2., is designed, which 
helps to monitor and control the main aspects of strategy realization. This system is dedicated for make-to-
order systems of small and medium enterprises of metallurgical sector (Tables 1 - 5  for each area).   
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Table 1  The proposition of Key Performance Indicator system for enterprise of metallurgical sector for the  
   area energy saving 

Criterion Strategic objective Key Performance Indic ator 

Energy saving Reduction of energy consumption KPI1 - electricity consumption 

KPI2 - fuel consumption 

KPI3 - gas consumption 

KPI4 - amount of expenditure for energy 
saving machines per unit of time 

KPI5 - amount of expenditure for energy 
saving solutions per unit of time 

Table 2  The proposition of Key Performance Indicator system for enterprise of metallurgical sector for the  
   area customer satisfaction (make-to-order systems) 

Criterion Strategic objective Key Performance Indic ator 

Manufacture products according to 
customer requirements, specified 
in the order 

Reduction of incompatibilities 
with customer requirements 

KPI6 - percentage of products manufactured 
correctly due to customer requirements  

KPI7 - percentage of measured products  

Short time of order realization Shorten time of order 
realization 

KPI8 - percentage of time of order preparation 
to manufacture and expectations  

Reliable planning deadline for 
completion 

Improvement of reliable due 
date 

KPI9 - percentage of orders with the same 
planned and actual due date  

Reliable estimation of the order 
cost 

Improvement of reliable cost 
estimation 

KPI10 - percentage of orders with the same 
planned and actual cost  

Short answer to the question about 
the possibility of customer inquiry 
and terms of order  

Shorten duration of decision-
making process  

 

KPI11 - percentage of planning time of an 
order 

Table 3  The proposition of Key Performance Indicator system for enterprise of metallurgical sector for the  
   area enterprise flexibility 

Criterion Strategic objective Key Performance Indic ator 

Enterprise flexibility Increasing the ability to 
change the order of the 
processes 

KPI12 - percentage of orders for which an 
order can be changed 

Increasing the flexibility of 
employees 

KPI13 - percentage of employees who can 
operate more than one workstation 

Table 4  The proposition of Key Performance Indicator system for enterprise of metallurgical sector for the  
   area efficiency increasing 

Criterion Strategic objective Key Performance Indic ator 

Efficiency increasing Increase of efficiency KPI14 - profitability of products 

KPI15 - efficiency of processes 

KPI16 - efficiency of employees 

KPI17 - efficiency of machines 
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Table 5  The proposition of Key Performance Indicator system for enterprise of metallurgical sector for the  
   area costs connected with ecology 

Criterion Strategic objective Key Performance Indic ator 

Shorten costs 
connected with 
ecology 

Shorten costs connected with 
ecology 

KPI18 - cost of the introduction of gases or 
dust into the air  

KPI19 - cost of sewage into waters or land 

KPI20 - cost of waste storage  

KPI21 - amount of expenditure for machines 
and solutions which reduce gas emission per 
unit of time 

KPI22 - amount of expenditure for machines 
and solutions which reduce sewage per unit 
of time 

KPI23 - amount of expenditure for machines 
and solutions which use and/or reduce waste 
per unit of time 

4. CONCLUSION 

To prosper and survival on the market enterprises must quickly realize topic aspects of strategy. Such an 
approach require to identify the main areas which should be measured, monitored and controlled. The 
conducted research shows that are five following areas for metallurgical sector: energy saving, customer 
satisfaction increasing, flexibility developing, efficiency increasing and shortening costs connected with 
ecology. These areas can be measured using Key Performance Indicators. 

In the paper is presented a new and original system of Key Performance Indicators which allows a significant 
area of enterprise strategy to be monitored and controlled. This system consists of 23 Key Performance 
Indicators which measure a level of realization topic strategic objectives of metallurgical sector. It helps to 
monitor and control the main aspects of strategy realization in small and medium enterprises of make-to-order 
systems.  
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Abstract   

In every manufacturing company the maintenance of machinery and equipment is one of the most important 
components of the manufacturing process. Acquisition of machinery and equipment is a major investment for 
a company and the company expects it would return in the form of incomes. It is necessary to ensure both the 
functionality and the smooth and trouble-free operation of the acquired machine. Any defects that may occur 
in the plant bring about many complications, time delay and related costs. The stability of the production 
system thus depends on maintenance. The article deals with injection molding, analyzing the costs of 
maintenance and analysis of the causes of injection molds scrap.  

Keywords: Injection molding process, maintenance, defects, costs 

1. INTRODUCTION  

At present, plastic materials play an important part in the innovation of the products and equipment. The 
products previously manufactured of wood, metal or other materials are now made from plastic. The reasons 
for this development for example include the production of complex shapes, low weight, corrosion resistance 
and the desired appearance. And thanks to their properties plastics have their place in almost every industry 
sector.  

Nowadays a considerable amount of processing technologies exists in the market and the most widespread 
methods of processing plastics include injection. It is a complex thermo-mechanical process that is performed 
on the injection molding machine.  

2. PLASTIC INJECTION 

2.1. Basic principle of injection molding  

Injection molding is used to produce such products, which either have the nature of a final product and/or are 
the semi-finished products or parts for further completion of a separate unit. Injection molded products have 
very good shape and dimensional accuracy and high reproducibility of mechanical and physical properties. The 
injection molding technology is the most widely used technology for plastics processing; it is the discontinuous 
and cyclical process. Injection molding can be used for processing almost all types of thermoplastics. To a 
limited extent also some thermosets and rubbers are injected. [1] 

Injection molding is a method of forming plastic, wherein the dose of the processed material is injected from an 
auxiliary pressure chamber at high speed into a closed metal mild cavity, where it solidifies into the final 
product. The pressure chamber is a part of the injection molding machine and the supply of injected material 
in it continues to be replenished throughout the cycle. Benefits of the injection include the short cycle time, the 
ability to produce complex parts with good dimensional tolerances and a very good finish, but also structural 
flexibility, which allows for the elimination of surface finishing and assembly operations. The main drawbacks 
in comparison with other methods of processing of plastics include high investment costs, long time required 
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for the production of molds and the need to use equipment, which is disproportionately big in comparison with 
the produced work piece. [1] 

The injection procedure is as follows: a plastic in the form of granules is put into the hopper, from which it is 
taken by the working part of the injection molding machine (screw, piston), which transports the mass into the 
melting chamber, wherein the processes of friction and heating melt the plastic and the melt formed. The melt 
is then injected into the mild cavity and fills it completely. Consequently it assumes its shape. The pressure 
stage follows to reduce shrinkage and dimensional changes. The plastic transfers its heat to the mild and 
through the process of cooling in solidifies into he the final product. Then the mild is opened and the product 
is ejected; the whole cycle is repeated again and again. [1], [2] 

The injection cycle,  see Fig. 1 , consists of a sequence of precisely specified tasks. It is a non-isothermal 
process, during which the plastic passes through the temperature cycle. At the description of the injection cycle 
is necessary to clearly define its beginning. The moment corresponding to a pulse for closing the mild can be 
considered the beginning of the cycle time. [1] 

 

Fig. 1 Inject molding cycle [1] 

2.2. Injection molding machine 

The fully functional injection molding machine, see Fig. 2, with regularly performed maintenance, including 
cleaning the oil filling, is obviously a prerequisite for optimizing the injection molding process.  

 

Fig. 2 Inject molding machine [2] 
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In terms of results, i.e. the production of moldings with defined quality, the design of the used injection molding 
machine is not important. What matters, is the reproducibility of set manufacturing parameters, which is 
especially checked in automotive parts. For further work with the injection mild it is necessary - in addition to 
the reproducibility of parameters - to ensure proper selection of the machine with respect to the closing force 
and the capacity of the plastification unit. Last but not least, it is necessary to pay the utmost attention to the 
reverse closure on the plastification and the injection screw. [3] 

2.3. Injection mild 

An injection mild is a tool that is clamped to the injection molding machine. During the injection cycle it is filled 
with molten plastic. After cooling, the molding is made with the required shape and functional properties. The 
mild during its service life must resist high pressures, ensure the desired dimensions and quality of the molding, 
easy removal of the molding, easy operation and automatic operation, easy and quick production and high 
utilization of the processed plastic. [4]  

At the production of molds high quality steel tools are used, which are mostly thermally processed. A 
suitably chosen design of the mound may significantly affect the whole economy of the 
production. Currently there are lots of specialized companies in the market supplying standard parts of the 
injection mild to the market; these parts are consequently adjusted for the needs of a customer. These are 
mainly finishing operations done by machining (turning, milling, drilling, grinding, EDM machining, lapping 
etc.). Materials used for the production of the injection molds are selected according to the kind of the 
processed plastic, production technology, product shape (complexity, size), heat resistance, resistance 
against wear and tear, etc. [1], [4], [5] 

2.4. Adjustment and optimization of injection moldi ng process 

The main output in the production of thermoplastic molding is a part fulfilling all required qualitative and 
quantitative criteria. This condition can only be achieved with a stable production process. In case of 
thermoplastic injection the debugging means putting the injection mild into operation, which will produce 
moldings identical with customer requirements and the adjustment of the injection mild on the injection molding 
machine with the subsequent optimization of the injection molding process used to find the most favorable, 
respectively "perfect" conditions for the production of moldings with defined quality. After the optimization 
process only monitoring of the process parameters should theoretically occur during the production. 
Thermoplastic injection, however, is a very complex process influenced by many parameters (mild, injection 
molding machine operator - setting production parameters, injection material and other process conditions). 
[3] 

When commissioning a new injection mild defects may occur that cannot be removed by the variations of 
technological parameters. Usually these are design flaws or defects in the design and manufacturing defects 
of molds. Thus, the technicians responsible for the mound adjustment should know at least the basic 
description of the major design errors to be able to competently decide whether it is possible to correct the 
defect through changes and variations in production parameters or through repair and correction of the mild, 
possibly molding or the material from which the relevant part is to be manufactured. Individual parts of the 
molds have various functions, and therefore have specific requirements for the choice of material, from which 
they will be produced. Their selection and recommended series should correspond to the required function of 
the part with regard to wear and durability. [3], [6] 

3. INJECTION MOLDS MAINTENANCE EXPENSES 

The following data on the maintenance expenses of selected injection molds have been provided by the 
manufacturing company, which divides the expenses to the scheduled and unscheduled maintenance. The 
company uses its own maintenance staff and also services of external companies to carry out repairs. For the 
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maintenance expenses of the three selected injection molds, for 2013, see Table 1  and for 2014, see the 
Table 2 . 

Table 1 Maintenance expenses of the selected injection moulds   

Year 2013 Injection mild 1 Injection mild 2 Injection mild 3 

SCHEDULED MAINTENANCE 42,761.- 11,196.- 28,719.- 

- Wages and overhead costs of the maintenance 
staff 

42,671.- 11,196.- 28,719.- 

- Materials and services from external companies - - - 

UNSCHEDULED MAINTENANCE 435,634.- 28,653.- 9,249.- 

- Wages and overhead costs of the maintenance 
staff 

62,629.- 1,135.- 9,249.- 

- Materials and services from external companies 373,005.- 27,518.- - 

TOTAL MAINTENANCE EXPENSES 478,395.- 39,849.- 37,968.- 

In 2013, the company reported the total maintenance expenses for the maintenance of injection molds (300 
pieces) in the amount of CZK 29,021,915. 

Table 2 Maintenance expenses of the selected injection molds    

Year 2014 Injection mild 1 Injection mild 2 Injection mild 3 

SCHEDULED MAINTENANCE 116,308.- 1,292.- 18,890.- 

- Wages and overhead costs of the maintenance 
staff 

- 1,292.- 18,890.- 

- Materials and services from external companies 116,308.- - - 

UNSCHEDULED MAINTENANCE 410,691.- 2,745.- 11,464.- 

- Wages and overhead costs of the maintenance 
staff 

31,646.- 2,745.- 11,464.- 

- Materials and services from external companies 379,045.- - - 

TOTAL MAINTENANCE EXPENSES 526,999.- 4,037.- 30,354.- 

In 2014, the expenses of maintenance of all injection molds (294 pcs) amounted to CZK 32,273,357, which is 
an increase by 11.2 % on the year-to-year basis. These increased expenses were due to the faulty condition 
of injection molds. The highest costs of the maintenance of injection moulds seem to account for the 
unscheduled maintenance. These costs cannot be accurately determined, depending on the size and severity 
of a disorder. However, the good preventive maintenance can prevent these disorders. The period of the 
preventive maintenance of injection molds is determined by the number of strokes when it comes to opening 
and closing of the mild. The injection mild 1 has the prevention after 15,000 strokes, whereas injection molds 
2 and 3 after 30,000 strokes. The information on the number of strokes is recorded by the machine operator 
and entered in the book for each injection mild. Some information may be inaccurate and the result is either 
too early or too late execution of the preventive maintenance. The correct determination of the number of 
strokes affects the setting of the period of preventive maintenance and thus also the costs of preventive 
maintenance. It follows that it would be appropriate to introduce the RFID system (Radio Frequency 
Identification) in the production company, which records, stores and first of all provides real-time data.  
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4. SCRAP MOLDINGS FROM INJECTION MOLDS 

Own production of moldings is done by the injection technology on modern injection molding machines. The 
production of technical moldings is covered by the entire injection cycle (see Sec. 2.1). Scrap moldings may 
be caused by the injection mild, injection molding machine, machine operator, injected material or adjustment 
of the process parameters, see chap. 2.4. 

The following sections will analyze the causes of defects in moldings with selected injection molds. In the 
period from January to March 2014 defects of moldings on the injection molding machine were monitored and 
analyzed. The injection mild is not in the analyzed period installed permanently on the injection molding 
machine but is replaced with other molds according to customer needs. The production company has 
introduced three shift-working hours, thus ensuring the maximum utilization of the capacity of injection molding 
machines. Following injection molds were installed on the injection machine in the abovementioned period. On 
the injection mild 1 51,213 pieces of moldings were produced in 713 hours, including 4,600 defective pieces. 
On the injection mild 2 25,696 pieces of moldings were produced in 255 hours, including 2,430 defective 
pieces. On the injection mild 3 2,537 pieces of moldings were produced in 53 hours, including 236 defective 
pieces. For types of defects and the number of defective units, including the rationale, see the Table 3. 

Table 3 Number of defective moldings of the injection molds 1, 2 and 3 

Type of defect  Number of 
pieces  

VF 1 

Number of 
pieces  

VF 2 

Number of 
pieces  

VF 3 

Cause of the defect  

Silvering 695 48 44 mild maintenance 

Fatty 133 - - mild maintenance 

Machine start-up 2 037 446 106 machine start-up 

Weak injection 13 165 12 setting production parameters 

Shrinkage spots 72 - - setting production parameters 

Inclusions 904 - 4 mild maintenance 

Impurities 310 235 7 mild maintenance 

Scratched 98 7 6 machine operator 

Visual sample 50 2 - mild maintenance 

Additional matching 233 - 33 machine operator 

Faulty cutting 13 - 24 machine operator 

Fallen pieces 42 - - machine operator 

Burned - 29 - setting production parameters 

Scrambled mass - 1 498 - machine operator 

TOTAL 4 600 2 430 236 

Total scrap with the injection mild 1 approximately accounts for 9 % of the total production throughout the 
monitored period. Out of this, 4 % scrap accounts for the machines start-up, 4 % has been caused by the 
maintenance of injection molds, 0.17 % by wrong setting production parameters and 0.75 % by the machine 
operator. Total scrap with the injection mild 2 approximately accounts for 9.45 % of the total production 
throughout the monitored period. Out of this, 1.73 % scrap accounts for the machines start-up, 1.1 % has been 
caused by the maintenance of injection molds, 0.75 % by wrong setting production parameters and 5.86 % by 
the machine operator. Total scrap with the injection mild 3 approximately accounts for 9.3 % of the total 
production throughout the monitored period. Out of this, 4 % scrap accounts for the machines start-up, 2.17 % 
has been caused by the maintenance of injection molds, 0.47 % by wrong setting production parameters and 
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2.48 % by the machine operator. The highest number of defects is caused by the machine start-up, mainly due 
to the replacement of the injection mild, since the process conditions change (mild temperature, injection 
speed, injection pressure, etc.). The number of defective units is also dependent on the skills of the 
adjuster. Other defects are caused by the maintenance of injection moulds (formation of inclusions, impurities, 
silvering, fatty pieces, etc.), setting the parameters of production and poor machine operation (poor handling, 
product scratching, fallen parts). The important fact is that the production company has approximately 68 % 
permanent employees while the remaining 32 % are agency employees, who generate higher share of scrap 
parts. Defects that are caused by the machine operator can be eliminated through better and more professional 
training of employees. 

5. CONCLUSION 

The success in the area of production of plastic parts is increasingly more dependent on a manufacturing 
company that can quickly and economically adapt itself to customer requirements for the production of plastic 
parts with precisely defined properties. The increasing pressure from customers on the quality of the plastic 
parts, requires from the manufacturing companies that their employees still further enhance complex 
knowledge of their own and interrelated processes of production of plastic parts in order to minimize from their 
position the occurrence of manufacturing defects. The price of a plastic part is of more than 50% accounted 
for by the acquisition costs of the mild and the costs of mild storage, maintenance, repair and overhaul. From 
this point of view it is true, that not always the lower acquisition price of the mild is directly proportional to the 
lower cost of plastic part. Although many manufacturers are already getting completed moulds, their 
employees with knowledge of the principles of mild design, properties of mild materials, proper maintenance 
and care, with the knowledge of current trends of mild maintenance may significantly reduce maintenance 
costs, extend the life cycle and reduce the incidence of molding manufacturing defects associated with the 
design of injection molds.  
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Abstract 

In this paper, the problems of steel production have been illustrated, particularly the state and dynamics 
inherent in the groups of 28 countries - the largest producers in the world. Likewise, the ranking of the 25 
largest enterprises producing steel has been presented. Furthermore, the chosen methods for the streamlining 
of steel production have been outlined. In particular, the environmental aspects of the functioning of steel 
producers have been illustrated. 

Keywords:  Production of steel, ranking of steel producers, environmental protection. 

1. INTRODUCTION 

The economic development of the world is determined by the production of a multitude of basic products. One 
of the most important goods is that of steel, whose universality of application has caused the constant rise in 
its production. For over a decade, it has been however characterized by certain changes in the sphere of steel 
production. It is essential to emphasize that the processes of the concentration of steel production in the world 
is taking place, which is confirmed by the change in the ranking list of the 25 largest producers of steel. 
Enterprises producing steel are implementing various methods to streamline production. The area of particular 
interest for steel producers is that of environmental protection with regard to the binding ecological 
requirements. 

2. ANALYSIS OF STEEL PRODUCTION 

The processes of manufacturing steel are realized in enterprises of varying sizes in terms of scale. The past 
few years have given rise to takeovers, consolidation or liquidation of enterprises in the steel industry. In order 
to illustrate the process of the concentration of production, a ranking list of the largest steel producers has 
been presented, together with an evaluation of the group of the largest steel producers (Table 1 ).  

The data presented indicates that in 2000 the largest enterprises produced approximately 28 million tons of 
steel. These were the two enterprises of Nippon Steel and POSCO. A similar quantity of between 20 million 
tons and 24 million tons of steel was manufactured by four enterprises. In terms of the production of between 
7 million tons and 17 million tons of steel, 19 enterprises are listed. The enterprise Gerdau with its level of 
production of 7.1 million tons of steel is found in 25th position on the ranking list of the largest producers 
producing approximately 25% of the quantity of production of Nippon Steel, giving it first place in terms of the 
largest producers of steel. The difference between the largest producer of steel, namely Nippon Steel and the 
smallest one on the said ranking list, Gerdau, is at a ratio of four to one. 

A completely different situation occurred with relation to the ranking list of the 25 largest enterprises producing 
steel in the world in 2013. The first position was held by ArcelorMittal with production at the level of 96.1 million 
tons of steel. This quantity was over 3 times greater with relation to Nippon Steel that was in first place the 
ranking list in 2000. The group of enterprises producing between 50 million and 31 million tons of steel consists 
of nine producers in total. The remaining producers, manufacturing between 25 million tons and 14 million tons 
of steel are concentrated in a group of 15 enterprises.  
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A characteristic phenomenon of the period of 2000-2013 is the growth in the process of the concentration of 
steel production. This process is first and foremost caused by the merging of enterprises, e.g. Arcelor with 
Mittal, or Nippon Steel with Sumitomo Metal Corporation. These changes are also the result of the dynamic 
growth in steel production among Chinese enterprises. 

Table 1 Ranking of largest steel producers in the world in 2000 and 2013 

No. Producers of raw 
steel in the world in 

2000  

Quantity of 
production in 

millions of tons 

Producers of raw steel in the world in 2013  Quantity of 
production in 

millions of tons 

1 Nippon Steel 28.4 ArcelorMittal 96.1 

2 POSCO 27.7 Nippon Steel&Sumitomo Metal Corporation 50.1 

3 Arbed 24.1 Hebei Steel Group 45.8 

4 Ispat International 22.4 BaosteelGroup 43.9 

5 Usinor 21.0 Wuhan Steel Group 39.3 

6 Corus 20.0 POSCO 38.4 

7 Thyssen Krupp 17.7 ShagangGroup 35.1 

8 Shanghai Baosteel 17.7 AnsteelGroup 33.7 

9 NKK 16.0 ShougangGroup 31.5 

10 Riva 15.6 JFE 31.2 

11 Kawasaki 13.0 Tata Steel Group 25.3 

12 Sumitomo 11.6 Shandong Steel Group 22.8 

13 SAIL 10.9 U. S. Steel Corporation 20.4 

14 USX 10.7 Nucor Corporation 20.2 

15 Magnitogorsk 10.0 Tianjin Bohai Steel 19.3 

16 Nucor 10.0 Gerdau 19.0 

17 China Steel 10.0 Maanshan Steel 18.8 

18 Severstal 9.6 Hyundai Steel 17.2 

19 Betlehem Steel 9.1 Benxi Ste 16.8 

20 Anshan 8.8 EvrazGroup 16.1 

21 Novolipetsk 8.2 ThyssenKrupp 15.9 

22 Shougang 8.0 Severstal 15.7 

23 BHP 7.5 NLMK 15.5 

24 LTV 7.4 ValinGroup 15.0 

25 Gerdau 7.1 Metinvest 14.3 

26   JianlongGroup 14.3 

Source: Top Steel Producers 1988 to 2005, Published by: Ali- Muhammad JAN 02, 2011; 
www.worldsteel.org Jan, 2015 

3. CHOSEN METHODS OF STREAMLINING THE PRODUCTION OF STEEL  

In the steel industry, methods that ensure the increased competiveness of enterprises are much sought after 
[1]. The greatest concerns of the steel industry are of particular interest. One of the most interesting methods 
applied is that of the Total Productive Maintenance (TPM), which is identified with serving the maintenance of 
the machinery parks of the enterprises in question. This service is executed by the operators and personnel 
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of the maintenance department. Within the framework of the afore-mentioned activities the management of 
productivity and quality of production are also deserving of mention. Processes undertaken that are aimed at 
the optimization of the work of machines and equipment as the basis of deliberations is the assumption of the 
possibilities of improving the competitive position of enterprises in the case of the efficiency of the machines 
and equipment. The level of efficiency is decided by the attainment of the so-called three zeros. These zeros 
should be characterized as follows: breakdowns, shortfalls and accidents at work. The authors in describing 
the aforesaid method, namely G. Mazur, J. Obrzud, present the concept of maintenance in the further sections 
of this paper within the framework of Arcelor Mittal Poland (A.M.P.) that has been implemented there since 
2009 as an element of the Main Plan of Improvement, which has been directed at first and foremost the 
reliability of equipment. It is essential to emphasize that the program of ARMP (Asset Reliability Management 
Programme) is executed in all the plants of the European sector of flat products of Arcelor Mittal. [2] 

The program of ARMP shall be presented in further deliberations, basing on four axes that include 
organization, improvement of reliability, implementation of standardization of repair work, as well as 
management of spare parts. In the following stage, the matrix of criticality shall be prepared in the fields of 
production, quality, costs of delivery, safety, the environment and motivation. A particular element in the 
evaluation was attributed to the aim of objectification of the results. The matrix of risk which is prepared in the 
subsequent stages of the adopted method is of particular significance. Furthermore, evaluation has been 
carried out on breakdowns in Arcelor Mittal. 

The participation of the operators in the process of avoiding breakdowns also merits mentioning. This 
contribution relates to activities in terms of the preventive inspections of equipment, improving the control of 
equipment and development of the decision-making skills and competences in the area of production. [3] 

Analysis of the processes of production also relates to Vitkovice Steel as a company. The essence of the 
problem boiled down to the relations in the sphere of the assortment structure and the individual operating 
time of machines. Following the execution of further approximation and propositions of solutions, the data 
entered into the following table was attained. In the comment it is stated that ...”in the case of the remaining 
planned production volume it would be necessary to intake and release in terms of preference according to 
orders from the category A or B in the relevant month.” [4] 

In the case whereby the remaining operational time of the cutting machines (the available plant capacity) does 
not match the planned production volume, it would be necessary to intake and release in terms of preference 
according to the orders from the category A or B in the relevant month. 

Table 2  Production output in the Vitkovice Steel 

Category Output 

(kg . hour-1) 

Frequency 

(%) 

A P > 2000 21.75 

B 2000 ≥ P> 500 51.07 

C P ≤ 500 27.18 

Source: Lenort R., Staś D., Sobek J., Feliks J.: Solution of intake and release of orders to production process 
based on the example of a flame-cut shape production plant. [in:]. Wybrane zagadnienia logistyki stosowanej. 
Polska Akademia Nauk, Warszawa, 2007.  

4. ENVIRONMENTAL ASPECTS OF THE FUNCTIONING OF ENTE RPRISES PRODUCING STEEL 

The functioning of enterprises producing steel is acknowledged to be detrimental to the natural environment. 
The basis of this claim is the Kyoto Protocol in Europe. This protocol started in 2005 and imposed obligations 
to reduce the pollution of the environment on the enterprises producing steel. A typical example of this type of 
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activity is displayed by Arcelor which …” believes the current implementation of CO2 allocations on a national 
scale is not intelligent for multinational companies, even endangering industry and creating an unfair distortion 
of competition , which may drive integrated steel production out of Europe”.[5] 

Arcelor believes the current implementation of CO2 allocations on a national scale is not intelligent for 
multinational companies, and may even endanger the industry itself by creating an unfair distortion of 
competition, which may in turn drive integrated steel production out of Europe [6]. The newly created European 
Steel Technology Platform is now a vehicle for technological research in reducing CO2 emissions and 
providing dialogue to ensure fairness in terms of the future rules of the game. 

5. ENVIRONMENT ENERGY AND GLOBAL WARMING- CHALLENGE S FOR STEEL: THE ARCELOR 
CASE 

However, the company cannot discard the backup solution of producing steel semis outside Europe. Keeping 
this alternative open is and shall remain one of Arcelor`s major considerations in its growth strategy. The 
growing trend of production in the enterprises of the steel industry is causing the necessity of sustainable 
growth [7]. Sustainable growth concentrates on the pro-ecological activities that eliminate the negative impact 
of the steel industry on the environment [8]. The most important activities are as follows [9]: realization of 
investment, as a result of which new processes are implemented and new products of a pro-ecological nature 
are created, 

• reduction of emissions of greenhouse gases in the production processes of steel, 

• improvement of the efficiency of the utilization of raw materials, materials, water and reduction of waste, 

• reduction of singular use of primary and secondary energy, 

• improvement of recycling, 

• implementation of systems of environmental management. 

Pro-ecological activities of enterprises are emerging by means of the implementation of dematerialization of 
production. In these activities, an enterprise tries to utilize the resources of the natural environment. For 
instance, it implements the system of Voluntary Environmental Obligations towards Clean Production (VEC-
CP), within the framework of which the principle of prevention is applied. It is thus possible to prevent the 
occurrence of pollution during the course of the initial decision to start up production. In such a case, the 
implementation of technology which saves raw materials and other materials, while also being low in terms of 
waste and emissions generation becomes more realistic. [10] 

Interesting research in the field of pro-ecological management has been carried out by T. Nitkiewicz. The 
author in question distinguished the alternatives by encompassing ecological undertakings that were defined 
as follows [11]: 

• implementation of eco-innovations that are characterized by such ecological processes that restrict the 
negative consequences of the impact of manufacturing enterprises on the environment, 

• acceptance of the principles of eco-designing, in accordance to which protection of the environment is 
taken into account at the stage of designing, 

• execution of the certification of the goods with ecological labels as a result of having the rights to 
ecological markings, 

• application of a regional material market as a result of the utilization of materials that are more efficient 
and environmentally friendly, 

• investing pro-ecologically by means of purchasing a new machinery park with improved                   
environmental parameters, as well as repair and modernization of the facilities that do not fulfil the pro-
ecological requirements, 

• environmental management in accordance with the ISO 14001 norms and EMAS standards, while also 
integrated systems, 
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• cooperation and realization of projects of a pro-ecological nature, 

• process restructuring in manufacturing enterprises that mainly involves the implementation of recycling 
and segregation of waste. 

The problem of environmental pollution in terms of the aspect of the competences held is indicated by J. Zyra. 
The author in question particularly emphasizes the significance of technical competences that help in the 
process of market and environmental adaptation. [12] Hence, the strategy of the producers of steel is 
important, within the framework of which it may ensure competitiveness. [13] 

The deliberations presented underline the significance of steel production in the economic development of the 
world and thus certain countries in particular. Likewise, they indicate the necessity to perceive the negative 
consequences, namely the impact of steel producers on the environment. Producers of steel are systematically 
initiating undertakings that restrict the negative effects of manufacturing activity with the aim of improving the 
state of the natural environment of mankind. 

6. CONCLUSION 

The analysis presented in the sphere of the production of steel confirms the importance of this product in the 
global economy. Despite the prevailing crisis, the trend of steel production is constantly rising and a similar 
trend is foreseen for the upcoming years. It is essential to note the increase in the concentration of production 
in the group of the largest producers of steel in the world. This fact may significantly affect the increase in 
outlays towards environmental protection due to the negative impact of steel producers on the natural 
environment. The increase in the ecological requirements shall force steel producers to undertake action that 
is environmentally friendly. 
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Abstract 

The typical problems facing with small metallurgical companies are prediction errors, because their markets 
are volatile and difficult to predict. For that reason, the ability to develop accurate demand predictions is critical 
in the industry. The paper presents a hierarchical middle-term predictive model for small metallurgical 
companies. The model is built by top-down predictive approach and verified by means of a case study in the 
company producing the special rolled sections.  Weaknesses of the model are identified during discussion of 
the acquired results. A Generalized concept of ANN predictive model is designed for elimination these 
weaknesses. 

Keywords: Metallurgical company, demand predictive model, top-down approach, special rolled sections. 

1. INTRODUCTION 

Small metallurgical enterprises face many specific problems related with logistics management (see e.g. [1], 
[2], [3], [4]). The typical factor causing these problems is very difficult demand prediction, because their markets 
are volatile and difficult to predict. For that reason, the ability to develop accurate demand predictions is critical 
in the industry. The aim of the paper is to design a hierarchical middle-term predictive model for small 
metallurgical companies and its verification in special rolled sections branch. 

2. METHODOLOGICAL BASE 

Most companies deal with multiple levels of aggregation and require consistent predictions at all levels. 
Hierarchical predicting, a family-based predictive methodology, is a centralized predictive approach capable 
of satisfying the variety of prediction information requirements [5]. Predictions of item and family demands in 
the process are produced using two approaches - “top-down” and “bottom-up”, or a combination of the two 
(sometimes called “middle-out” approach). The top-down approach entails predicting the completely 
aggregated series, and then disaggregating the predictions based on historical proportions [6]. These 
proportions may be accomplished in various ways as demonstrated by Gross and Sohl [7]. The top-down 
approach is recommended for strategic and tactic plans and budgets [8]. Thus, this approach will be used in 
designed demand predictive model. 

3. HIERARCHICAL DEMAND PREDICTIVE MODEL DESIGN 

The following demand predictive model was created on the base of literature review in the area of prediction 
theory for the purpose of middle-term predictions in small metallurgical companies. Middle-term predictions 
look ahead between three months and a year, and they are mostly used for Sales and Operations Planning 
(S&OP) process [9]. Base for utilization of top-down prediction approach in S&OP was defined by Lapide [10]. 
The prediction model is based on applying six main stages: 

1) Prediction structure determination - determination of prediction levels, families at any level (parents) and 
children within any family. 

2) Time dimensions identification - identification of the length and periodicity of the prediction. 
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3) Data collection and manipulation - accessing and assembling appropriate data for each child and family, 
their getting into a form that is required for using the intended prediction techniques. 

4) Generating direct forecasts - determination of direct and independent child and family forecasts which 
can include time series analysis, prediction techniques selection, partial models building and evaluation, 
models implementation, and prediction combination (if it is appropriate). 

5) Top-down process application - determination of derived child predictions from the top level family with 
the following proration procedure [5]: 

• Ratios calculation - calculation of the ratio of the direct child prediction and the sum of the direct 
child predictions comprising its family: 

∑
=

=
n

i
i

i
i

DCF

DCF
r

1

             (2) 

ir - ratio of  i -th child, iDCF- direct prediction of  i -th child, n - number of children in its family, i

= 1, 2, ...,n   

• Final predictions derivation - multiplication of the final parent prediction by this ratio: 

ii rFPFFCF ⋅=              (3) 

iFCF - final prediction of i -th child, FPF- final parent prediction 

6) Tracking results - continuous tracking of how well the predictions compare with the actual values 
observed during the prediction horizon. Over time, even the best of techniques and models are likely to 
deteriorate in terms of accuracy and need to be respecified or replaced with an alternative method [11]. 

4. CASE STUDY 

The possible utilization of the designed demand predictive model was verified in a company producing the 
special rolled sections. An overwhelming majority of production is intended for automotive industry. Thus, the 
case study is focused on this branch. 

4.1. Prediction structure determination 

In middle-term horizon, the demand is predicted on three levels (see Fig. 1 ). The top level includes the total 
demand of the plant. These are divided into two branch families - automotive and other branches. 

 

Fig. 1 Scheme of the plant prediction structure 

Each of them is divided into nine product families according to the sections rolling mill operating capacity (see 
Fig. 2 , kg/h) - from A to I. Products for automotive branch plays a key role (80% of the production). 
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Fig. 2  Operating capacity of product families 

4.2. Times dimensions identification 

The prediction is carried out on a monthly basis. The length of the prediction horizon is one year (from 1 
January to 31 December), i.e. 12 months. 

4.3. Data collection and manipulation 

Company demand is characterized by relatively significant seasonal fluctuations. The lower demand periods 
are at the middle and end of the year. The situation is related to holiday months in the automotive industry.  
Particularly prediction of demand is performed for the purpose of S&OP. Thus, the predictions are carried out 
in kg. Demand of product families intended for automotive industry during the period of 36 month are 
demonstrated in Fig. 3.  

 

Fig. 3 Time series plot for demand from automotive industry 
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With regards to the sensitive nature of information, the monthly demand data were modified. Fig. 3  clearly 
shows the gradual increase of demand from automotive industry caused especially by recovery of the 
automotive markets. 

4.4. Generating direct predictions  

Using the descriptive and time series analysis in statistical software STATGRAPHIC Plus 5.0, relatively 
significant seasonal component were identified in automotive time series and in C, D, and E product families 
time series. Other product families’ time series have only random component with/without trend component. 
With regards to this fact, different prediction techniques were used for direct demand predictions. Models were 
built and evaluated using the statistical software STATGRAPHIC Plus 5.0. The most accurate prediction 
models for each time series can be seen in Table 1 . The direct predictions are presented in Fig. 4 . 

Table 1 The most accurate prediction models 

Branch/Product 
Families 

Prediction Technique Prediction Model 

Automotive SARIMA (1,1,1)x(2,1,0)12 with constant 
A Simple exponential smoothing α = 0.2937 
B Constant mean 9 908 
C SARIMA (1,1,0)x(2,1,2)12 with constant 
D SARIMA (2,1,0)x(2,1,2)12 with constant 
E SARIMA (1,1,1)x(2,1,0)12 with constant 
F Linear trend 13 209 + 312 t 
G Constant mean 144 390 
H Constant mean 6 738 
I Linear trend = 32978 - 513 t 

 

Fig. 4 Direct automotive demand prediction 

4.5. Top-down process application 

The final predictions used with the proration procedure (top-down process) are presented in Fig. 5 . The 
predictions acquired on the product families’ level are consistent with the automotive demand prediction. 
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Fig. 5 Final automotive demand prediction 

5. DISCUSSION OF RESULTS 

Despite the fact that the time series analysis currently provides a number of very high quality tools for demand 
predictions, their application in special rolled sections branch is limited. The main reason is the fact that the 
use of historical data for the purpose of prediction doesn’t take into account other, in many cases absolutely 
essential factors, influencing the future demand. This factors are demand development in automotive and 
metallurgical markets, strategic plans of the company, and trade negotiations with key customers. 

That is why it is necessary to look for such tools of hierarchical predicting in this branch that make it possible 
to include not only the historical data concerning demand but also other factors having essential impact on the 
prediction quality. Suitable tools to be applied in this sphere may include the artificial neural networks (ANNs). 
These models can be exposed to large amounts of data and discover patterns and relationships within them 
[14]. The generalized concept illustrated in Fig. 6 can be used for demand predicting in the single levels of 
hierarchy in the special rolled sections branch. 

 

Fig. 6 Generalized concept of ANN prediction model 
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4) Inputs D - data expressing the success of metallurgical company in negotiations with key customers 
(e.g. as a ratio of inquired and really ordered quantity). 

5) Inputs E - correction of demand predictions acquired by ANN prediction model related to the strategic 
plans of the company (e.g. modernization of equipment, introduction of new products). 

6. CONCLUSION 

The current situation on small metallurgical companies’ markets is characterized by high fluctuations of 
customer demand. This makes the predictive process in various company levels more and more difficult, 
especially from the point of view of quality predictions used in S&OP. In many small metallurgical companies, 
this process runs almost purely on the basis of experience of the company managers. That is why the complex 
hierarchical demand predictive system, based on top-down prediction approach and use of prediction 
techniques which would make it possible to include not only the historical data concerning demand progress 
but also other factors having essential impact on the prediction quality, should be designed and applied. 
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Abstract   

The contribution deals with the influence of non-financial indicators in the economic and financial management 
in a metallurgical enterprise. By means of practical modelling, it compares traditional statements with materials 
based on financial indicators interconnected with the Balanced Scorecard method. The objective of this work 
is to demonstrate the suitability of perception of non-financial indicators as an important tool for planning, 
controlling, analyses and managerial decision making.  

Keywords: Balanced Scorecard, financial indicator, economic management, analysis 

1. INTRODUCTION 

The modern concept of economic and financial management of metallurgical enterprises represents an 
essential competitive advantage in the contemporary, highly dynamic economic and competitive reality.  This 
method of management focuses primarily on improving strategic management, streamlining internal 
processes, increasing the flexibility of managerial decision making, improvement of operational management, 
improving the quality of workforce. [6] 

Managerial accounting provides information on the current performance of an enterprise with emphasis on the 
future linked to strong cash flow generation, but also on the value of the enterprise at the time. Much of this 
data comes from financial accounting and these systems are mutually related. [3] This fact provides 
considerable space for the application of economic management methods enhancing the effectiveness of 
managerial decisions.   

1.1. Financial indicators 

Keeping accounts and presenting final accounts, an integral part of which are standardized financial 
statements - a balance sheet and a profit and loss statement - is a legislative duty of each enterprise. A 
compilation of statements is a cash flow statement, mandatory for audited accounting units. These statements 
are used as input data for financial analyses. The financial indicators may be absolute (outputs of financial 
statements), differential (e.g. net working capital) and ratio (debt analysis, property and financial structures). 
Other indicators that use e.g. added value, number of employees etc. can also be used in the financial analysis. 
It is always necessary to consider the interaction between the values of individual analyses and to see the 
situation as a complex. [3] An example may be a situation where an enterprise has a satisfactory debt of 40 %, 
but has 60 % of the assets in receivables, which could indicate a possible problematic ability to settle 
obligations.   

For good management, we must evaluate the whole financial situation of the enterprise, therefore one of the 
financial indicator systems can be used - parallel or pyramidal system of indicators. Due to a gradual, ever 
more detailed decomposition of the indicator, not only the interactions and influences of the indicators can be 
revealed, but also causes and possible pitfalls of the enterprise’s financial health. Synthetic indicators, often 
known as bankruptcy and credibility models, are used for the overall assessment of the situation and early 
detection of potential threats. The bankruptcy models include e.g. the Z-score (Altman model), IN indexes or 
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the Taffler model. The group of credibility models includes the Tamari model or the Kralick quickest. The 
Table 1  shows significant factors affecting the return on equity index (ROE).    

Table 1 Factors affecting ROE 

Indicator Indicator characteristics Effect ROE In oder for ROE to grow, 
the indicator must 

NP / EBT 
share of net profit in profit 

before tax reflects the level 
of taxation 

reducing the tax burden has 
a positive effect on ROE � 

ROA = EBIT / A 
return on total capital of the 
company (production force)  

growth in ROA positively 
affects ROE � 

IE / (BL + OBL) 
interest pecuniary external 

resources foreign funds 

reduction in interest rates 
has a positive effect on 

ROE 
� 

(BL + BO) / (FF + other 
liabilities) 

pecuniary external 
resources foreign funds in 

foreign funds and other 
liabilities   

lower share of FF in FF 
cheapens financing � 

EC / A 
share of VK in liabilities 

(financial leverage) 

financial leverage may 
affect ROE positively and 

negatively  
�� 

Explanations: NP - net profit, EBT - earnings before taxes, EBIT - earnings before interest and taxes A - assets, 
IE - interest expense, BL - bank loans, BO - bonds, FF - foreign funds, EC - equity capital [2] 

The effect of indebtedness on the return on equity is represented by two of the above mentioned factors - the 
interest gain reduction and financial leverage, these factors acting opposingly. Increasing the debt, which will 
be reflected in the growth of the financial leverage indicator, has a positive effect on the return on equity. The 
joint effect of the examined factors (interest gain reduction and financial leverage) can be expressed by a 
multiplier of the equity capital. If it is greater than 1 than increasing the share of foreign funds has a positive 
effect on the return on equity. [2] 

This example demonstrates the weaknesses of the information value of financial statements and financial 
analyses. Despite all the usefulness of the information provided, these analytical methods have certain 
limitations. The problematic issues of traditional financial analyses include in particular:  

• the influence of seasonal factors and incidents on the economic result,  

• neglect of risks, opportunity costs and the future benefits of business activities,  

• strong dependence of traditional methods and techniques of financial analysis on accounting data.  

A financial analysis may accomplish its task of assessing an enterprise’s financial health for the prediction of 
its future development, if its methods and techniques are implemented into systems of management and 
enterprise performance management. These steps can eliminate the weaknesses and one-sided view of the 
financial performance of an enterprise.  

1.2. Non-financial indicators 

One of the key strategic goals of a metallurgical enterprise, as well as other industrial companies, is to 
maximize profits and the competitive advantage. The modern concept of economic business management 
integrates all the elements of the production systems as efficiently as possible in order to achieve these goals. 
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Therefore it monitors selected indicators that optimize business processes and are the driving forces and 
indicators. These indicators include in particular:  

• Customer satisfaction, 

• Timeliness of deliveries, 

• The highest degree of product quality, 

• Effective use of costs, 

• Elimination of scrap rates, 

• High labor productivity, 

• Employee growth and motivation. 

These and other non-financial indicators assist in the enforcement of business strategy, streamline and specify 
reporting and finally accelerate and simplify the planning process.  

1.3. Balanced Scorecard 

The basis of the concept was the idea that the performance appraisal must take into account various relevant 
parts of a business activity, such as finances, customers or processes. Experience has shown that when 
selecting targets appropriately, the performance can be brought into accord with the strategy through Balanced 
Scorecard. That is - balanced consideration of perspectives in deriving strategic objectives leads to a balanced 
system of objectives - in the Fig. 1 . 

 

Fig. 1 Balanced Scorecard  

The strategic objectives are based on the vision and strategy of the enterprise and thus become strategically 
important objectives that ultimately decide the overall success of the enterprise. [5] If these objectives are to 
be planned and monitored, it is necessary to assign adequate financial and non-financial measures to them, 
as well as target and actual values of these measures. Achieving the objectives is than provided by strategic 
actions which are assigned to the individual objectives. Each of the strategic actions has its specified deadline, 
budget and specific responsible person. One key element of this method is the development and 
documentation of cause-effect relations between the strategic objectives, so called strategic maps. [1] 

2. CASE STUDY 

A successful implementation of this management method supported by its information foundation using 
business intelligence tools represents a significant competitive advantage and a way to successful fulfilment 
of business ambitions and future prosperity. [4] The application of the Balanced Scorecard model into the 
strategic objectives of an enterprise is demonstrated in this study on the results of an unnamed metallurgical 
enterprise and therefore the information may not correspond to reality. The source material for the financial 
indicators are standard statements - a balance sheet, a generic cost analysis and selected data from the profit 
and loss statement from 2 consecutive accounting periods.  
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Table 2 Revenues and expenses of the enterprise (in thousands CZK) - the first accounting period. 

Balance sheet  TOTAL COSTS  SERVICES 

ASSETS  Sold goods 165,261  Maintenance and repairs 2,067 

Assets in total 369,769  Material and energy consumption 307,254  Travel cost 4,019 

Fixed assets 317,040  Services 97,179  Entertainment expenses 278 

Current assets 48,723  Wage costs 30,421  Postal charges 416 

Other assets 4,006  Remuneration to members 1,768  Leasing 3,262 

LIABILITIES  Insurance costs 11,127  Hire costs 3,185 

Liabilities in total 369,769  Social costs 718  Phones and communications 1,066 

Owned capital 107,121  Taxes and fees 71  Prepayment 527 

basic capital 134  Depreciation TA and IA 4,937  Translation and interpretation 173 

capital reserves -20  Other operating costs 62,869  Commission 11,241 

funds 13  Other financial costs 21,461  Transport insurance 1,847 

ER past years 64,815  COSTS in total 703,066  Transportation expense 17,773 

ER current year 42,179  Selected indicators  Cooperation 30,714 

Foreign funds 259,325  Sales in total 678,812  Certification costs 2,360 

reserves 0  Added value 109,118  Consulting service 372 

fixed liabilities 925  Material intensity 69.46  Marketing services 3,797 

short-term bonds 258,400  ER before tax 85,512  Servicing 1,561 

Other liabilities 3,323  Labor productivity 2,631.05  Other services 12,521 

The Table 2  illustrates potential pitfalls and negative development of some of the enterprise’s indicators were 
quantified. The enterprise has relatively high debt levels, but also relatively painlessly builds necessary profits 
to cover potential interest on loans. The liquidity indicators are low and do not reach required values, especially 
the current liquidity indicates a potential risk. The turnaround of liabilities is higher than the turnaround of 
receivables which can predict problems with the reimbursement of liabilities in the long term.  

Table 3 Ratio indicators of the financial analysis 

Ratio indicator value  Ratio indicator value  

Profitability 
ROS (Return on sales) (%) 6.32 

Indebtedness  
Total indebtedness (%) 70.13 

ROA (Return on total capital)(%) 23.00 Indebtedness rate (%) 2.42 

ROE (Return on owned capital) (%) 39.4 Interest coverage (%) 64.96 

Turnaround 
Turnover of assets (days) 1.84 

Liquidity 
Current liquidity (1,5-2,5) 1.23 

Turnover of receivables (days) 1.05 Contingency liquidity (1-1,5) 1.51 

Turnover of liabilities (days) 1.64 Cash liquidity (0,2-0,5) 0.06 

The conclusions of the financial analysis have only informative value and may reduce the business potential 
in the future - in the Table 3 . On the basis of the elaborated financial analysis, which evaluated the ratio 
indicators of the enterprise, the financial model was interconnected with the Balanced Scorecard method. The 
enterprise management determined the strategic objectives and timeframes for achieving them and specified 
the most effective steps to achieve the objectives. A Balanced Scorecard (see Table 4 ) for the following period 
has been created on the basis of all the conclusions and targeted discussions.  

An integral part of the implementation of the Balanced Scorecard is an effective involvement of all divisions 
and employees in achieving the objectives and accepted strategic actions by the individual departments. 
Another important step was the integration of the Balanced Scorecard into the enterprise reporting and 
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monitoring of the strategy implementation, so called BSC-reporting. [1] It consists of 4 parts - summary, 
strengths and weaknesses analysis, actions and detailed description of the measures. This integration process 
will be subjected to further analysis, practical examination and subsequent formation.  

Table 4 Balanced Scorecard 

Strategic target Criterion Target value Strategic action 

F
IN

A
N

C
E

S
 

Ensure growing level of 
revenues 

ROA 30 % Accurate costing of orders and profitability 

Reduction in other costs share in services in 
total 

4 % Evaluate importance of individual services and 
compare prices of other suppliers 

Reduction in cooperation 
costs 

labor productivity, 
share in all-in 
services 

30 % 
Analyze the extent of cooperation and consider 
retraining of workers and labor productivity 

C
U

S
T

O
M

E
R

 

More intensive customer 
care 

sales growth 20 % Offer of flexible service and extended warranty 

Stricter quality control 
reduction in scrap 
rates 

20 % creating new concept of quality control 

P
R

O
C

E
S

S
E

S
 Quality performance and 

consistency of IT 
systems 

comprehensive 
statement 

T: 15.3. 
Interconnection between production and 
economic systems 

Effective production 
planning and feedback 
control 

  T: 31.3. creating a planning department and IT support 

P
O

TE
N

T
IA

L Employee retraining 
reduction in 
cooperation costs 

30 % 
Investments to increase employees' qualification 
for activities previously provided in cooperation 

Removing downtime 
time demands of 
processes, labour 
productivity 

10 % Thorough planning of procedural acts and 
feedback control 

The following table (Table 5 ) and chart of selected indicators show a positive effect of the implementation of 
the Balanced Scorecard and clear strategic objectives consisting primarily in the revenue growth, reduction of 
cooperation costs and increase in labor productivity. Creation of the concept of quality control is still in progress 
and the results of this objective will be evident in the following period. Achieving this objective will be reflected 
not only in the dimension of customers, but also in the financial dimension, namely in the growth in revenues 
and sales and increase in profitability. 

In the second monitored period, the target values of the Balanced Scorecard were achieved. There was a 
decrease in other costs in the total amount and also a decrease in the share of other costs in total costs by 29 
% and a decrease in cooperation costs by 40 %. Decrease in scrap rates was achieved by creating a more 
effective concept of quality control and establishing a damage commission. The total capital profitability 
indicator increased by 7.6 % and total sales by over 25 %.  
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Table 5  Selected indicators - 2nd accounting period (thousands CZK)   

 

3. CONCLUSION 

The application of the Balanced Scorecard has helped discover the weaknesses in the creation of strategic 
objectives of the enterprise and managerial decision making. The integration of value-oriented measures of 
management into the business controlling system and interconnection with the financial indicators of business 
performance anchors the value management system into the planning and controlling process and significantly 
helps achieve the enterprise’s strategic objectives. „Strategies are more than revenue and growth targets“. 
Thanks to the Balanced Scorecard, this vision of a successful management control is gaining increasing 
popularity and practical application in many prosperous industrial enterprises.  
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Abstract 

This article deals with two specific forms of long-term bank loans in the form of mezzanine capital, i.e. 
participating loans and subordinated loans. Mezzanine capital instruments are hybrid forms of capital, 
combining the features of debt and equity. These instruments represent an interesting opportunity to finance 
enterprises operating in capital-intensive industries, such as metallurgy. When making decisions about their 
incorporation in the corporate capital structure, it is necessary to consider their qualitative and quantitative 
characteristics. The authors aimed to characterize and evaluate participating loans and subordinated loans, 
and also to identify, structure and quantify the cost of these forms of private debt mezzanine within the context 
of classic bank loans in the current conditions of the Czech Republic. The paper characterizes participating 
loans and subordinated loans and evaluates their pros and cons from the qualitative point of view. The attention 
is also paid to the quantitative point of view - the cost of the above forms of capital. The paper specifies a 
detailed structure of the cost items, both as for the acquisition costs and as for the life-cycle costs of 
participating loans and subordinated loans. Subsequently, individual cost items are quantified from the point 
of view of the current conditions in the banking practice of the Czech Republic. 

Keywords: Metallurgical enterprises, bank loans, mezzanine capital, private debt mezzanine, participating  
         loans, subordinated loans, cost of capital 

1. INTRODUCTION 

Enterprises can only be successful in the demanding conditions of the present turbulent environment on 
condition they are adaptable. The necessity of quick adaptation to the changing market conditions places high 
demands on the company management not only in manufacturing, sales, organizational, and personnel areas, 
but also in the area of finance. Company management must be able to ensure a sufficient volume of financial 
sources in the optimal structure. Not only is it necessary to consider the equity to debt ratio or the ratio of short-
term sources to long-term sources, but also the cost of acquisition and holding of the given source and a 
number of additional aspects [1], including the company’s position and role in the supply chain [2]. The choice 
of long-term financing sources appears to be the key factor, particularly within enterprises operating in capital-
intensive industries, such as companies dealing with acquisition and processing of metals and their alloys. 

An alternative to the classic financing sources that should be taken into consideration by the financial 
managers of these enterprises when choosing financing sources is represented by the innovated forms of 
financing. They include mezzanine capital, which represents a hybrid form of long-term financing combining 
the features of equity and debt; see more in e.g. [3, 4, 5, 6]. Mezzanine financing tools include silent 
participations, preferred stocks, participating loans, participating bonds, subordinated loans, subordinated 
bonds, convertible bonds and bonds with warrants [4, 7, 8, 9, 10]. The above list shows that the forms of 
mezzanine capital include specific forms of bank loans. At the same time, the classic bank loans represent an 
important source of business financing in the Czech Republic [11]. This fact is based on the European tradition 
of loan financing [12, 13, 14], but also on the conservative approach of Czech finance managers [15]. However, 
mezzanine forms of bank loans represent a new form of capital in our conditions, and it is still not very widely 
spread [8, 16].The authors aimed to characterize and evaluate participating loans and subordinated loans, and 
also to identify, structure and quantify the cost of these forms of private debt mezzanine within the context of 
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classic bank loans in the current conditions of the Czech Republic. Therefore, this paper should help to spread 
the knowledge of the qualitative and quantitative aspects of participating and subordinated loans. 

This paper is based on combination of two key knowledge areas, the theory and practice of financial 
management and banking. The starting point was a secondary analysis aiming to process the current 
knowledge of the solved problems. It was based on research into the domestic and foreign scientific literature. 
The secondary analysis was followed by a qualitative survey focussed on identification of the structure and 
volume of the cost items of bank loans in the form of mezzanine in the current conditions of the Czech Republic. 
The survey was conducted in the form of directed interviews with representatives of selected banking 
institutions operating in the area of the Czech Republic. The survey involved the banks ranking, according to 
the methodology of the Czech National Bank, among large banks, i.e. banks with the sum of their balance 
sheet exceeding CZK250bn [17]. They include: Ceskoslovenska obchodni banka, a.s., Ceska sporitelna, a.s., 
Komercni banka, a.s. and Unicredit bank, a.s. The directed interviews were conducted from June to September 
2014 and were 60 minutes long on average. 

2. PARTICIPATING AND SUBORDINATED LOANS 

A participating loan represents an analogue of a classic bank loan, but it differs from it in the way of 
determination of the yield. In this case, the payment to the creditor is not specified on the basis of a fixed or 
variable interest rate, but it is completely or partly dependent on the economic result of the enterprise as the 
debtor [18]. Therefore, participating loans, representing, from the point of view of the company’s balance, debt, 
are connected with the characteristics typical for equity, as the return on these instruments depends on the 
corporate economic result like e.g. dividends [19]. The above combination of debt and equity features is the 
reason why to classify participating loans as mezzanine capital, specifically private debt mezzanine, where 
private mezzanine includes instruments that are not publicly tradable on the capital market [7] and debt 
mezzanine includes mezzanine instruments with a higher debt tendency [20], which belong, from the point of 
view of the balance sheet, to debt financing sources. 

This financing source is, from the corporate point of view, connected with a number of advantages. It can be 
acquired by enterprises of any size, and also by enterprises that cannot obtain funds through issues of 
securities, e.g. stocks or bonds. The terms and conditions of its provision and repayment are stipulated on an 
individual basis, and the control over the company activities is not extended, either. Another advantage can 
be seen in the fact that in the period when the corporate profits decrease, the payments for provision of this 
financing source fall, too. 

On the other hand, when financing through participating loans, the enterprise has to have a certain portion of 
equity financing sources available, and it is a limited source of capital compared to an issue of corporate bonds 
or stocks. Moreover, securing in the form collaterals is required. Another disadvantage is the fact that the 
enterprise cannot use the tax shield, as the repayments do not represent a tax deductible cost. Moreover, if 
the enterprise achieves high profits, the cost of holding of the given source increases. It is also a disadvantage 
that the payments for provision of the loan and the repayments of the nominal value have to be settled in time 
and properly. Otherwise, the enterprise is in danger of serious sanctions. Another disadvantage can be seen 
in the fact that the creditors may impose certain limiting conditions on the enterprise in relation to this 
instrument. 

A subordinated loan represents a loan whose grantors are entitled, in the case the enterprise goes bankrupt, 
to settlement only after settlement of all the liabilities towards the grantors of senior debts and other creditors 
[21]. The equity capital providers are then paid off after the creditors providing a subordinated loan [22]. At the 
same time, subordination is a reason for classification of these loans among mezzanine financing instruments, 
as it is a characteristic typical for equity [23]. Subordinated loans, as well as participating loans, represent 
private debt mezzanine instruments. 
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Financing of corporate needs through subordinated loans is also connected with certain advantages. Some of 
them are identical to those in the case of participating loans. Subordinated loans can also be acquired by 
enterprises of any size, and also by those who cannot obtain funds through issues of securities. Also in this 
case, the terms and conditions of provision and repayment are stipulated on an individual basis, and there is 
no extension of the control over the company activities. Moreover, the paid interests represent a tax deductible 
cost, and so the enterprise can use the interest tax shield. Another significant advantage is in the fact that 
incorporation of subordinated loans into the corporate capital structure makes it possible to obtain a senior 
debt under more favourable conditions. 

As for the disadvantages of financing through subordinated loans, a number of them are identical to the above 
specified disadvantages of participating loans. They refer to the fact that if this financing source is used, the 
enterprise has to have a certain portion of its own funds available and it is, from the point of view of the volume, 
a limited source of capital. Also, securing in the form of collaterals is required, and the creditors may impose 
some other limiting conditions on the enterprise. Also in this case, the interests and repayments of the nominal 
value have to be settled in time and properly if the enterprise wants to avoid serious sanctions. Moreover, 
subordinated loans are connected with a higher interest rate, i.e. with higher cost of capital compared to the 
classic loans. 

3. THE COST OF PARTICIPATING AND SUBORDINATED LOANS  WINTHIN THE CONTEXT OF THE 
CLASSIC BANK LOANS 

The professional literature does not pay much attention to specification of the costs of specific forms of bank 
loans in the form of mezzanine capital, such as participating loans and subordinated loans. Therefore, we can 
only draw on the knowledge of the costs of the classic bank loans. The cost of a classic bank loan mainly 
consists of the interest the enterprise is obliged to pay its creditors [24, 25]. In addition, they include various 
fees paid to the bank, relating both to the process of acquisition of the bank loan, and to its drawing and 
repayment [15, 26, 27]. This means that the costs of bank loans, no matter whether in the classic or mezzanine 
forms, can be divided, in our opinion, into two basic groups: the loan acquisition costs and the loan life cycle 
costs. The loan life cycle costs can then be further divided into the loan interest and other life cycle costs. 

The loan acquisition costs consist, according to Simana and Petera [27], of a one-time fee for evaluation of 
the application for a loan and processing of a loan agreement, so-called fee for loan application acceptance 
and assessment. According to Reznakova [26], there are also fees relating to securing of a loan. The 
conducted research into the current banking practice in the Czech Republic implies that these costs also 
include, apart from the above fees, a fee for granting of a loan. 

As for the interest, it represents a significant cost item. Its rate is affected by a number of factors, especially 
by the volume of the loan, the loan maturity, and the way of loan servicing or the debtor’s creditworthiness; 
see more e.g. in [28, 29, 30]. As for participating loans, it is also necessary to take account of the fact that the 
interests on these loans are increased by or directly related to participation in profits. As for subordinated loans, 
in most cases a higher interest rate, compared to the classic bank loans, is required for the reason of 
subordination of this liability. 

The other loan life cycle costs are given by the fees relating to loan implementation. Reznakova [26] includes 
in them loan account administration fees, Simana and Petera [27] a loan administration fee and a commitment 
commission. The performed survey implies that the other loan life cycle costs incurred in the current banking 
practice include, apart from a loan administration fee and a commitment commission, a fee for transactions in 
the loan account and a fee for sending an account statement. They might also include a fee for an extraordinary 
repayment, a fee for a change in the contractual conditions required by the client, a fee for a takeover of the 
debt by another client, or a fee for an outstanding amount reminder. 
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The volume of cost items relating to bank loans in the form of mezzanine capital is determined by the amounts 
of cost items relating to the classic bank loans, and also with respect to the fact that mezzanine financing 
instruments are not in the portfolios of products standardly offered by banks in the Czech Republic. 

As for the loan acquisition costs, representatives of all the monitored banks agreed on an individual approach 
when determining their structure and rates. Nevertheless, the respondents from Ceskoslovenska obchodni 
banka, a.s., Ceska sporitelna, a.s. and Komercni banka, a.s. provided information about the general rates of 
such fees; see more in Table 1 . 

Table 1  Acquisition costs relating to loans granted to businesses by selected banks in the Czech Republic 

Type of fee Ceskoslovenska 
obchodni banka 

Ceska 
sporitelna 

Komercni 
banka 

Fee for loan application 
acceptance and assessment 

0.3% of loan amount 
(at least CZK2000) 

individually  
(at least 

CZK5000) 
individually 

Fee for assessment of risks 
connected with real estate 

collateral 

0.03 - 02% of 
analyzed collateral 

value (at least 
CZK2000) 

individually individually 

Fee for granting of a loan 0.5% of loan amount 
(at least CZK5000) 

no fee 
CZK1000 + 
0.6% of loan 

amount 

As for loan interest rates, the representatives of Ceskoslovenska obchodni banka, a.s. and Unicredit bank, 
a.s. stated that they do not have any predetermined interest rates (or their range), but that they take account 
of a number of criteria with each applicant. Apart from the loan amount and the loan maturity, the interest rate 
is affected by the applicant’s creditworthiness, the value of the collateral, the applicant’s position on the market, 
the purpose of the bank loan, or the willingness to transfer the system of payment and other banking services 
to the given banking institution. However, they consider the information about already granted loan interest 
rates as a trade secret, which is why they could not provide such information. The above statement was 
identical to the outcomes of the directed interview with a representative of Ceska sporitelna, a.s. who also 
added that Ceska sporitelna, a.s. is now ready to offer businesses operating in the area of the Czech Republic 
classical loans with an interest rate starting as low as the value of PRIBOR increased by about 1.4% p.a. 
However, Ceska sporitelna, a.s. only grants this bank loan interest rate in the case of creditworthy enterprises 
with collateral of a high value, who are already clients of Ceska sporitelna, a.s. or who are willing to transfer 
all their systems of payment to this bank, or meet some other conditions. A directed interview conducted with 
a representative of Komercni banka, a.s. implied the same conclusion as it was with the above banks. This 
financial institution also determines loan interest rates on the basis of individual assessment of a particular 
enterprise, and their publishing is subject to trade secret protection. 

As for the other loan life cycle costs, all the bank representatives agreed on an individual approach when 
determining the structure and rates of their fees. Nevertheless, also in this case the respondents of 
Ceskoslovenska obchodni banka, a.s., Ceska sporitelna, a.s. and Komercni banka, a.s. provided information 
about the general rates of such fees; see more in Table 2. 
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Table 2 Other loan life cycle costs relating to loans granted to businesses by selected banks in the Czech  
   Republic 

Type of fee Ceskoslovenska 
obchodni banka Ceska sporitelna Komercni banka 

Loan administration fee CZK500/month CZK300/month CZK600/month 

Commitment commission 
0.1 - 3.5% 

of undrawn loan 

0.5 - 1% 
of undrawn loan individually 

Fee for transactions in the loan 
account no fee CZK10 no fee 

Fee for sending an account 
statement CZK17/statement CZK17/statement CZK20/statement 

Fee for an extraordinary 
repayment 

0.3% of loan repayment 
(at least CZK5000) 

individually individually 

Fee for a change in the 
contractual conditions required 

by the client 

0.3% of current balance  
(at least CZK5000) 

0.3% of current balance 
(at least CZK2500)  individually 

Fee for a takeover of the debt by 
another client individually 0.5% of unpaid balance individually 

Fee for an outstanding amount 
reminder 

first CZK300, each next 
CZK500  CZK500 

first CZK100, each 
next CZK500 

4. CONCLUSION 

Participating loans and subordinated loans represent specific forms of bank loans having the features of debt 
and equity. For this reason, we classify them as mezzanine financing instruments. They are innovated 
financing instruments enjoying, in the conditions of the Czech Republic, a marginal interest of corporate finance 
managers even though they could represent an interesting opportunity for enterprises in capital-intensive 
industries, such as metallurgy. 

Just as in the case of the classic financing sources, also in the case of mezzanine financing sources managers 
have to consider, when making decisions about their incorporation into the corporate capital structure, a 
number of qualitative and quantitative criteria. The qualitative criteria include characteristics of individual 
financial instruments determining advantages, disadvantages, and risks connected with the respective source 
of finance, which are described and evaluated in the paper from the point of view of participating and 
subordinated loans. 

An important role is also played by quantitative criteria. It is, above all, the rate of costs of individual financing 
sources. As for participating loans and subordinated loans, such costs include loan acquisition costs, interest 
payments, and other loan life cycle costs, which are structured in the paper in detail, and their structure is 
identical to the structure of the cost items of the classic bank loans. As for their current rates in the conditions 
of the Czech Republic, they are derived from the rates of costs of the classic bank loans (in the case of loan 
acquisition costs and other loan life cycle costs they are analogous, while in the case of interest payments they 
differ with respect to the above defined specifics of participating loans and subordinated loans), and their 
specific rate is always determined on the basis of individual assessment of each loan. 
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Abstract 

The conditions of enterprises operation in steel sector for the globalization era are constantly changing. In line 
with its ambition to strengthen its competitive position it is necessary to look for sources of competitive 
advantage. This should be done through both strategic and operational decisions. The advancement of 
resource efficiency can be achieved by the use innovative, alternative fuels in metallurgical production. Fine 
tailings produced as a result of hard coal beneficiation process and its preparation, not so long ago regarded 
as useless materials, are gaining more and more often value as minerals. Increasingly, intense research is 
being conducted on the possibility of using them as carbonaceous materials in metallurgical processes, e.g. 
in the iron ore sintering process, in the pyrometallurgical processes for the preparation of copper or in the 
process of recycling of metal-bearing materials. This paper presents the possibility of using composite 
alternative fuels for use in the processes of pyrometallurgy of copperas an alternative reducing agent as well 
as an energy carrier (alternative fuel) to currently used coke breeze. These fuels are mainly based on waste 
carrier of "C" element, and the composition of the fuel is modelled in order to obtain the appropriate energy an 
demission parameters as well as strength parameters. The paper presents benefit analysis of using composite 
alternative fuels in metallurgical production. 

Keywords:  Innovative fuels, alternative fuels, optimization of metallurgical process, waste materials 

1. INTRODUCTION 

The processes of globalization, increase of competitive pressures, business cycles but also new opportunities 
for cooperation pose new challenges for businesses in terms of management, search for new technological 
solutions as well as new alternative raw materials and fuels. These challenges are frequently associated with 
changes in the strategic and operational management. Modifications in corporate management systems are 
an expression of aspirations of those organizations to increase their competitiveness and efficiency. The 
changes mainly provide new rules and structure of business models whose special role is played by various 
forms of innovation. Therefore, business models able to generate and diffuse the innovation become 
increasingly important.  Defining their role and significance in the accepted, implemented policies and 
operational activities carried out by the company frequently determines achieving competitive advantage and 
expected income. Creating the competitive advantage is increasingly possible by the ability and effectiveness 
of the company of leading in various types of innovation, both being their own solutions as well as innovations 
applied due to transfer of them [1]. Therefore, in the recent years the issue of the structure of business models 
which are capable of application the innovation meets the great interest in scientific research both practitioners 
and theoreticians of management [2]. Occurring phenomenon triggered sweeping changes in the business 
environment and, consistently, forced organizations to seek for other than existing ways to increase their 
competitiveness. Metallurgical companies conduct extensive innovative activities to achieve this goal [3]. 
These activities serve to the use of technical progress, information revolution and emerging technology and 
innovation breakthroughs. There is a growing importance of technological leadership. 
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2. TECHNOLOGY AND INNOVATION - INTEGRATION OF TECHN OLOGY ISSUES INTO STRATEGY 

In the current decade, innovations are an integral part of economic processes.  First theoretical concepts of 
innovation appeared in the nineteenth century. A. Marshall drew attention to the role of knowledge as a key 
factor in development [4]. Issues of technological progress were also present in the concepts of the first 
generation of institutionalists. T. Veblen, as a basis for socio-economic transformations recognized continuous 
improvement of techniques and technologies that break the resistance of traditional institutions and create new 
ones. However, the indicated concepts of innovation issue are not treated in terms of priority. Progress in this 
area for the innovation theory was made by J. Schumpeter, who - at the beginning of the twentieth century - 
placed the innovation in the central area of the growth theory. In his theory the profit was the reward for 
entrepreneurship, which is based on innovation [5]. In economic we may find many definitions of innovation, 
such as [6]:  

• introducing a new product or significant changes to existing products,  
• introducing a new production process in selected industry, 

• opening the new market, 

• introducing to the use of a new type of material, 

• changes in the structure of an organization. 

M. Porter to the concept of innovation includes technological improvements, better methods and ways to do a 
thing, as well as changes in products and processes, and new approach to marketing and forms of distribution 
[7]. In the next part of his work, such innovative change has been analyzed. It had its source in innovative 
activities, which consists engaging the companies in various activities: scientific, technical, organizational, 
financial and commercial, that lead to or are intended to lead the innovation.  Some of these actions are 
innovative, while others are not novel but are necessary for innovation. Innovative activity also includes 
research and development activities (R & D), which are not directly related to the development of a specific 
innovation. Innovativeness is the way to innovation, it is relative to the primary phenomenon that is associated 
not only creativity but also with the ability to application the innovation. It is an attribute of competing companies 
in situation where their competitive advantage is based on innovation. 

Many valuable solutions may emerge, if the expectations of industry and proposals of the R & D centres are 
confronted in one place. It is a difficult task because while creating specialized products it is essential to use 
the latest technologies at wide range. Being aware of the great challenges that the industry is facing, initiatives 
are undertaken to build networks of cooperation for effective development. Challenges and competitiveness 
factors for the steel industry are being examined, which gives the ground for formulating an effective innovative 
actions [8]. A key problem is the proper use of technological innovation in the enterprise, also incorporate it in 
the strategy of the company. 

Theoretical and empirical studies show that technology not only plays a key role in creating new products or 
processes, but at key points of punctuation it changes the fundamentals of industry structure by radically 
redefining ‘the rules of competition’. [9] Development of technological strategies should not be an isolated 
activity, but rather should take place in cooperation with people responsible for strategy and business plans of 
functional units. Scheme of such cooperation can consist of a gradual and iterative integration of technology 
in typical steps: setting strategic objectives, analyzing the enviroment, analyzing the company, elaborating 
strategic options, taking strategic decisions, implementing the strategy [10] (see Fig. 1 ). It means -  determining 
strategic business objectives - strategic alignment for technological purposes. Carrying out such technology 
gaps closing procedure uses an approach, which is frequently observed in strategic business planning. These 
vulnerabilities are usually informative and can be seen in the following areas: technology objectives, 
technology forecasting, and assessment; technology networks relating technology and business units or 
relating product technologies to procrss technologies; market-product-technology analysis; defining 
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technology potential; identifying the strategic technology position portfolio; defining technology projects 
consisting of R&D projects to develop product and processtechnologies. [10] 

 

Fig. 1 Integration of technology issues into strategic business planning [10] 

Using this approach will allow to plan the assumptions for the technology development as well as its proper 
use in business. Parsed example: using composite alternative fuels in metallurgical production, seen in 
technical-economic perspective. 

3. PERSPECTIVE OF USING COMPOSITE ALTERNATIVE FUELS  

In a number of pyrometallurgical processes, in addition to metalliferous material, basic component of the feed 
is coke, coke breeze or anthracite. Mainly they play the role as an energy carrier and reductant. For many 
years, research has been carried out in a wide range of applications of cheaper alternatives to these materials 
in metallurgical aggregates. This applies to the process of sintering ore, blast furnace process, non-ferrous 
metal smelting process in shaft furnaces and processing technologies of various kinds of secondary 
metallurgical raw materials [11-14].  

As alternative fuel for metallurgical processes there are used coal-bearing fine-grained fractions from coal 
enrichment process, coke waste and biomass. Some of them have already found a wide range of highly 
successful application e.g. in the energy sector. [15]. It should be pointed out that a major problem of these 
processes is the emission of pollutants in the form of dust, CO2, SO2, CO, NOx and other products of incomplete 
combustion, which is particularly harmful to the environment [16], [17]. One way to improve this situation that 
gives immediate effect is the replacement of the current fuel with fuel with modified combustion kinetics and 
much better energy - emission performance. Such fuel can be the carbon composites formed on the basis of 
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waste from the refining of coal and biomass waste. By appropriate selection of the proportion, such fuel may 
have a significantly lower emission of gaseous and solid pollutants as well as it can be characterized by 
parameters specific to a particular technology for example higher reductive parameters. 

This type of fuel, apart from the appropriate purely chemical and process parameters, must also have adequate 
strength parameters. An example of a metallurgical process, where the modified formed fuel may be used is 
the process of sintering iron ore. This process requires appropriate fuel granularity, which on the one hand 
does not reduce the breathability of the sinter mix and on the other hand does not contribute to the so-called 
combustion delay. 

The example of alternative formed fuels and its parameters are shown in Table 1 . 

Table 1  Characteristics of alternative formed fuels based on waste carrier of “C” element 

fuel 

no. 

graining / 

mm 

composition 

of dry mass 

calorific value / 

MJ.kg-1 

compressive 
strength /MPa 

1 
pellet φ 12 

L = 20 ÷ 30 

67 % fine coal*) 

30 % fine brown coal 

3 % binder 

26.71 1.281 

2 
pellet φ 14 

L = 20 ÷ 30 

15  % fine coal*) 

68  % breeze coke 

15  % fine brown coal 

2 % binder 

28.62 1.168 

3 
pellet φ 20 

L = 30 ÷ 35 

68 % fine coal*) 

30 % coke dust 

2 % binder 

27.95 1.172 

4 
pellet φ 20 

L = 30 ÷ 35 

78 % fine coal*) 

20 % fine brown coal 

2 % binder 

27.90 1.175 

*) product of flotation 

The forming of fuel composite is the process of concentration of the loose substance by compressing it under 
high pressure and often at an elevated temperature, wherein the substance must have some free space 
between molecules. The forming can be done by briquetting, pelleting or extrusion. The choice of a forming 
method is determined by the rheological properties of the mixture undergoing forming. The forming of 
substances can be divided into forming without a binder and with a binder. In the process without the binder, 
bonding forces will be direct interactions of material particles which undergo the forming process. However, by 
using a bonding adhesive, which is a few percent addition to the mixture undergoing forming, it is intended to 
bind together the particles acting as an adhesive by increasing the intermolecular interaction forces. The 
strength of pellets depends on the forces that bind the carbon particles together [18, 19, 20].  

During the studies the applicable potential of alternative formed fuels based on waste carrier of “C” elements 
as carbonaceous materials in metallurgical processes, e.g. in the iron ore sintering process, in the 
pyrometallurgical processes for the preparation of copper or in the process of recycling of metal-bearing 
materials was confirmed. The composite alternative fuels may be used in the processes of pyrometallurgy of 
copper as an alternative reducing agent as well as an energy carrier (alternative fuel) to currently used coke 
breeze. Furthermore, using alternative formed fuels affects the intensification of the combustion process due 
to an increase in reaction surface area. Small coal particle presents in alternative fuels results in about a 25% 
increase of the combustion temperature. This affects the rate of chemical reactions resulting in lower emissions 
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of incomplete combustion components. This fuels are also characterized by a higher reactivity, which 
manifested by increased reducing properties. An analysis of the obtained researches data shows that: 

• average emission factor has been reduced about 27.6%, 

• the cost of alternative formed fuels is about 21 - 40 % lower than currently using coke with kept 
technological parameters as strength and calorific value, 

• level of Cu in waste slag has been decrease to 0.19 - 0.27 mas. %. 

4. CONCLUSIONS  

Increasing competition and globalization are forcing metallurgical companies to develop their adaptabilities. 
Today’s competition conditions in this sector require business models focused on generating and diffusion of 
innovation. The key activity is well designed innovative action, which becomes a strategic challenge. Creating 
a competetive advantage is possible through the capacity and effectiveness of the company for introducing 
various types of innovation. 

Phenomenon of formation and implementation of the innovation is very complex, multidimensional issue. 
Innovation rarely occurs as an isolated process, it is rather a highly interactive cooperation in continuously 
growing and diversing network of stakeholders. Because of this cooperation, companies can gain knowledge 
from many different sources through: partnerships, joint ventures or alliances, or even in the form of 
agreements for conducting R & D or purchased licenses. Cooperation allows to extend the competence of the 
company, becoming the way of widening the scope of development projects. 

Theoretical and practical research show that the technology is not only the key activity in creating a new 
products or processes, and can also radically change the industry basis structure by redefining the rules of 
competition. Designing appropriate technical and economic parameters of new technology and its 
implementation requires a methodical approach to the process. This challenge can be met if we take into 
account technology issues on every step of the scheme: strategic objectives, environment analysis, company 
analysis, strategic options, strategy decisions, strategy implementation. 

In surveys the potential use of composite alternative fuels based on waste carrier of “C” element such as 
carbonaceous materials in metallurgical processes, e.g. in the iron ore sintering process, in the 
pyrometallurgical processes for the preparation of copper or in the process of recycling of metal-bearing 
materials - was confirmed. Composite alternative fuels can be used in copper pyrometallurgical processes as 
reducing agent as well as an alternative energy carrier (alternative fuel) to actually used coke breeze. The 
analysis of the data obtained shows that the technical and economic parameters of the new technology will 
improve significantly the efficiency of the process. 
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Abstract 

Mechanical characteristics of the creep-resisting alloy IN 713 LC depends on its content and material purity, 
furthermore on the structure and structural non-homogeneities. Significant influence on the material properties, 
for its usage, has the way of crystallization, modification of the grain structure secured by technological setup 
of the casting tree and special directed insulation of the tree. 

The aim was to realize the tests on the samples to achieve definition of casting process and sequential detail 
grain structure study of the directed solidified castings with higher mechanical properties at higher temperature. 
The samples were analyzed by RTG and FPI method and cut for additional testing. Interesting data were 
obtained in these areas: grain size and structure with dependence to the casting temperature, the shell 
annealing temperature and insulation by ceramic wool - Sibral, on the specified places defined with the 
insulation thickness to ensure surface controlled crystallization in the casting. Part of the study was aimed to 
cost reduction during process and definition of the necessary technological changes to reach profitability of 
the product. 

Keywords: Turbine wheel, wax model, IN713LC, casting 

1. INTRODUCTION 

Thaw point is the temperature, when a crystalline solid passes from solid state to liquid one [1]. When the 
molten metal is melted, its heat energy starts to leak out through the mould that distributes it to its surroundings. 
The process continues till the moment, when the energy contained in the casting starts to approach the heat 
energy level in its surroundings. It starts by crystallization of the primary phase and get finished by complete 
solidification of the casting. 

There grows the dendrites nucleuses of the metal matrix that continues growing. [2] The aim of this experiment 
is to achieve directionally solidified casting, especially in the area radial oriented grains on the blades to 
increase the mechanical resistance in the direction of rotation - max. centrifugal force.  

The process is useful, with respect to technology, as the created crystals do not defend feeding of metal from 
risers. Materials with a wide interval of solidification do have a tendency to form in a thermal system 
microporosities in casting axis. [3] 

For casting of the turbocharger wheels and components from heat resistant nickel alloys are also suitable 
Inconel 713LC studied by us, in which the melting and casting in a vacuum to eliminate the necessity of affine 
response elements (especially Al and Ti) to oxygen. In dilute vacuum atmosphere at a vacuum of about 5.10-
4 mBar reactivity is almost zero elements and thereby achieves a good quality of pure alloy suitable for casting 
high - stressed parts cremation turbochargers operating at high temperatures during rotation. Due to the 
relatively high cost of the manufacture of castings with high added value, it is important to tune the process to 
avoid cost increases. The most commonly used materials for the production of thermally parts of castings 
turbochargers and turbine blades are the following alloys (See Table 1 ): 

 

Table 1 Nominal chemical composition discussed alloys (wt. % Ni- base) (source: [4]) 
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Alloy C Cr Co Mo W Nb Ta Ti Al Zr B 

IN 713 C 0.12 12.5 N/A 4.2 N/A 2.0 N/A 0.8 6.1 0.10 0.012 

IN 713 LC 0.05 12.0 N/A 4.5 N/A 2.0 N/A 0.6 5.9 0.10 0.010 

IN 738 LC 0.10 16.0 8.5 1.75 2.6 0.85 1.75 3.4 3.4 0.05 0.010 

IN 792 5A 0.08 12.5 9.0 1.9 4.17 N/A 4.17 3.97 3.37 0.03 0.015 
 

  

Fig. 1  Assembly of individual wax models into tree Fig. 2  Trees dipping into a ceramic slurry 

  

Fig. 3  Sending - making a final surface of layer Fig. 4  Dewaxing procedure 

To produce castings of superalloy is most commonly used method of investment casting. See Fig. 1 -4 [4], 
where is quick visual description of the investment casting process - preparing of the ceramic shell, which is 
used for the casting as a mould. 

2. DESCRIPTION OF THE ALLOYS 

There was used the sample of turbine wheel made of alloy IN713LC for the experimental part of the project 
(see Table 2 ). It belongs among the first casted alloys of so called I. generation, where the vacuum metallurgy 
has been used for production. Reducing the carbon content in the alloy causes the solidus and liquids shift to 
higher temperatures and to improve certain material characteristics - plasticity. The alloy is ordinarily used in 
a raw cast form and from the point of precipitation of topologically closely organized phases through the 
operational exposition, is considered as structurally stabilized. IN713LC is creep-resisting Nickel based alloy, 
primarily determined for the method of lost wax process. The alloy is neither suitable for forming nor welding.  

The alloy IN 738 and its modification IN 738 LC are compared to IN 713 LC between higher developmental 
materials called II. generation. Creep resistance frequently used version of IN 738 LC is comparable to IN 713 
LC, but with higher content of Cr and other elements is more resistant to high - temperature corrosion. 

In the case of alloy IN 738 LC is necessary, unlike the alloy IN 713C respectively. Optimum properties of the 
alloy achieve two-stage heat treatment, 1120 °C / 4h / solidification heat treatment and 760 °C / 16 h / 
hardening. 

The experimental part of the project is focused on the practical investigation influence crystallization properties 
of the casting obtained, and controlling the temperature gradient of cooling of the shell form by selecting 
appropriate isolation at specified parts of the casting so that occurred in the maximum for controlled cooling, 
respectively the most intense heat away from where it is desirable formation directionally solidified grains on 
the blades of the turbine wheel. 
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3. EXPERIMENTAL PART 

3.1. Technical part 

During the development there were done several tests with different parameters. All tests, including 
technological parameters and partial conclusions are described below. During these tests have been 
repeatedly modified technological processes and manufacturing processes to ensure successful management 
of the project. IN 713 LC was used for the experimental purposes. 

Table 2  Basic data (source: [4]) 

Casting name Turbine wheel 

Model number 816 998 

Material IN 713 LC 

Table 3  Shell mould production technological parameters (source: [4]) 

Shell material Molochite 

Coats quantity 11 + 0,5 

Shell thickness [mm] cca 11 - 12 

Dewaxing temperature [°C] cca 185 

Cup type Ceramic cup with recessing for filter  

Was assembly type 3 turbine wheels per tree 

Ceramic shell and its composition give the possibility to influence the crystallization. Main parameters are 
defined in the Table 3 . Ceramic wool Sibral is applied to control the cooling rate of the material portion of the 
casting (meridian). For the experiment there was used molochite shell and for its improved properties and high 
thermal shock resistance and greater dimensional stability compared to a quartz shell mould, which is also 
used alternative. The biggest benefit of this ceramic system is better temperature stability. Further, using a 
ceramic insulation, which retains heat well, thus taking the heat node upwards in cooperation with massive 
insulation allow a higher utilization of the material at the inlet, thereby reducing the economic demands on the 
cast. 

Table 4 Casting Technological Parameters (source: [4]) 

Machinery  Vacuum oven VIM-IC 5E/II 

Pouring Temperature [°C] 1476 

Annealing Temperature [°C] 1080 

Annealing Period [hours] 6 

Vacuum [mBar] 2.3*10-3 

Batch Weight [kg] 32.4 

Technological parameters of casting are described in the Table 4.  Gating castings were after casting and 
sealing the opening of the door of the vacuum furnace is backfilled exothermic powder Pyromac 7G and left in 
an open oven for approximately 15 minutes. Then it was moved to the casting field where there was a gradual 
cooling in air to room temperature over about 8 hours. 

Virgin wax Hyfill 478 is used as a model wax to maximum guarantee and stabilization the dimensional accuracy 
of the casting. Red wax which is visible on the wax model , see Fig. 5  has the lowest melting point and is used 
to form expansion joints at the de-waxing in critical areas of the casting , which are the riser and the casting 
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inlet part interconnected slots into the casting. Green (virgin) wax with a high temperature 
expands about 10 times more than ceramics was used to reduce cracking and damage 
of the shell. 

The surface of the wax model provide excellent adhesion for coating degreased special 
agent that degreased cast down and partially etched so that the first layer contacted with 
the surface of the wax model. In terms of surface quality is less favorable to the production 
process, but in terms of cohesion and stability of the face layer is the best solution possible 
delamination of the layers apart. A clean surface is a prerequisite for good coating 
adhesion and slip. The most important aspects for dimensional and surface quality of the 
cast are the first two layers’. 

 
 

Fig.  6 Shell (source: [4]) Fig.  8 The way of packing (source: [4]) 

  
Fig.  7a Macrostructure (source: [4]) Fig.  7b Macrostructure (source: [4]) 

The most important part of shell are first two layers’ see Fig. 6  determines the quality of the surface. This is 
reason, why was used fine stucco Molochite 50 - 80. This method can achieve the surface roughness Ra3.2. 
Then should be used further stucco, to reach higher thermal stability and indicates the strength of the shell. 

The above parameters are used to reach control of the crystallization on the casting. This procedure formed 
on turbine wheel radial oriented grains to reach 30% higher strength than conventional castings. Fig. 7a  and 
Fig. 7b  show difference in the direction of the crystal grow, Fig. 7a  is before heat transfer treatment, where 
wasn’t reached proper crystallization, Fig. 7b  is after treatment, where we achieve the proper quality of the 
grain orientation. 

There was used the Sibral for the shell insulation. The feeder was insulated by double Sibral layer of 13 mm. 
Gating system was insulated by the layer of 13 mm. Wheel blades were left without insulation. The Top of the 
wheel was insulated by a layer of thickness of 13 mm. Insulation of the shell is on the Fig. 8 . 

3.2. Economic Evaluation 

Profitability is a consequence of how well the process results satisfy needs and expectations of customers and 
with what financial efficiency they are provided. [5, 6] 

Price of the most commonly used superalloys range from 300 CZK / kg to 500 CZK / kg (according to the ratio 
revert / virgin), we can say that focusing on the rationalization of this part of the production process, it would 
be possible to achieve significant economic savings. The most important requirement is to design suitable 
gating production system. 

Fig.  5 Wax 
model 

(source: [4]) 
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Model for a higher utilization of liquid metal can be found for example in the turbine wheel bearing TPS 44 from 
the Swiss company ABB. 

In the common way of gating when casting 1pc in Inflow, during the last year there was used 15 kg per batch 
for 2 Inflows. At the same time, in the period from 1st January 2013 to 31st December 2013 there was casted 
in total 556 pieces of turbine wheels. As the casting material used IN 713LC 50 % / 50 % whose price is around 
300 CZK / 1 kg.  Material costs for casting 556 pieces of turbine wheels thus are: 7.5 kg x 556 pc x 300 CZK 
= CZK 1,251,000 CZK 

The net weight of the turbine wheel is 2.62 kg. When using 7.5 kg per batch for production of one turbine 
wheel, the exploitability of liquid metal is 35 %. 

Calculation [7] done for new possible Inflow system and casting 3 pieces in an Inflow, in which it is used in 
average 19.5 kg per batch.  For casting a turbine wheel is therefore necessary to spend on average 6.5 kg per 
batch. Assuming that this way of gating there were cast 556 pieces of turbine wheels, as in 2013, the 
calculation of the material costs would be: 6.5 kg x 556 x 300 pc = CZK 1,084,200 CZK 

Regarding material costs, the difference between the two ways of gating would theoretically be 166,800 CZK 
for the whole year. Saved would be approximately 560 kg of material IN 713 LC. Roughly speaking, 1 kg of 
superalloy IN 713 LC at a price of CZK 300 / kg would be saved for each turbine wheel casted using the new 
process. 

As described above, the usefulness of the liquid metal is thus 40 %, assuming the use of a new gating method. 

It is also necessary to take into account the increased production efficiency [8]. If it was decided to change the 
gating process the above described turbine wheels, should not only have positive effect on the saving of the 
used material, but also higher labor productivity in operations such as the manufacture of shells and mainly 
casting. The production capacity of vacuum furnaces is limited by their performance, and simply can say that 
the change of gating would therefore increase the production capacity of vacuum furnaces by approximately 
15 - 20 %. 

4. DISCUSSION 

IN 713 LC alloy is low-tech, its heat resistance is at a good level and achieving the desired properties. It does 
not cause problems in attestation creep tests. When creep resistance comparable to IN 713 LC preference IN 
738 LC increased resistance to high temperature corrosion, especially sulphurous environment. This is 
achieved by alloying complex, however, thereby increasing the density and cost alloys (vs. IN 713 LC is about 
half expensive). Solidification temperature interval compared to IN 713 LC roughly two and a half times the 
width of which should be taken into account when choosing risering castings to avoid microporosity. To achieve 
the desired utility properties of the alloy must be heat treated. 

5. CONCLUSION 

The experiment was realized on request of the customer to produce turbine wheels cast using the method of 
precision casting with large coarse columnar grains oriented in the radial direction. The coarse structure has 
a better creep resistance at higher temperatures than the fine-grained structure and the effect is enhanced if 
the number of columnar grains is minimized. Directional solidification may be used in our casting geometry 
achieved by influencing the thermal insulation properties of the mould. It directionally solidified achieved by 
influencing the temperature gradient in some parts of the mould. For this purpose we used insulating walls 
exothermic wrap, in our case Sibral. Thanks testing creep properties of the thus produced casting were able 
to document and can be demonstrated mechanical properties increase by about 7 % as regards the maximum 
of such a voltage. Ductility, commonly problematic achievable, is in such oriented grains achieved by a large 
margin. 
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Due to production increase, we are able to achieve competitive prices for developed casting technique of three 
wheels at the inlet, which is prepared for the production of specially crystallized castings with radial orientation 
of grains to achieve higher mechanical values than conventionally casted castings of similar shape. 

This new technique will reduce mainly material costs and simultaneously increase the productivity of the 
manufacturing process. The cost analysis with data from last year assumed to reduce material costs up to 167 
000 CZK. If the production will grow, which is assumed, the savings will be even higher. 

The temperature of the metal and annealing temperature of the shell is very important and using metallographic 
setting parameters has been achieved serial deliveries with possibility to produce turbine wheels atypical way 
of casting and subsequent crystallization. Another raising or influencing the mechanical properties, as 
discussed above, is the use of alloys that will be investigated in other parts of the project. The most effect and 
applicability of higher generations alloys for manufacturing the turbine wheel which will have higher design 
parameters to increase the efficiency of the machine. 

Upon closer examination of the structure there was showed the influence of gravity, resulting in deflection of 
the grain growth, thus totally negative influence, which was necessary to eliminate the change in position of 
castings at the inlet so as to achieve an even distribution of columnar grains symmetrical around the periphery 
of the casting. Further investigation will focus on eliminating the influence of temperature on the casting field 
cooling of castings, eliminating different cooling time and constant ensuring achievement of controllable 
macrostructure without using special equipment - crystallizer in a vacuum oven. 
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Abstract   

This paper is dedicated to the problems of cooperation of supply chain members aiming to make use of 
synergic effects resulting in a number of benefits, e.g. lower costs, improved customer services, increased 
negotiation power, enhanced performance, or maximization of the value perceived by the customer. The paper 
aims to describe, analyse, and evaluate the methods of cooperation of the members of supply chains in 
metallurgy from the point of view of a particular company processing steel coils which is selling their products 
on B2C market. The analysis was based on the method of a comparison of outcomes acquired through the 
method of in-depth interviews conducted with managers of the given enterprise in accordance with a 
questioning scenario with the outcomes of the performed scientific literature research, which focuses on forms, 
prerequisites, benefits, and risks of cooperation within supply systems with respect to their characteristics and 
structure. 

Keywords: Supply chain, metallurgy, cooperation in supply chain, company processing steel coils 

1. INTRODUCTION  

Creation of supply systems within which enterprises cooperate mainly on the basis of partnerships is their 
response to turbulent changes in the current business environment. These have mainly resulted from 
globalization and dynamic development in the area of information and communication technologies, and they 
significantly affect the character of business. Financial stability and competitiveness of economic entities is, in 
the present demanding conditions of the knowledge economy, determined by the ability and possibility of 
becoming involved in strategic partnerships, which brings a number of financial and non-financial effects and 
represents a significant competitive advantage [1]. Multiparty collaboration is critical to the effective solution of 
complex problems and continuous adaptation to changing environments [2]. Individual economic entities 
connect and form supply chains (SC) to make use of synergic effects. The value is generated and also shared 
within the entire SC structure. The transition from competition of separate enterprises to competition of the 
whole supply chains requires that enterprises change from relations of mutual competition to relations of 
mutual cooperation. Networks are creating of interdependent partners that are working extremely closely 
together to fulfil a common goal of customer satisfaction [3]. Nowadays, we even talk about partnership 
management [4]. But in metallurgical supply chain, cooperation is still at a low level, in relation to other areas 
[5]. 

On the basis of the outcomes of the performed scientific literature research focussed on the features and 
structures of supply systems and especially on the possibilities, advantages, and risks of cooperation of 
individual members, the paper thereafter analyses particular methods of cooperation between the members 
of this SC from the point of view of the given enterprise.  

Targeted literature search in scientific literature, one-to-one interviews with managers of this company, and 
experiences from other supply systems studies were used as research methods and sources. 
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2. THEROETICAL BACKGROUND 

The traditional form of business transactions was based on a single transaction and limited sharing of 
information among the transaction participants. These arm’s-length relations, which are characterized by 
distrust and mutual competition, an effort to make profit from any transaction, lead to uncertainty about the 
volume of orders, continuous changes of suppliers and customers, changes in transaction terms and 
conditions, etc., which is one of the reasons for high costs and an unstable level of customer services [6]. 
Therefore, these relations have been replaced by durable arm’s-length relations, which are based on 
cooperation and information exchange among the members of the business transaction [7].  As early as in 
1964, Haskett mentioned the need to manage material flows from primary suppliers to final customers [8].  
Within the terms of logistics, it meant to synchronize individual logistics activities (chains) within the enterprise 
with logistics activities of other companies participating in material flows from primary suppliers to final 
customers. If a supply system consists of a number independent enterprises sharing minimum information 
only, it results, besides other things, in an undesirable effect described by Forrester. The core of this effect is 
that information about a small change in the consumer demand gradually strengthens in the supply system as 
a result of independent stock management systems in each segment, which secure themselves against 
demand fluctuations, distort the current market requirements and provide their suppliers with inaccurate 
information [9]. To decrease this effect, it is essential for individual SC members to make relationships of 
mutual cooperation and to share information. 

2.1. Ways of cooperation  within supply chain     

A relationship of mutual cooperation is based on creation of a strategic partnership between two or more 
enterprises (partners). It may have the following forms [10]: 

• vertical integration, where economic entities on different levels of processing connect with the preceding 
or subsequent activities, 

• horizontal integration - interconnection of economic entities on the same level of processing,  

• conglomerate integration - across branches of business. 

In view of the fact that most enterprises did not use to be willing share information, in view of the distrust 
between enterprises, traditionally competitive relations to the other members of the supply system, and at the 
same time of the existence of the problem of different corporate cultures, management systems, or any other 
obstacles that were not possible to overcome [11], enterprises saw the best form of coordination of activities 
within the supply system in cooperation based on mergers, acquisitions, or on joint ownership. A survey 
performed by the network of KPMG consulting firms in 2012 showed that as many as 90% of enterprises 
planned to be involved in a merger or an acquisition in the following two years, i.e. 2013 and 2014. In Europe, 
the respondents would rather see themselves in the role of sellers (52%), while most American companies 
plan to be in the role of buyers (48%).  Companies use mostly internal information sources: review of 
organization-specific reports, audits, but barely use regular interviews or questionnaires filled by managers, 
consumers, workers or members of local communities. EU reports, national or regional data sources are used 
marginally [12]. 

If all the entities involved in the activities defined in the supply chain are owned by one enterprise, the supply 
system is vertically integrated [13]. Waters considers vertical integration as the highest possible form of 
integration, where one enterprise buys another enterprise within the supply system to decrease costs and to 
improve the level of customer services [6]. In the recent years, vertical integration belonged to the most popular 
ways of cooperation as enterprises were hereby able to obtain certain advantages, e.g. better control over the 
performance and costs. However, the practice showed that it is beneficial to each company to focus on the 
key processes only and to outsource all the other activities to external suppliers [9]. Therefore, enterprises 
also started to direct their attention to cooperation that is not based on joint ownership.  
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Strategic alliances of this type are characterized by cooperation of entities, which is either formal, or informal. 
This results in establishment of long-term relationships between partners using synergies. This form of 
cooperation leads to an increase in outsourcing. For individual SC segments, this represents taking Make or 
Buy decisions. A special case is then cooperation with a Third-Party Logistics provider (3PL), 4PL, etc. A 
substantial condition of its application is creation of a mutual relationship of cooperation and trust between the 
partners. This form of cooperation mainly results in a more efficient SC, and the other effects including any 
benefits relating to outsourcing, i.e. the possibility of focussing on the key activities only, utilization of better 
knowledge and more advanced technologies of the suppliers, decreased capital, reduced stocks and costs, 
etc. On the other hand, potential disadvantages can be seen in e.g. the risk relating to interruption of supplies, 
the possibility of threatening the business secret, a loss of control over the production process, the quality, and 
the costs relating to cooperation with the supplier [14]. An enterprise using outsourcing for all its activities to 
the maximum possible extent is called a “virtual enterprise”. In such a form of cooperation, a virtual enterprise 
“only” coordinates activities of other companies [13]. Virtual integration is to use technology and information to 
blur the traditional boundaries among suppliers, manufacturers, distributors, and end users in SC. Data, 
information, and knowledge are shared across cultural-boundaries, time-boundaries, and space-boundaries. 
It offers the advantage of tightly coordinated SC that has traditionally come through vertical integration. Today, 
the virtual corporation of various firms in SC is a reality with suppliers and customer trading over the Internet 
in real-time to create maximum value [15].  

2.2. Tools and methods of cooperation in supply cha in  

To ensure permanent improvements in material flow management throughout the SC, it is possible to apply a 
number of continuously developing methods based on cooperation in the SC. The aim is to achieve effective 
material flow management with focus on satisfying the end users’ requirements and wishes. They are based, 
above all, on the principle of common information sharing and replacing stocks by information through modern 
ICT. This involves methods of approaches like Quick Response (QR), Efficient Customer Response (ECR), 
Continuous Replenishment Program (CRP), Vendor Managed Inventory (VMI) and Collaborative Planning 
Forecasting and Replenishment (CPFR).  They are all focussed on strengthening partnerships between SC 
members in the interest of improving of intercompany material flow management [16]. 

QR is a method based on application and further development of JIT. While JIT was mainly focussed on 
management of material flows between neighbouring members of the SC, QR enables synchronized material 
flow management throughout the SC. QR is built on a fast transfer of information about the stocks, issued 
orders, and performed sales across all SC members. Its application is mainly possible thanks to development 
of technologies for electronic identification of movement of goods (barcodes and RFID) and electronic 
communication [17]. 

ECR method can be characterized as a common initiative of SC members, whose aim is to achieve more 
flexible response to customer requirements, elimination of activities that did not bring a value, maximization of 
the efficiency of the product movement throughout the SC as far as the final customer. It covers the following 
three areas of activity [17]:  

• segmentation of products and services according to the customers’ requirements and creation of 
specialized distribution systems for them,  

• effective management of promotion activities, based on their common planning, determination of the 
date of commencement, the total period, and localization of the venues,  

• coordination of activities connected with launching new products. See more in e.g. [17].  

CRP method changes the traditional supply process to a process of mutual cooperation, where the supply 
requirements are specified on the basis of information from the customer by the supplier [18].   

CRP system is connected to VMI system, whose essence consists in the fact that the supplier takes an active 
part in maintaining the required optimal level of stock in the customer’s premises. Distributors regularly provide 
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their suppliers with information about the current level of stock, about sales, prepared action sales, etc. It is 
the supplier who is responsible for replenishment of the customer’s stocks. Application of CRP is an important 
step towards SC simplification and efficiency improvement in its distribution part [18]. For comparing the 
efficiency is possible to apply Data Envelopment Analysis (DEA), which is a non-parametric method based on 
production theory and the principles of linear programming [19]. It was use for example for comparing  the 
efficiency of sector manufacturing base metal in 25 European countries [19] ore for the evaluation of efficiency 
of the mining and quarrying sector in European countries in 2011 [20]. 

These methods have resulted in a system of integrated, dynamic planning of requirements based on demand 
forecasting, i.e. in the system of CPFR. It is the mechanism to realize value - added activities in SC [15]. The 
method is based on a higher and more complex form of cooperation, and when it is being implemented, it is 
essential to define[ 17]: 

• who will manufacture (and also when, where, with what technology, through what activities, and for 
whom), i.e. to draw up a cooperation agreement, 

• common objective for all parties involved, and 

• common system of demand forecasting, both on the strategic and on the operational levels.  

Application of CPFR should result in transition to target chains with a synchronous flow with a significant 
reduction, or even elimination, of the chain effect. The information flow in the SC is parallel with the material 
flow, which is completely smooth and balanced there. This arrangement is only possible if coordination and 
synchronization of all the activities defined in the SC are on a high level.  

3. COOPERATION FROM THE POINT OF VIEW OF COMPANY PROCESSING STEEL COILS 

The level collaboration in SC is closely associated too with the product clock-speed. Fig. 1 integrates the 
concept of efficient SC and responsive SC view, the clock-speed view, and the level of supplier’s collaboration 
[16].  

 

Fig. 1 Collaboration level and product clock-speed [16] 

The steel industry is a slow - clock industry. The capital intensive steel plant is estimated to have a life cycle 
20-30 years. As such efficient SC is a well- accepted business model for steel industry. Location of steel 
company in the right-bottom part of the Fig. 1 indicates vertical integration companies which manage almost 
everything in-house from raw material production to the distribution channel and to the final users.  
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In this paper cooperation within the SC is monitored from the point of view of a manufacturer of more than 600 
kinds of metal products for a so-called hobby programme is in this research. The core products are racking 
systems. It is a modular programme, which enables custom-made production and delivery, including designing 
a suitable racking system. There is a strong competition in this area of processing. However, the company has 
a unique manufacturing technology and its own development and engineering departments. This makes it 
possible for this company, together with effective cooperation within the SC, to respond to the customers’ 
requirements very flexibly and keep competitive prices at the same time. The company mostly supplies its 
products to central distribution warehouses of retail chains (90% of the production), who also sell them under 
their private brand name. It is the last manufacturing segment of the given SC.  

What is typical for metallurgy is vertical integration of companies, which forms a strong group with a very strong 
negotiation position in the given SC. In view of relatively small purchases of steel coils, the company does not 
deal directly with the primary producers, but it is forced to use intermediaries. These are big trading companies 
dealing with purchase, storing, modification, and sale of metallurgical products and the like on the basis of 
wholesale. They set the main conditions of cooperation. They also arrange direct deliveries to the company. It 
results in keeping stocks of strategic raw materials for about 30 days of manufacturing in the company 
warehouses. Orders of deliveries have to be sent 2 months in advance and despite this fact there is relatively 
high variability both in delivery times and volumes from the side of the supplier. These conditions of cooperation 
were set up with respect to the maximum use of the capacity of trucks transporting the goods and the suppliers’ 
planning systems. The company had to adapt to these conditions of cooperation in view of the supplier’s strong 
position even though it means for the company to maintain extensive stocks of steel coils on input.  

The company has entered into a long-term cooperation contract with a supplier of powder coating materials. 
There are no problems with competitors as painting shops have different technologies and cooperate with 
each other in the interest of quick fulfilment of their customers’ requirements, they help each other e.g. in the 
case of a temporary lack of a shade, which affects efficiency of the entire SC. 

The company is an important customer of a chipboard supplier with respect to the purchased quantity. That is 
why favourable conditions of JIT delivery are set up in the way to be optimal from the points of view of flexibility 
and costs. The company can see a certain risk in the possibility of leakage of its know-how through these 
suppliers. According to a worker responsible for logistics, the set conditions are very serious for both parties. 
These suppliers, as well as the suppliers of packaging materials, are from the Czech Republic, which has 
positive impacts both on shipping costs, and on quick response.   

As for deliveries of supplementary material, e.g. wheels for manual handling technology, they cooperate with 
one central supplier from Asia, who supplies them with 1 container per month of all necessary types of wheels 
on the basis of an order. There are no problems with fulfilment of their orders or in their mutual relations, which 
is also given by relatively low costs of keeping these stocks.  

Most orders are implemented through distribution centres of retail chains, which require the company’s high 
adaptability to the changing demand. Here, cooperation is on different levels, both with respect to a particular 
retail chain, and with respect to the place of delivery. The goods are delivered to the domestic market, and to 
the EU countries, Canada, and the USA. The company makes it maximum efforts to seize eastern markets. 
The delivery conditions are, mainly in view of a very strong position of chains and their entrepreneurial culture 
in the area of the Czech Republic, different from the conditions with even the same chain abroad. The general 
contract on deliveries stipulates strict criteria, e.g. settlement of orders within 24 hours in the Czech Republic, 
within 48 hours in Slovakia, quick response, and ensuring perfect deliveries for promotion events, practically 
impermissible communication, and mainly the risk of extensive sanctions in the case of any failure. That is why 
these orders are always preferred to any other orders, which might go to the same chain abroad, where it is, 
for example, possible to agree on the day and hour of delivery operatively in accordance with the current 
situation, and it is possible to communicate with them and agree on an earlier or later arrival of a consignment, 
etc.  
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In view of the unbalanced cooperation with the customers, it is essential for the company to have a very flexible 
logistics chain. Manufacturing runs on the principle of pull, the point of disconnection by an order is in the place 
of the warehouse of steel coils, material and information flow management is supported by the ERP system. 
The company has built another painting line to eliminate the bottleneck in its logistics chain. They use 
outsourcing for transport to the customers for full-truck deliveries. Although they cooperate with stable and 
reliable forwarders, with whom they have set up a serious level of cooperation that is favourable for both 
parties, the company has been forced to extend its product distribution as far as individual markets, so-called 
pallet shipments. Therefore, the company has entered into an agreement with company PPL, which ensures 
this distribution continuously all around Europe. Another step in the process of adaptation to the set conditions 
of cooperation with the customers was construction of a new distribution warehouse to achieve higher flexibility 
in deliveries. Most recently, the company is building cooperation with an administrator of internet pages to be 
able to sell on the internet, where the company provides the highest possible level of customer services from 
a design according to customer specified requirements to the entire implementation of a supply.  

4. CONCLUSION 

A relationship of mutual cooperation is based on creation of a strategic partnership between two or more 
partners which can have forms of vertical, horizontal or conglomerate integration. For the steel industry as a 
slow - clock product, vertical integration and efficient SC is well- accepted business model. This forms a strong 
group with a very strong negotiation position in the given SC. But as a supplier of raw material for company 
processing steel can be a member of responsible supply chain e.g. automobile and PC industry or hobby 
program as was analysed in this work. Thus from the point of view of these companies they are involved in 
collaboration on various levels from Joint venture, Alliances to virtual company.  Enterprises direct their 
attention also to cooperation that is not based on joint ownership nowadays as was shown in the analysed SC. 
Strategic alliances of this type are characterized by cooperation of entities, which is either formal, or informal. 
It results in establishment of long-term relationships between partners using synergies and an increase in 
outsourcing. This paper gives evidence that within SC in metallurgy various ways and methods of cooperation 
can be applied depending on the industrial sector of end processor of steel and on the negotiation position of 
individual members in the given SC. 
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Abstract 

The paper presents an application of the methodology for resilience measuring of selected metallurgical supply 
chain. The methodology is based on the multi-criteria decision making method - Analytic Hierarchy Process 
(AHP). The basic steps of the methodology include: determination of analysed resilience skills, selection of 
measurable criteria, building a hierarchical system to determine the local and global weights, measurement 
and analysis of values of examined measurable criteria, the calculation of results based on the principles of 
AHP. The SuperDecisions software was used for the application. Strategic set of recommendations on the 
development of supply chain resilience for the investigated metallurgical supply chain is created based on 
acquired results.  

Keywords: Metallurgical supply chain, supply chain resilience, Analytic Hierarchy Process. 

1. INTRODUCTION 

Today´s supply chains must face a wide spectrum of trends causing their disruption [1, 2, 3, 4, 5, 6]: 
globalization, outsourcing, centralization, IT-dependence, complex product and service, deficit of information, 
specialized factories, volatility of demand, technological innovations. The concept of supply chain resilience 
represents a way how to handle with these trends and disruptions. In the scholar literature, there is a relatively 
large number of authors dealing with the definitions and strategic concept of building resilience. The main 
authors in this area include Christopher and Peck [7], Fiksel [8] or Sheffi and Rice [9]. 

On the other hand, at introducing the concept of resilience to the real-operation conditions systematic 
shortcomings were found, which have made the task more difficult. One of the first problems is the lack of a 
methodology for measuring and assessing degree of resilience in the supply chain, which would be based on 
quantitative approaches and enable analysing the initial and the and required state of the supply chain 
resilience.  

In spite of gradually emerging efforts aimed at quantitative analysis and measurement of resilience (e.g. 
Bukowski and Feliks use fuzzy sets [10] for measurements; Shuai applies the theory of elasticity of biological 
cells [11]), the majority of proposed systems are qualitative in nature. A comprehensive assessment tool for 
measuring resilience SCRAMTM (Supply Chain Resilience Assessment and Management) created by Pettit can 
serve as a typical example based on a qualitative approach [12]. The authors of the article have found this 
approach flawed. Major shortcomings include: high rigidity and subjectivity of the assessment. The elimination 
of these shortcomings has been the reason for creating a new, comprehensive methodology for assessing and 
measuring the resilience of the supply chain, a draft of which is the main focus of previously published articles 
[13, 14, 15, 16]. The aim of this article is the application and verification of parts of the methodologies dealing 
with measuring the resilience of the supply chain on a case study of the global metallurgical supply chain. 

2. DEFINITION OF METALLURGICAL SUPPLY CHAIN 

To obtain relevant results the case study has been working with a model of a global metallurgical supply chain, 
which only includes its key elements in terms of its overall resilience. The structure of the supply chain includes 
5 mines (suppliers of raw materials), 15 production plants, 50 wholesalers selling steel and 500 direct 
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consumers. The supply chain spans four continents and operates in a relatively wide range of fields of 
metallurgical production. A large part of the analysed supply chain has a holding structure. The holding owns 
a majority of the production plants and suppliers of raw materials (ore and coal mines). With this structure the 
supplier part of the chain features a large degree of mutual interdependence and financial interconnectedness. 

3. MEASUREMENT OF SUPPLY CHAIN RESILIENCE  

The methodology proposed by the authors respects the specifics of the analysed supply chain and provides 
accurate and realistic results that may well support management decisions. On the part of the supply chain 
this approach requires its creative application or modification. This requires participation of the management 
of involved companies and other experts. Main parts of the measurement methodology include: 

• Analysis of resilience skills of the metallurgical supply chain. 
• Draft hierarchical system of indicators of the metallurgical supply chain. 
• Creating a hierarchical system of indicators. 

• Evaluation of the resilience of the metallurgical supply chain. 
• Obtaining and interpretation of final results. 

3.1. Analysis of the resilience skills of the metal lurgical supply chain 

When selecting the major groups of resilience skills that will be included in the analysis two basic ideas have 
been respected: 

• The starting point will be the skills identified on the basis of theoretical research. 
• Experience and views of the management of the supply chain shall be respected. 

On a basis of literature review the original theoretical list of the most important skills, including criteria has 
been adjusted: cooperation, flexibility, visibility, capacity and adaptability. The ability of financial strength has 
been added as the supply chain management has indicated it as one of the key skills for the development of 
a metallurgical supply chain. On the other hand, adaptability has been considered relatively insignificant and 
therefore has been removed. 

Also other metallurgical supply chains as well as supply chains from related areas of the industry may 
theoretically adopt this list for the needs of measurement of resilience, but it is always recommended to 
examine a comprehensive list of skills and identify those that are most suitable for a particular supply 
chain. This procedure guarantees higher information value and usefulness of acquired results. In addition, it 
we do not recommend to select the full set of resilience skills since such a measurement would be very difficult, 
while its complexity would result in a loss of clarity and insights for the management. A similar approach has 
to be adopted in relation to the implementation of the next step, i.e. the determination of specific measurable 
indicators of individual skills that can be decomposed at various levels of detail. It turns out that for the high-
quality information value it is not desirable to measure a large number of indicators or to break down the 
indicators too much in detail. 

3.2. Draft hierarchical system of indicators of met allurgical supply chain 

Again, partial indicators of individual skills are determined with regard to the implementation in the analysed 
metallurgical supply chain. Generally, it is desirable to create or modify the system according to the specifics 
of the supply chain, so as to reflect the specific needs that are placed on it. Additionally, the theoretical basis 
of indicators created by various authors is extremely heterogeneous and without further adjustments 
inapplicable, since at the creation of individual indicators for each skill authors did not create a system with 
respect to the other surveyed skills and the resilience as such, but they only focused on the analysis and 
measurement of individual partial skills instead. Due to this fact only inconsistent lists of partial skills and 
characteristics have been created so far, whereas each pursues a different objective. Some of the indicators 
may include the number of enterprises as a parameter that determines what part of the supply chain meets 
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the measured or evaluated criterion. This issue itself has several solutions. The simplest approach consists in 
a simple consideration when every enterprises in the supply chain is considered equivalent. However, this 
consideration is insufficient for practical application, as individual enterprises have got varying importance for 
the functioning of the supply chain. For a better grasp of this phenomenon, for example weights can be 
assigned to individual enterprises of the chain - these weights would represent the size of the material or 
financial flow. A complete analysis of partial indicators, including a detailed description of the principle of their 
measurement can be found in the thesis of the lead author [17]. For the final list of indicators see the Table 1 . 

Table 1  List of indicators of resilience skills utilized at measurement 

Resilience skill Indicator - indication (unit) 

Cooperation 

Number of cooperating partners in the supply chain - UD11 (number of enterprises 
weighted by the size of material flow) 

Investment in cooperation development - UD12 (mil. €·year -1) 

 

Flexibility 

Width of portfolio of supply chain - UD21 (the number of groups in the classification of 
economic activities NACE) 

Alternative options to ensure production in the supply chain - UD22 (% of own capacities) 

 

Visibility 

Weighted number of enterprises sharing basic information from the area of planning 
and supply chain management - UD31 (number of enterprises with the weighted size of 
material flows) 

Weighted number of enterprises using an integrated system for supply chain planning 
and management - UD32 (number of enterprises weighted by the size of material flow) 

Capacity Reserve capacity of the supply chain - UD41 (% of own capacities) 

Financial strength Creditworthiness index - such as Králíček´s Quick Test - UD51 (trademark) 

3.3. Creating a hierarchical system of indicators  

The hierarchical system of indicators for assessing the resilience of the analysed metallurgical supply chain 
has got 4 levels. The first level is represented by an objective. The second level contains the skills of resilience, 
the third level includes specific measurable indicators and the fourth level represents various examined 
options. The entire system is shown in the Fig. 1 . 

 

Fig. 1 The hierarchical system of indicators for assessing the resilience of the investigated metallurgical 
supply chain in the SuperDecisions software 

The figure has been created by the SuperDecisions software, which is the leading software for solving 
problems using AHP method. The transfer of a task to the software environment involves editing individual 
clusters and nodes of the decision-making system. The variations are in a given case represented by sub-
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networks that allow entry of theoretical and real values of the respective measurable indicator. When applying 
the AHP method individual nodes or measurable indicators are independent of each other. This approach 
allows a simple understanding and application of the method. 

3.4. Assessment of the resilience of the metallurgi cal supply chain 

Assessment of the resilience consists of three basic steps:  

Determining weights of indicators 

The process is based on creation of the file of matrices according to the Saaty method of the pairwise 
comparison. The values needed to determine the weights of individual indicators were determined under the 
participation of the supply chain management. The calculation of weights was made in the SuperDecisions 
software. An important step is to check the consistency of the pairwise comparison matrices. With this check, 
it is possible to verify the correctness of the internal logic of entering values. For the analysed hierarchical 
structure it is necessary to create and complete 4 matrices and then to use the partial results to calculate the 
global weighs of each measurable indicator (see Table 2 ).  

Table 2  Global weights of measurable indicators 

Indicator Weight of indicator (%) Indicator Weight of indicator (%) 

UD11 12.11 UD31 2.38 

UD12 12.11 UD32 7.15 

UD21 9.16 UD41 13.84 

UD22 9.16 UD51 34.09 

Determining input values  

The process allows determining the minimum, threshold, optimal, and real values of individual measurable 
indicators. The above values have the following characteristics: 

• Minimum - the lowest possible value of the indicator. 
• Threshold - the lowest acceptable value of the indicator based on the strategic plans of the supply chain. 
• Optimal - the target value of the given indicator also determined based on the strategic objectives of the 

supply chain. 
• Real - value of the indicator achieved during the evaluation of the resilience of the supply chain. 

For the calculation of indicators related to numbers of enterprises in various parts of the chain, the following 
weighting system has been chosen. Enterprises of the same category are equivalent, and the weight of the 
company is related to the flow of materials in the amount of 15 million tonnes. The result of this simplified 
reasoning is as follows: 

• Each mine has a weight of 3 (15 mil. tonnes / 5 mines). 
• Each plant has a weight of 1 (15 mil. tonnes / 15 production plants). 
• Each direct consumer has a weight of 0.015 (7.5 mil. tonnes / 500 direct consumers). 
• Every wholesale selling steel has a weight of 0.15 (7.5 mil. tonnes / 50 steel wholesalers). 

The total sum of the weighted number of enterprises in the supply chain is 45. 

The complete analysis of determining input values of individual indicators, including a detailed description of 
the principles is a part of the thesis of the lead author [17]. The final output of this part can be found in Table 3 . 

 

Table 3  Input values of measurable indicators 
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Indicator Minimum value Threshold value Optimum value Real value 

UD11 0 30 45 30 

UD12 0 10  30  3.33 

UD21 1 3 9 5 

UD22 0 20 40 15 

UD31 0 30 45 20 

UD32 0 30 45 15 

UD41 0 10 15 20 

UD51 5 3 1 2.75 

Obtaining and interpretation of final results 

The results of resilience evaluation using the SuperDecisions software can be obtained using the "Synthesize 
Whole Model" (see Fig. 2 ). The calculation in the software is based on the principle of calculating the limit 
super-matrix. The interpretation of the obtained results is a part of the conclusion. 

 

Fig. 2 Results of measurements of resilience of the investigated metallurgical supply chain 

4. CONCLUSION 

The result consists in obtaining the minimum, threshold, optimal and real value of the overall resilience of the 
examined supply chain. Generally, it can be stated that if the real value of resilience is in the interval between 
the minimum and the threshold level the supply chain has insufficient resilience and its increase should be 
prioritized in its future strategic decisions. Otherwise it can expect major performance problems at future 
occurrence of potential disruptions. The interval between the threshold and optimal value can be divided into 
three identical intervals that symbolize the low, medium and high resilience. Since the upper limit for assessing 
the resilience is the optimum value the supply chain management should strive to achieve this target. When 
exceeding the optimum value the chain is rated as highly resilient, but this fact might also have negative 
effects. Especially if this is associated with high investment and operating costs and the supply chain 
management becomes cost ineffective. The resilience value for the investigated metallurgical supply chain is 
at the lower limit of the low resilience and is thus at the insufficient level. Strategic decisions in supply chain 
management should therefore promote and further develop this skill so that it gradually increases. 

Another result of the application of the methodology is the recommendation as to which skills of resilience 
should be prioritized. At first, it is necessary to analyse, which of these skills are important for the development 
of resilience, and which of them at the same time are current weak points for the supply chain. In case of the 
examined supply chain the most important skills include financial strength, capacity and cooperation. Real 
values of indicators for measuring the skills of cooperation and financial strength are far too remote from the 
optimum. Especially investments in the development of cooperation are smaller than the required threshold 
limit. For this reason, these two skills should be prioritized at resilience building. The real value of the capacity 
indicator is above its optimum level, and can therefore be concluded that the given skill is at a high level in the 
investigated supply chain. This fact raises the question of supply chain efficiency in the given field and in future 
strategic decisions it is also possible to concentrate on optimizing this indicator. 
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In future research, the authors want to focus on obtaining concrete results also using the method of ANP and 
then incorporate the Fuzzy logic in the proposed methodology. 
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Abstract 

The main purpose of this paper is to compare the efficiency of the metal production sector with other 
manufacturing industries in Poland. The study applies Data Envelopment Analysis (DEA), which is a non-
parametric method based on production theory and the principles of linear programming. It enables one to 
assess how efficiently a firm, sectors, country, or such other decision making unit (DMU) uses the available 
inputs to generate a set of outputs relative to other units in the data set. The analysis gives a possibility to 
create a ranking of sectors. The results point out the reasons of the inefficiency and provide improving 
directions for the inefficient Decision Making Units. 

Keywords : Efficiency, metal production sector, manufacturing, Data Envelopment Analysis 

1. INTRODUCTION 

The notion of efficiency may be defined in two ways. One of the definitions stems from neoclassical economics 
and the social welfare theory. This approach concerns the economy as a whole and the markets constituting 
its parts. The second definition concerns efficiency in a micro scale. In accordance with this meaning efficiency 
signifies the relation of the effects achieved to the expenditures incurred. The relation of the effects achieved 
to the expenditures incurred is specified in the dictionary of the Polish language as the result of economic 
activity and defined as economic efficiency. 

Efficiency is the main criterion for a comprehensive assessment of activities of an entire industry sector [1] and 
individual economic operators [2]. Efficiency is considered to be one of the sources of wealth for nations and 
at the same time various ways of defining and measuring it are proposed.  A macro-economic approach to 
economic efficiency refers to how well the economy allocates scarce resources to meet the needs and 
demands of consumers [3]. Following the microeconomic approach, the efficiency of a firm is its capacity to 
transform expenditures into effects, where a larger value of productivity indexes is indicative of a higher 
efficiency of a particular economic entity [4].   

Most economists have based their theoretical and practical reasoning concerning efficiency on the universally 
recognized principle of rational management (cost efficiency). The principle usually occurs in two forms: as a 
principle of maximum productivity (assuming the achievement of maximum goals using specific means) and 
as a principle of cost savings (assuming the achievement of specific goals using minimum means). Following 
the principle of rational management leads in each case to seeking optimal solutions, i.e. ones that ensure the 
maximization of the adopted goal criterion. In turn, the degree to which the adopted goals are realized is 
precisely what is meant by efficiency [5]. According to Kulawik, rationality consists in the optimum balancing 
of specific expenditures while taking into account the limited scope of available resources. This limited 
availability is a result of either the difficulty of obtaining a particular rare material or the high costs needed to 
obtain it [6], [7]. 

Following the microeconomic approach, the efficiency is its capacity to transform expenditures into effects, 
where a larger value of productivity indexes is indicative of a higher efficiency of a particular economic entity 
[17]. 
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Effects of activities may be estimated in various ways. One of them is to conduct a ratio analysis utilizing the 
available data describing various areas of material activity of the investigated entity. This analysis consists in 
determining the relation between expenditures and effects. It often aims at providing constituent grades. 
Economic efficiency of the entire industry and the selected parts thereof may be measured e.g. with the 
financial result and the degree of utilization of production factors used to achieve it. Such analysis may 
encompass the development of the values of basic ratios characterizing the quality of management in time 
and the dynamics of their variations within the investigated period. In order to measure efficiency in 
macroeconomic analysis one may utilize such economic categories as gross and net profitability ratios as well 
as a range of other indicators inter alia cost analysis in the company [8]. 

Ratio analysis is however flawed and full of imperfections, resulting from i.e., the dynamic changes in modern 
economy and the need for a multi-criteria approach to efficiency [9].   

Alternate manners of estimating efficiency are parametric and non-parametric techniques based on efficiency 
curves.  The parametric approach is based on the production function (it presents the technical dependence 
between expenditures and production and allows to determine the maximum amount of production which may 
be acquired with a specified amount of expenditures) and is represented by, among others, the SFA 
(Stochastic Frontier Approach).  In this approach the model consists of an appropriately specialized function 
and two random elements, one of which specifies the influence of random factors and measurement errors 
while the second one is a model of the potential inefficiency.  Parametric methods also include DFA 
(Distribution Free Approach) and TFA (Thick Frontier Approach).  One imperfection of the parametric methods 
based on the production function is the complexity of methodology and the fragmentary character of analyses, 
taking into account only part of the efficiency category. 

Another group of methods aiming at estimating efficiency are non-parametric techniques utilizing linear 
programming principles. This approach does not take into consideration the impact of random factors on an 
entity’s efficiency. The primary techniques of this group are DEA (Data Envelopment Analysis) and FDH (Free 
Disposal Hull). The DEA method has been adopted in this article for the purposes of estimating the efficiency 
of sectors of the Polish processing industry.  

In this study the notion of “industry” is understood as three primary areas of economic activity which, pursuant 
to the Polish Classification of Activity (PKD) utilized among others for the purposes of statistic documenting 
their economic results, are formed by the following sections: - Mining and extraction, - Processing industry, - 
Electricity, gas and steam manufacturing and supply.  The research encompasses 24 sectors classified as 
industrial processing which formed 16.7% of the GDP in Poland in 2013.  Processing industry is 84% of 
industrial production sold, 55% of the gross value of tangible assets in industry and 83% of employment in 
industry.  The metal industry sector is part of the processing industry and in the Polish Classification of Activity 
(PKD) it is present in two sections: Manufacture of basic metals and Manufacture of metal products. Both 
sections in total reflected over 10% of industrial production sold in Poland, around 7% of the gross value of 
tangible assets in industry and 12% of employment in industry in 2013. 

Against the backdrop of the economic slowdown observed in recent years, it is necessary to increase 
productivity of the manufacturing industry and associated services in order to support economic growth and a 
favorable labor market situation, as well as to restore the sound condition and sustainable development of the 
EU economy. Industry is therefore in the foreground of the new growth model for the EU economy, which has 
been unveiled in the "Europe 2020" strategy. [10] [18]. Only strong and competitive economy can overcome 
the economic crisis without destructive consequences [11]. The development and use of emerging business 
opportunities depends on the ability of companies to respond quickly to changes in the environment and build 
effective strategies, supported by the use of solutions which can be quickly deployed and implemented. A 
major difficulty is the fact that the business environment is currently characterized by very high volatility and 
unpredictability [12] [16]. 
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2. MATERIAL AND METHODS 

The main aim of research was find the efficiency of the manufacturing sectors in Poland. The data set used in 
this contribution is composed of information from collected in the databases of Central Statistical Office of 
Poland regarding a sample of 24 manufacturing sectors in Poland. Authors kept only available data for 2013 
year. 

Based on the sample efficiency was evaluated using non-parametric methods. The non-parametric approach 
to the analysis of the efficiency relied on the linear programming methods defined as Data Envelopment 
Analysis (DEA). The DEA model may be presented mathematically in the following manner [13]: 

∑

∑

=

=
m

i
iji

s

r
rjr

x

yu

1

1max
ν

 (1) 

1

1

1 ≤
∑

∑

=

=
m

i
iji

s

r
rjr

x

yu

ν
 (2) sÙ , ó` ≥ 0 

Where: 
s - quantity of outputs, 
m - quantity of inputs, 
ur - weights denoting the significance of respective outputs, 
νi - weights denoting the significance of respective outputs, 
yrj - amount of output of r-th type (r =1,…,R) in j-th object, 
x ij - amount of input of i-th type (n =1,…,N) in j-th object;  
        (j =1,…,J). 

In the DEA model m of inputs and s of diverse outputs come down to single figures of “synthetic” input and 
“synthetic” output, which are subsequently used for calculating 
the object efficiency index. The quotient of synthetic output and 
synthetic input is an objective function, which is solved in linear 
programming. Optimized variables include ur and v i coefficients 
which represent weights of input and output amounts, and the 
output and input amounts are empirical data [13]. 

By solving the objective function using linear programming it is possible to determine the efficiency curve called 
also the production frontier, which covers all most efficient units of the focus group. Objects are believed to be 
technically efficient if they are located on the efficiency curve (their efficiency index equals 1, which means that 
in the model focused on input minimization there isn’t any other more favorable combination of inputs allowing 
a company to achieve the same outputs). However, if they are beyond the efficiency curve, they are technically 
inefficient (their efficiency index is below 1). The efficiency of the object is measured against other objects from 
the focus group and is assigned values from the range (0, 1). In the DEA method Decision Making Units (DMU) 
represent objects of analysis [14].  

The DEA models may be categorized based on two criteria: model orientation and type of returns to scale. 
Depending on the model orientation a calculation is made of technical efficiency focused on the input 
minimization or of technical efficiency focused on the output maximization (effects). But taking into account the 

Fig. 1  Scale efficiency according to the 
DEA method (model: 1 output and 1 

input), based on [4] 
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type of returns to scale the following models are distinguished: the CCR model providing for constant returns 
to scale (the name derives from the authors of the model: Charnes-Cooper-Rhodes) [14], the BCC model 
providing for changing return to scale (the name derives from the authors of the model: Banker-Charnes-
Cooper [15] and the NIRS model providing for non-increasing returns-to-scale) (drawing 1). The CCR model 
is used to calculate the overall technical efficiency (Technical Efficiency - TE), where TE for P object = APC/AP. 
The BCC model is used to calculate pure technical efficiency (Pure Technical Efficiency - PTE), where PTE 
for P object = APV/AP [4, 19]With the overall technical efficiency and pure technical efficiency calculated, it is 
possible to determine the object scale efficiency (Scale Efficiency - SE) according to the formula: SE for P 
object = APC/APV, i.e. SE = TE/PTE [4, 20] 

3. RESULTS 

The study was based on source data for 2013 collected in the databases of Central Statistical Office of Poland 
regarding the 24 manufacturing sectors in Poland. The DEA models were used to determine the relative 
efficiency of manufacturing sectors in Poland in 2013. Models aimed at minimizing inputs (input - oriented) 
were chosen, which was based on rational management where we minimize expenditure at a given level of 
effects. The following variables were set for DEA models: 

• output y1 - sold production in mln PLN  

• input x1 - average paid employment in thous.  

• input x2 -  gross value of fixed assets in mln PLN 

 

Fig. 2 The technical efficiency of manufacturing sectors in Poland in 2013 
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As a result of the study a ranking of sectors was created according to the efficiency index for the sectors (see 
Fig. 2 ). The average technical efficiency of the manufacturing sectors in Poland in 2013 achieved a fairly 
middle level. The average DEA efficiency indicator was 0.61.  

It was found that among the 24 studied sectors, 3 of them (Manufacture of coke and refined petroleum 
products, Manufacture of computer, electronic and optical products, Repair and installation of machinery and 
equipment) was effective, i.e. the efficiency ratio stood at 1. 

Based on the DEA method benchmarks have been defined an inefficient sectors. On the basis of these 
benchmarks for inefficient sectors (DMU), it is possible to determine a combination of technologies that allows 
the same results to be achieved with less input. 

Table 1 contains the improvements required in order to make inefficient sectors. Results suggest how much 
smaller should the use of inputs be in inefficient sectors in order to achieve the current value of effects 
(production value). Having this information, managers or governments should concentrate their efforts in 
enhancing the performance. 

Projections suggest that the average paid employment should reduce for example: Manufacture of tobacco products 
73 %, Manufacture of wearing apparel 68%, Manufacture of other non-metallic mineral products 66 %, Manufacture of 

basic metals 46 %, Manufacture of metal products 39%, Manufacture of machinery and equipment n.e.c. 44 %,.   

With regard to gross value of fixed assets Manufacture of tobacco products should reduce by about 73 %, 
Manufacture of wearing apparel 31 %, Manufacture of other non-metallic mineral products 66 %, Manufacture 
of basic metals 46 %, Manufacture of metal products 39 %, Manufacture of machinery and equipment n.e.c. 
44 %. 

Table 1 Projections values 

DMU Average paid employment Gross value of fixed assets 

Manufacture of food products -25.34% -25.34% 

Manufacture of beverages -50.45% -50.45% 

Manufacture of tobacco products -72.80% -72.80% 

Manufacture of textiles -43.68% -43.68% 

Manufacture of wearing apparel -68.08% -30.69% 

Manufacture of leather and related products -38.33% -29.07% 

Manufacture of products of wood, cork, straw and wicker -52.52% -52.52% 

Manufacture of paper and paper products -54.77% -54.77% 

Printing and reproduction of recorded media -56.52% -56.52% 

Manufacture of chemicals and chemical products -40.10% -40.10% 

Manufacture of pharmaceutical products -46.58% -46.58% 

Manufacture of rubber and plastic products -47.40% -47.40% 

Manufacture of other non-metallic mineral products -66.43% -66.43% 

Manufacture of basic metals -46.34% -46.34% 

Manufacture of metal products -38.63% -38.63% 

Manufacture of electrical equipment -29.68% -29.68% 

Manufacture of machinery and equipment n.e.c. -43.47% -43.47% 

Manufacture of motor vehicles, trailers and semi-trailers -27.78% -27.78% 

Manufacture of other transport equipment -33.42% -33.42% 

Manufacture of furniture -36.53% -36.53% 

Other manufacturing -41.13% -41.13% 
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4. CONCLUSIONS 

The paper presents the application of the DEA methodology to the evaluation of efficiency of manufacturing 
sectors in Poland. From the methodological point of view the proposed approach for ranking and benchmarking 
of DMU has a universal character and can be applied in different industries. It allows comparing relative 
efficiency of DMU by determining the efficient DMUs as benchmarks and by measuring the inefficiencies in 
input combinations in other units relative to the benchmark. 

One of the main tasks was to compare the efficiency of metal sector with other sectors of industrial processing 
in Poland. The metallurgical industry in Poland is an important branch of the economy, which is proven by its 
10 percent share in sold production of general industry in 2013. There are about 1300 companies (with over 
49 employees) in the field of metals and metal products production present on the Polish market. Therefore it 
is important whether the individual production factors (labour, capital) are being used efficiently to achieve a 
specific magnitude of production from the point of view of the entire national economy as well as of the 
individual enterpreneurs. 

From the practical point of view the results of this analysis can be summarized as follows: 
• The most efficient sectors are Manufacture of computer, electronic and optical products, Manufacture of coke 

and refined petroleum products, Repair and installation of machinery and equipment.  
• The worst efficiency in the study group were sectors: Manufacture of tobacco products, Manufacture of other 

non-metallic mineral products. 
• Manufacturing and machining metals have demonstrated similar effectiveness to the average in the 

whole group. Whilst it was proposed, decrease expenditures to improve efficiency to the level of the 
leaders of the group. Higher efficiency index achieved Manufacture of metal products than Manufacture of 
basic metals. 

• Detailed analysis of the efficient DMUs as a benchmark for other evaluated units point out the reasons 
of the inefficiency and provide improving directions for the inefficient DMU. 
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Abstract   

The requirements of technical practice for the quality of university graduates continue to grow. The quality of 
teaching and the related working possibilities of students after graduation largely depend on the degree in 
which the curriculum corresponds with techniques currently used in practice. Besides excursions to specialized 
firms, a significant factor is the opportunity to learn about the studied techniques and technologies through 
various models. In this respect, an irreplaceable role belongs to physical models which students prefer due to 
their clarity and authenticity. In a laboratory environment, the exact physical realization of pedagogical models 
of most metallurgical technologies is not fully possible. Material heating, a very common technology utilized in 
metallurgy, can be successfully implemented in laboratories under certain restrictions. For this purpose, we 
built an electrical analogue of multi-zone walking beam heating furnace which allows students to easily 
implement certain measurements that are rarely feasible in real practice. This provides the necessary data for 
identification, modelling and simulation of processes which take place in the furnace. Students thus can design 
and implement both continuous and pulse controls and optimize the operation of the entire aggregate. 

Keywords: Pedagogical Model, Simulation, Lectures model. 

1. INTRODUCTION     

When studying subjects and topics associated with automated systems for controlling metallurgical aggregates 
and technologies, a vital role can be assigned to the clearness of teaching that increases with using models 
of actual metallurgical aggregates and their service devices. Studied fields in the area of metallurgy have their 
own specific particularities. The studied technologies are tied with metallurgical aggregates which are 
characterized by extremely large sizes and extensive technological units that usually handle products with high 
temperatures while consuming an extremely large amount of energy. They include complex chemical and 
physical processes that are accompanied by intensive mechanical operations. Advancements in computer 
technology also enable rapid development of computer simulation models; real physical models, however, 
appear to be clearer in more aspects. Our experience shows that students remember the experiments on 
physically existing devices better than the results of simulations [1]. For this reason, within the project [2], we 
created the model of walking beam heating furnace in our laboratories. Model options, however, are always 
limited by the space, available energies as well as strict safety requirements during the lessons. The same 
applies in the implementation of the model of multi-zone walking beam heating furnace. In this case, gas 
heating is replaced with electric heating by halogen bulbs, temperatures vary at much lower levels than on any 
actual object, and dimensions of the furnace model and the heated material are much smaller than in reality. 
Nevertheless, the model provides students with the best conditions for practical training with reference to the 
control options for heating furnaces while achieving sufficient accuracy and clearness. The model allows 
students to easily implement common tasks of furnace control as well as certain measurements that are only 
exceptionally possible in real practice. 
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2. THE DESIGN OF THE MODEL OF WALKING BEAM HEATING FURNACE 

The furnace is designed simply but in a manner that closely mimics the operation of actual multi-zone walking 
beam heating furnaces. Dimensions of the working space are similar to a real furnace; the furnace height, 
width and length is 9 mm, 8 mm and 5 mm, respectively. The furnace consists of a steel structure with a shell 
filled with fireproof ceramic and glass wool so as to ensure similarity with the reality as regards heat 
accumulation and heat dissipation through the furnace wall. The heated material is represented by steel rods, 
8 mm in length, with a circular diameter from 5 mm to 6 mm. The material may also be of another profile. 
Movement of the heated material through the furnace is ensured by a chain conveyer; the material is placed 
on the conveyer from a magazine by a carousel feeding machine at the appropriate moment. At the exit from 
the furnace, the heated material is moved by a discharge handling mechanism from the chain conveyer into a 
collecting space behind the furnace from where it can be transported for further processing. The furnace design 
including service units is evident from Fig. 1 . For safety and technical reasons, the model is not provided with 
conventional gas burners; heating of the furnace and inserted material takes place in three heated zones using 
three sets of electrically operated halogen radiators (heaters) which are located in the ceiling of the furnace. 

 

Fig. 1  Design of the heating furnace 

3. THE CONTROL OF THE HEATING FURNACE MODEL 

The heating furnace model includes several control systems so as to ensure a smooth transfer of the heated 
material from the input magazine to the collecting space when reaching the specified heating parameters. A 
schematic diagram of the comprehensive control system linked to the furnace model is shown in Fig. 2 . 

3.1. The control of the feeding mechanism, movement  through the furnace and discharge handling 
mechanism 

Drives of the transport systems are realized through DC motors. Automatic control of the feeding mechanism 
operates on the principles of sequential logic circuits. The drive is triggered by a pulse from a master control 
system and the transport of one piece of material intended for heating is terminated by another pulse which is 
generated by a position sensor reading the feeding mechanism rotation to its end position. The required 
material transport through the furnace is controlled by the length of the pulse switching on the chain conveyer 
drive, generated by the master control system. The control system of the discharge handling mechanism 
switches on the actuator upon indicating the existence of the heated material at the furnace outlet area. The 
heated material is then continuously moved into the collecting space behind the furnace. In this position, 
indicated by a sensor, the drive is stopped. Subsequently, the discharge handling mechanism starts moving 
reversely and its motion is terminated upon reaching the starting position which is also indicated by a position 
sensor. 
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Fig. 2  Schematic diagram of the control system for the heating furnace model 

3.2. Temperature control in individual heated zones  of the furnace 

In practice, there are two basic ways of how burners operate - continuous operation and pulse operation. 
Students should have the opportunity to familiarize with both types; for this reason, the control of halogen 
radiators, powered by alternating current, had to be solved as a phase control (analogy to the continuous 
operation of burners) or a control with pulse width modulation (analogy to the pulse operation of burners). Both 
of these control methods are implemented using a single-chip microcomputer; on principle, in terms of 
frequency, they require that the electrical appliance behaves as a low-pass filter which is fully met by halogen 
radiators. The total amount of energy consumed during heating in the furnace in the time interval from t0 to t1 
is approximately given by the following relationship (where k is the summary coefficient): 
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The phase control of heat sources in the furnace 
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Fig.  3 The time course of the triac switching mechanism 
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The principle of phase control consists in the fact that the course of electrical energy delivered to the heat 
source is sinusoidal just partly. The actuator is realized using an electronic component, bidirectional triode 
thyristor / triac, that conducts electrical current from the time of switching until the sine wave supply voltage 
zero (zero current opens the triac) as shown in Fig. 3a . Triac closing is done by a control pulse to the control 
grid G. Due to the actual speed of recalculations in the microcomputer and the required accuracy of controlling 
the halogen heaters, we designed the phase control method as shown in Fig. 3b . This enables us to double 
the sensitivity when setting the heat source power. The time dependency of energy imparted into surroundings 
of the heater is strongly nonlinear and can be approximately obtained by solving equation (1) for the times t1 
and t2 = 0 € (0; T). Regarding linearization, the best approach was to divide the energy interval E into "n" 
equidistant sections with subsequent reading of the corresponding time values. These values are stored in an 
array variable in the single-chip microcomputer and are thus quickly available to the control algorithm.  

The control algorithm of the phase control of heat radiators receives the required value of instantaneous heater 
power from the higher-level system and determines the switching time and length of the power component 
with the triac. The switching instant must be synchronized with the time course of the network voltage supplied 
to power the heat radiator. This is ensured by a hardware interruption responding to the rising edge of the 
shaper output pulse. A successful phase control requires that the microcomputer of the furnace model detects 
network frequency and the actual phase shift in the measurement chain (mainly caused by using a transformer) 
before starting the heating process, based on the evaluation of synchronization pulses and measurements of 
an auxiliary sensor (its irradiation intensity depends on the instantaneous heater power). This operation may 
take place automatically. Circuit diagram for the phase control of thermal circuits of the heaters is shown in 
Fig. 4 . 

Microprocessor 
unit

Power unitFormer
Electrical 
network 

230 V

 

Fig. 4  Circuit diagram for the phase control of thermal circuits of the heaters 

The pulse control of heat sources in the furnace 

Since the metallurgical practice widely uses pulse burners, it was necessary to create this type of furnace 
heating also in our educational model. Gas burners utilize two levels of gas flow (minimum and maximum) 
which are always constant (see Fig. 5a ). When heating by electric heaters powered by mains voltage, the 
situation is more complicated because the physical principle of the triac operation means that the power supply 
for the electric heater would be switched on at time t0 in the period T(2) but the desired switch-off at time t1 
would be shifted to time t2. In the illustrated case (see Fig. 5b ) where the repetition period T is 1.5 times larger 
than the period of mains voltage Tsin, only four levels of radiated power (0 - 1/3 max - 2/3 max - max) could be 
distinguished. 
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b) 
Fig.  5 The pulse control of heat sources in the real furnace a) and in the pedagogical model b) 

Selection of period T is therefore subject to the frequency of voltage harmonic course in the electrical network 
and the required sensitivity of setting changes in radiated power. For example, in order to control the radiation 
power with minimum accuracy of 0.5 %, the period T must be chosen according to the following equation: 

T ≥ 50 Tsin (2) 

The period T upper boundary is limited by dynamic properties of the controlled system. This boundary is 
chosen so that the repeated changes in the working state of heaters (switching on, switching off) during the 
pulse control cause just negligible responses at the output of the controlled system. 

3.3. Comparison of heating in the phase and pulse c ontrol 

  

Fig. 6  Measurable waviness when the phase control and when the pulse control 

The description of these approaches clearly shows that they represent two different types of heating. In both 
cases, however, the heating curve of the heated material should be very similar when respecting the given 
conditions. For this reason, the furnace model was subject to measurements under the phase control and 
pulse control while all other heating conditions were the same. This could be simply achieved as follows: the 
furnace was thermally stabilized in all of its zones and the heated material, equipped with a temperature sensor 
representing the temperatures measured by a resistance thermometer, was transported to one of them at a 
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constant speed. The results are presented in Fig. 6a and Fig. 6b . It is evident that both heating processes are 
very similar and that the heating curves do not show any measurable waviness when the pulse heating control 
is used. From the pedagogical point of view, the model is therefore suitable and well characterizes a real object 
even at negligible dimensions in comparison with reality. 

4. CONCLUSION 

Constant demands of the students for a deeper connection between the theoretical teaching and practice in 
the metallurgical industry led to an effort to create a physical model of actual heating furnace in school 
laboratories, allowing a trustworthy implementation of the theoretical projects of controlling real metallurgical 
aggregates. This model allows us not only to control the material heating in the furnace but also to control the 
service units. It was verified that the model realistically simulates the use of both continuous and pulse electric 
burners through the electric analogy. In addition, the device is made so that its operation is safe while 
maintaining the greatest possible compliance with the actual object. The versatility of the device should also 
be seen in the fact that it can be easily implemented at the lowest level using a microcomputer and that this 
microcomputer can also be just a mediator between the model and the control system represented, for 
example, by a powerful PLC. Similar problems are resolved also in literature [3], [4], [5]. 
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Abstract 

The paper deals with the optimal layout of smelting’s sequences in continuous steel casting device (CCM) 
using K-Means clustering methods as well as using fuzzy clustering. This optimization is trying to achieve a 
positive effect to the mold’s durability. During the production of steel by continuous casting are subsequently 
casting different steel grades. That steel grades differ in their composition and production efficiency and to 
increase the life of the mold is necessary to determine the appropriate sequence of the casting. The parameters 
on whose basis the cluster analysis was made were chemical composition, liquids temperature, superheat and 
other technological parameters. 

Keywords: Steel mill, production scheduling, control, fuzzy clustering 

1. SEQUENCE CONCASTING 

One of the basic prerequisites for increasing the productivity of the continuous casting machine (CCM) is 
increasing the number of melting sings cast in a single sequence. To achieve this goal must be sufficient 
attention paid to production scheduling and thus the development and implementation of new automated 
production planning systems. 

Current planning methods are based on creating a "plan of marking the times", which are based on the 
technical state of aggregates, available time, stocks of batch materials, of the agreed oxygen uptake and 
energy, the amount of steel, etc. Subsequently, delivery times are calculated on the following technology 
aggregates and created a plan sequence casting. From a logistical point of view constitute this procedure so 
called "push principle", whose goal is to quickly "push" material whole production chain. [1] 

However, the real situation of the steel plant in terms of material flow is controlled by the so called from a 
logistics viewpoint "pull principle", at which the material is "pulled" stream of inducing end element of the chain, 
rather than being pushed forward by Command Plan. In terms of the actual situation of the steel plant, this 
means that the material flow (melting) is controlled by the needs of the CCM. Underpinned this approach will 
thus create "plans sequences". 

2. CLUSTERING ALGORITHMS 

To solve issue of planning melting sequences method was used K-Means and Fuzzy K-means. These are 
some of unmanaged learning algorithms for problem solving data clustering. Its effectiveness lies particularly 
in the utilization of a simple classification of data groups into individual clusters. K-Means clustering is an 
iterative algorithm. The algorithm is based on the distance of points in many dimensional space. Each 
evaluation of object is represented by just a single point, every monitored attribute is represented a single axis. 
[2] K-means method is particularly suitable for large sets of data that are to be grouped into a small number of 
clusters. 

In classical cluster analysis each entry assigned to a single cluster. Fuzzy cluster analysis reflects this 
requirement by assigning individual points so called "rate of membership" point to a single cluster. Most of 
fuzzy cluster algorithms are based on the objective function. Determine the optimal classification by minimizing 
the objective function. The objective function based on clustering usually each cluster is represented in the 
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prototype cluster. The prototype consists of a cluster of midpoint and further information about the size and 
shape of the cluster. The size and shape of the cluster the parameters specify the extension cluster in different 
groups and are calculated distance data point from the midpoint of the cluster with regard to the size and shape 
of the cluster as further information. The closer the data point is on the midpoint of the cluster, the greater is 
the rate of membership of membership to this cluster. Therefore the concern to divide the data set into groups 
is given by the solution to the task of minimizing the distance of the data points from cluster midpoint. Most 
analytical fuzzy clustering algorithm is based on optimizing the basic k-means. [3] 

2.1. Method of Fuzzy k-means 

In the fuzzy k-means for each element calculates probability from 0-1 belong to the cluster. Using this method 
can well describe the distribution of points in clusters. The points on the edges of the cluster does have a lower 
degree of jurisdiction to a cluster of points than in the vicinity of its center. One element can belong to multiple 
clusters at the same time. Membership in a cluster is expressed by the coefficient of membership. The sum of 
all coefficients of membership to one element must be equal to one. Process method (see Fig. 1 ): 

1) At the beginning of the set parameter m> 1, ɛ ˃0 set U(0) and l= 0. 

2) For each cluster Vi
(l), calculate a new midpoint according to the formula (1): 

�̀ (Q) = ∑ ]�æ,�(�)dÄ∙jæ���/∑ ]�æ,�(�)dÄ���/   � = 1,⋯ , ð                (1) 

3) Calculation of the distance of individual points from the midpoint using a Euclidean distance by the 
formula (2): 

M-B` , Bê6 = þ∑ -B`ä − Bêä6'Zä¿Q      (2) 

4) By adjusting matrix jurisdiction u(l + 1) for every k = 1, ..., N so as to 

4.1) for all i = l, ..., c, for which applies that d(zi, vi)> 0 is set formula (3): 

s`,ä#1Q = Q
∑ � ³��∙÷æ(�)´ ³��∙÷æ(�)´

�
0Ä�/

èh��
     (3) 

 4.2) for all i = l, ..., c, for which applies that d(zk, vk) = 0 is made s`,ä(#1Q)
 
equal the negative an arbitrary 

 numbers so that to meet the condition and others and is put is s`,ä(#1Q) = 0 . 

5) Result of present decomposition of l + 1 is compared with the previous result of step l (see formula (4)). 

< = ÔKBä¿Q,Ú;`¿#,…,w ��æ,���/��æ,�� �     (4) 

If e <ε algorithm terminates, if not, increase the step counter l about 1 and then continue with step 2. 

The result of the algorithm fuzzy k-means is a matrix U (l) which contain rate of membership of clusters each 
vector Vi (l), with midpoint vi(l) [4]. 
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Fig. 1 Algorithm of method of fuzzy k-Means 

In Table 1 , a comparison method of k-means, fuzzy k-means based on several considerations. The + sign 
means that the method satisfies a given property - sign indicates the opposite. 

Table 1 A comparison method 

Property k-means Fuzzy k-means 

The number of clusters must be determined in advance + + 

Depends on the initial conditions + + 

One element can belong to more clusters - + 

Hierarchical methods - - 
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2.2. Gustafson-Kessel algorithm  

Gustafson-Kessel algorithm expanded standard fuzzy k-means algorithm to will employ adaptive distance 
norm in order to determine clusters of different geometric shapes and orientations. Clusters in this method are 
compared with the fuzzy k-means ellipsoidal and moreover represented by a symmetric positive definite matrix 
Pi. This is sometimes called matrix of deformation since modifies the shape of clusters, which have a two 
dimensional space ellipse. To calculate Pi uses covariance matrix Si [5]. 

s` = ∑ -�æ,�6Ä(j���æ)�(j���æ)���/ ∑ -�æ,�6Ä���/
8̀ = 7M<Á(s`)9/�s`�Q      (5) 

Moreover for Pi defined constraint det (P) = ρ, where ρ is a constant determined for each matrix. This is 
determined by the volume clusters. Rotation their half-axis is determined eigenvectors matrix Pi and the size 
of their of the half-axis corresponding powers of eigenvalues Pi [5]. 

3. CLUSTERING OF MARKS OF STEELS 

Clustering algorithm of marks of steels is not limited amount of marks that can be arbitrarily added to the 
solution according to the manufactured products. The same situation is also in cast formats. In initialization is 
set the number of clusters to which on the output we require (hence the k-Means). It is designed k of points 
with random coordinates (future midpoint clusters - called centroid). The object is assigned to the nearest 
centroid initial (detected distance from this centroid is smaller than the distance from the other centroids) cluster 
is thus represented by all the points that are closest to the same centroid. [6] 

In addressing the issue were created five random clusters and calculations were tested on 151 of marks of 
steels (ed. marks of steels are describe with numbers from one to one hundred and fifty.), Each mark has been 
characterized by 27 parameters (T_STEEL, T_LIKVIDU, C, Al, Mn, Si, P, S, Cu, Cr, Ni, Mo, Co, V, Ti, As, Sn, 
B, Ca, H, N, Nb, Zr, Sb, Pb, W, Zn). 

From the initial raw data were calculated variances of the individual elements. Data, which had greater variance 
than 0.0001, was chosen for algorithm methods, k-means and fuzzy k-means. 

Importance of using fuzzy clustering algorithm consists in the connection of individual, already scheduled 
sequence through "related" marks, i.e. marks with approximately the same degree of membership into two 
clusters. 

The basis of this approach is to assign each meltings rate of membership in the range of 〈0, 1〉. Rate of 
membership of 0 implies that the meltings certainly isn't in the cluster, while 1 unequivocally determines the 
assignment of the given sequence. If meltings can be assigned into more clusters (an overlapping clusters), it 
is determined of membership of the meltings to each clusters. These overlapping clusters, then gives the 
possibility to combine individual clusters (sequences) into longer sequences through marks included in both 
clusters. 

A result of solving is compiled schedule meltings so that in one sequence was cast as much as possible melting 
signs of one brand respectively. More kinds of marks of steels, which have very close chemical composition 
and temperature. The basis of the algorithm is a cluster of manufacturing of marks of steels into groups using 
both traditional and fuzzy cluster analysis methods, ie. that one cluster can simply be regarded as a sequence 
of meltings. [7] 

Test calculations were done in MS Excel, where they were using clustering methods of marks of steels are 
divided into clusters. These final clusters were used to design of the algorithm for planning sequences melting 
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signs of and further reviewed by fuzzy clustering methods for maximizing capacity utilization of one sequence. 
Table 2  is a finite distribution of individual points using k-means.  

Table 2. The distribution of points in clusters 

Clusters Individual points 

S1  5-8; 10-14; 18-19; 22; 55; 56; 58; 59; 62; 63; 65; 66; 78; 88; 92; 96; 103; 105; 106; 111; 117; 126; 131; 135; 
136; 139; 141; 149; 151  

S2  27; 29-33; 35; 37; 39-41; 43-45; 47-49; 54; 86; 145; 148; 152  

S3  89  

S4  4; 9; 15-17; 20; 23; 24; 50; 51; 60; 70; 71; 76; 79; 83; 90; 94; 99; 100; 102; 104; 110; 112; 113; 115; 119-125; 
127; 129; 133; 142; 143  

S5  2; 3; 21; 25; 26; 28; 34; 36; 38; 42; 46; 52; 53; 57; 61; 64; 67-69; 72-75; 77; 80-82; 84; 85; 87; 91; 93; 95; 97; 
98; 101; 107-109; 114; 116; 118; 128; 130; 132; 134; 137; 138; 140; 144; 146; 147; 150  

Table 3  shows the resultant distribution of individual points using fuzzy k-means. 

Table 3 Distribution of individual points in clusters using fuzzy k-means 

Clusters Individual points 

S1  4; 9; 16; 17; 19; 20; 22-24; 50; 51; 55; 56; 70; 71; 76; 79; 96; 100; 104; 111-113; 120-123; 125; 127; 129; 142; 
143  

S2  27; 29-33; 35; 37; 39; 41; 43; 47; 48; 145; 148; 152  

S3  5-8; 10-14; 18; 58; 59; 62; 63; 65; 66; 78; 88; 89; 92; 103; 105; 106; 117; 126; 131; 135; 136; 139; 141; 149; 
151  

S4  15; 21; 25; 53; 57; 60; 83; 87; 90; 91; 98; 99; 101; 102; 110; 115; 133  

S5  2; 3; 26; 28; 34; 36; 38; 40; 42; 44-46; 49; 52; 54; 61; 64; 67-69; 72-75; 77; 80-82; 84-86; 93-95; 97; 107-109; 
114; 116; 118; 119; 124; 128; 130; 132; 134; 137; 139; 140; 144; 146; 147; 150  

4. CONCLUSION 

The paper deals with the application of clustering methods for planning sequences meltings. Fuzzy clustering 
method is applied to solutions subsection task scheduling sequences meltings of steel in the continuous 
casting of steel. The task consisted in find similar of marks of steels that can be cast in one sequence. The 
application of fuzzy clustering allows finding related marks which have the chemical composition and 
temperature very close and thus tie a sequence of further the meltings of the other groups, but with relative 
properties which we determine membership rate expressed for each mark and for each cluster. The role of the 
clustering marks was solved by using the initially method of k-means and then using fuzzy k-means with the 
assumption that the specified of marks of steels will be grouped into five clusters. 

The result of the whole solution is algorithm development this role and validation of the chosen approach to 
technological parameters of 151 of marks of steels. The results show that distribution of marks of steels of in 
applying the fuzzy k-means is more even than in the classical k-means, which are defined as "sharp 
boundaries" individual clusters. 

The advantage of fuzzy k-means in resolving scheduling sequence of meltings at CCM is determining the rate 
of membership of individual clusters. The maximum rate of membership both of marks of steels be included in 
the respective cluster, but other rates allow you to find the membership to other clusters. This information 
about the membership between the individual clusters, then gives the possibility to combine individual clusters 
(sequences) into longer sequences via marks related to both clusters. Timing this approach, it gives us new 
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possibilities when planning sequences meltings of at CCM and thus increase the efficiency and productivity of 
the process. 
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