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SUMMARY 
The paper describes the behavior of welded joints of NN-70 steel in the presence of a cracking error 
when bending with impact force. The experiment was performed with three groups of test tubes, 
depending on the cut-off point of the test tube notch with the tip of the crack in BM, in WM and in 
HAZ. The test method used was conducted on the instrumented Charpy pendulum. 
The impact tests were performed in order to detect the value of the total energy of impact depending 
on the test temperature. Depending on the test temperature, brittle, quasi-brittle or tough fracture can 
occur. The lowering of the temperature is conducive to the formation of a brittle state and is 
especially distinctive for the welded joint as well as for the typical heterogeneous structure. 
The total impact energy, Auk decreases by lowering test temperature successively from room 
temperature to -140 0C, for all test tubes (BM - WM - HAZ). The influence on the value of the total 
impact energy, Auk, also has the place from which the tubes were removed, or the place where the V - 
notch was placed. This means that the heterogeneity of the welded joint structure, which is 
accompanied by different mechanical properties of the individual welded joint areas (base metal, the 
weld of the metal, and heat affected zone), has a crucial influence on the impact properties, i.e. the 
values of the total impact energy. 
 

1. INTRODUCTION 
A critical place in a welded structure is a welded joint due to its heterogeneous structure. The 
safety of the welded structure itself is evaluated by the basis of the welded joint property of the 
unit and the properties of its components. To evaluate the behaviour of the weld, the properties of 
the base metal (BM), heat-affected zone (HAZ) and the weld of the metal (WM) are compared, as 
well as the properties of the welded joint as a whole, which differs from the welded components 
[1, 2, 3 and 4].The classic test of welded joints provides only reliable information on the 
maximum strength of fracture and tensile strength, but the elongation data are unreliable 
because the different areas deform differently depending on the level of tension 
reached.Therefore, the difficulties in determining the magnitude of the strain occur, which, 
depending on the ratio of the hardness of the metal weld and the base metal may refer to either of 
these two regions. V-notch tests on the Charpy pendulum determine impact energy which 
provides valuable data on the local behaviour of the notch tip area. In today's application, this 



method has gained new approaches and new views and considerations. When testing the 
"toughness" according to Charpy, instrumentation emerges as a new approach, and the new 
views and considerations belong to fracture mechanics. In impact tests, by reducing the test 
temperature successively from room temperature to -140 ° C in all test tubes (BM - HAZ - 
WM), the total impact energy,  Aukdecreases. The influence on the value of the total impact 
energy, Auk, also has the place from which the tubes were removed, that is the place where the 
V - notch was placed. This means that the heterogeneous structures of the weld, accompanied 
by the different mechanical properties of the individual welded joint areas (base metal, weld 
of the metal, and heat affected zone), have a decisive influence on the impact properties, i.e. 
the values of the total impact energy. 
 
2. MATERIAL 
For the behavior of the welded joint components in the presence of a crack type error under 
the action of static load, steel NN - 70 was selected. The material was supplied in the form of 
sheets of 20 mm thickness. The chemical composition of the sheets supplied, is given in 
Table 1 and the mechanical properties are given in Table 2. 
 
Table 1.  Chemical composition od NN-70 steel [5] 

Batch 
Chemical composition % mass. 

C Si Mn P S Cr Ni Mo V Al 
211605 0,10 0,20 0,23 0,009 0,018 1,24 3,10 0,29 0,05 0,08 

 
Table 2.  Mechanical properties of NN-70 steel [5] 

 

Batch 
Direction of 
testing 

Yield strength 
Rp0,2, MPa 

Tensile strength, 
Rm, MPa 

Elongation 
A, %, min. 

211605 L - T 710 770 14 

The test of procedure and tube geometry is defined according to ASTM E23. The tubes 
measuring 11x11x55 mm after completing the simulation are handled in standard dimensions 
10x10x55 mm with V2 nock, figure 1.  The testing has been perfeormed on modern 
instrumented Charpy pendulum SCHENCK TREBELL 150/300J. 

 
Figure 1. Impact energy test tube [11] 

 
3. IMPACT TESTS 
The impact bending test on the tube with a notch can also provide an explanation of the 
behavior of the material in the case of impeded deformation, i.e. spatial voltage state.  
Determining the work required for fracture under specified test conditions is most commonly 
used for the ongoing control of the quality and homogeneity of the material as well as its 
processing.This test procedure can determine the tendency to brittle fracture, i.e. the tendency 
to increase brittleness during exploitation(aging). Impact tests oftubes with notches in the 



base metal (BM), in the weld metal (WM) and the heat affected zone (HAZ) were performed 
to determine the total impact energy as well as the components, crack creation energy and 
crack propagation energy.The test procedure, as well as the shape and dimensions of the test 
tubes, Figure 1, is defined by EN 10045-1 - Destructive tests on welds in metallic materials - 
Charpy impact test - Part 1: Test method [11], or ASTM E23-02 - Standard Method for 
Notched Bar Impact Testing of Metallic Materials [7].The notch position with respect to the 
welded joint is defined by the standard EN 875 - Destructive tests on welds in metallic 

materials - Impact tests - Test specimen location, notch orientation and examination [10], 
figure 2. The notch is usually made by milling so that the material does not change during 
processing. No machining marks should be visible at the base of the notch. 
 

ZUT

Osnovni
metal

Metal
šava

Linija
stapanja

Granica ZUT i
osnovnog metala

 

Figure 2. Notch position in relations to welded joint [10] 
 

In impact bending tests, the fracture energy is determined as the integral size. Such 
determined fracture energydoes not give the possibility of separating the resistance of the 
material to the formation or expantion of the crack. To achieve this, the impact force and time 
should be continuously recorded during testing, which can be performed by instrumentation 
of the pendulum [5].The scheme of the modern instrumented pendulum is given in Figure 3. 

 

 
Figure 3. Schematic representation of a modern instrumented pendulum [9] 

 

The attached schematic representation shows that the instrumentation of the pendulum 
includes the connection of a force measuring instrument, which is installed in the pendulum 
hammer, a fracture time detector and a deformation measuring instrument via an amplifier 
with an oscilloscope. As the test tube fracture is short-lived (0.5 - 12 ms), it is the role of the 
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oscilloscope to make the registered signals visible.Testing on an instrumented oscilloscope 
pendulum gave the diagrams of forces-time and energy-time, which enabled the analysis of 
test results, first of all, the assessment of the influence of the V - 2 notch location and the test 
temperature (determination of the transition temperature) on the total impact energy Auk, and 
its components, the AIcrack generation energy, and the AP crack propagation energy. 
Liquid nitrogen in alcohol, ie. petroleum ether, was used as the coolant to achieve low 
temperatures. The test itself was performed on the SCHENCK TREBEL 150 J instrumented 
Charpy pendulum.Three groups of tubes were made, depending on the location of the notch 
V - 2 notches, as follow: 
• I group – test tube with V - 2 notch in base metal (BM), 
• II group – test tube with V - 2 notch in the weld of metal (WM) and 
• III group – test tube with V - 2 notch in the heat affected zone (HAZ). 
 
The results of impact tests are given in Table 3 for the test tubes with a notch in BM, Table 4 
for the test tubes with a notch in the WM and Table 5 for the test tubes with a notch in the 
HAZ.Characteristic diagrams obtained by examining the test tubes with a notch in BM at 
different temperatures shown in Figures 5 to 9, for test tubes with a notch in WM at different 
temperatures in Figures 9 to 13, and for test tubes with a notch in HAZ in Figures 14 to 18. 
Other diagrams are not shown because they indicate a similar character behaviour of the 
samples examined [5]. 
Table 3. Results of impact tests with a notch in the BM [5] 

Sample 
mark 

Test 
temperature 

°C 

Total impact 
energy, Auk, J 

The energy of 
crack 

formation, AI, J 

The energy of 
crack 

propagation, 
AP, J 

BM-1  176 61 115 
BM-2 20 188 64 124 
BM-3  183 63 120 
BM-4  143 57 86 
BM-5 -20 157 59 98 
BM-6  152 57 95 
BM-7  82 55 27 
BM-8 -60 103 59 44 
BM-9  91 57 34 

BM-10  45 14 31 
BM-11 -100 50 16 34 
BM-12  41 14 27 
BM-13  31 22 9 
BM-14 -140 28 21 7 
BM-15  33 22 11 

 

Table 4. The results of impact test with a notch in WM[5] 

Sample 
mark 

The test 
temperature
°C 

The total 
impact 

energy, Auk, J 

The energy of 
crack 

formation, AI, J 

The energy of 
crack 

propagation, 
AP, J 

WM-1  152 58 94 
WM-2 20 168 59 109 
WM-3  161 59 102 
WM-4  130 60 70 
WM-5 -20 102 58 54 



WM-6  96 57 39 
WM-7  68 32 36 
WM-8 -60 75 34 41 
WM-9  71 33 38 
WM-10  32 21 11 
WM-11 -100 35 22 13 
WM-12  29 20 9 

 
 
 

 

Table 5. The results of impact tests with a notch in HAZ[5] 

Sample 
mark 

Testing 
tempearture

°C 

Total impact 
energy, Auk, 

J 

The energy of 
crack 

formation, AI, 
J 

The energy 
of crack 

propagation,  
AP, J 

HAZ-1  179 61 118 
HAZ-2 20 185 63 122 
HAZ-3  190 65 125 
HAZ-1  135 55 80 
HAZ-2 -20 142 55 87 
HAZ-3  153 56 97 
HAZ-1  97 53 44 
HAZ-2 -60 85 51 34 
HAZ-3  93 52 41 
HAZ-1  54 25 29 
HAZ-2 -100 60 27 33 
HAZ-3  63 28 35 
HAZ-1  44 25 19 
HAZ-2 -140 38 23 15 
HAZ-3  48 27 21 
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Figure 4.  Diagrams obtained by the impact testing of the test tubein BM - 1 tested at 20 ° C [5] 
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Figure 5.  Diagrams obtained by the impact testing of the test tube in BM - 4 tested at–20°C[5] 
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Figure 6. Diagrams obtained by the impact testing of the test tube in BM - 7 tested at–60°C[5] 
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Figure 7. Diagrams obtained by the impact testing of the test tube in BM - 10 tested at–100°C[5] 
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Figure 8. Diagrams obtained by the impact testing of the test tube in BM - 13 tested at–140°C[5] 
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Figure 9. Diagrams obtained by the impact testing of the test tube in WM - 1 tested at 20°C[5] 
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Figure 10. Diagrams obtained by the impact testing of the test tube in WM - 4 tested at -20°C[5] 
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Figure 11. Diagrams obtained by the impact testing of the test tube in WM -7 tested at–60°C [5] 
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Figure 12:Diagrams obtained by the impact testing of the test tube in WM - 10 tested at –100°C [5] 
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Figure 13. Diagrams obtained by the impact testing of the test tube in HAZ - 1 tested at 20°C[5] 
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Figure 14. Diagrams obtained by the impact testing of the test tube in HAZ - 4 tested at–20°C[5] 
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Figure 15. Diagrams obtained by the impact testing of the test tube in HAZ - 7 tested at–60°C [5] 
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Figure 16. Diagrams obtained by the impact testing of the test tube in HAZ - 10 tested at–100°C [5] 
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Figure 17. Diagrams obtained by the impact testing of the test tube in HAZ - 13 tested at–140°C[5] 

 

The dependence of the total impact energy, Auk, on the test temperature and the location of 
the V-notch was also shown diagrammatic in Figures 17 and 18 for all three groups of tested 
tubes [5]. 
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Figure 18. The influence of testing temperature on Auktest tube with a V - notch in BM and in WM[5] 
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Figure 19. The influence of the testing temperature on Auktest tubes with a V – notch in the HAZ[5] 
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4. CONCLUSION 
Based on the results obtained by the impact tests and the measured values of the total impact 
energy, Auk,itshould be pointed out that the following phenomena are clearly observed: 

� The values of the total impact energy, ie. the fracture mechanism and the appearance 
of the fracture surfaces, depend significantly on the test temperature, since it is closely 
related to the plastic properties of the test material. The decrease in temperature 
favours the formation of a brittle state and is especially expressed for a welded joint 
as a typical heterogeneous structure. The total impact energy, Auk, decreases by 
decreasing testing temperature successively from room temperature to-140°C in all 
groups of the test tubes (WM - HAZ - BM). 

�  The impact on the total impact energy, Auk, also has a place from which the tubes 
were removed, that is, where the V - notch was placed. This means that the 
heterogeneity of the welded joint structure, which is accompanied by different 
mechanical properties of the individual welded joint areas (base metal, weld metal, 
and heat affected zone), has a decisive influence on the impact properties, i.e. the 
value of the total impact energy. 

� The highest value of total impact energy is presented in test tubes with V - notch in 
BM, while the lowest value of total impact energy is present in test tubes with V - 
notch in WM. The total impact energy for the case when the notch is set in the HAZ is 
close to the values obtained from the BM testing, which confirms the well-defined 
and selected welding technology [5]. 
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ABSTRACT 
The basic characteristics of the chemical composition of steel with improved machinability 

(X8CrNiS18-9) are the increased content of sulphur (0.15-0.45%), phosphorus (0.07-0.11%) and 

manganese (0.5-1.5%).  

Sulphur by creating sulphide inclusions reduces friction and cutting resistance, and increases the 

brittleness of the chip.Considering its harmful effect in steel, as well as the fact that non-metallic 

inclusions have been insufficiently tested for this type of high-alloyed steel, the aim of this research is 

to determine by microalloying the possibility of modification of non-metallic inclusions. Modification 

with boron and zirconium favorably affects the ductile properties of steel, and a step forward in this 

study is a modification of inclusions with tellurium. 

It is of particular importance to determine the behavior of non-metallic inclusions in the process of 

production of the structural part and in subsequent exploitation. Therefore, plastic processing of 

austenitic stainless steel was also carried out, forging and rolling with two different level of 

processing. 

 

1. INTRODUCTION 

Stainless steel is an ideal material to create lasting solutions in demanding applications. Its 

uses are endless. Thanks to its unique properties such as durability, low-maintenance and 

resistance to corrosion, stainless steel is not only the strongest, but also the most 

economically sustainable choice. [1]. 

Since 1950, stainless steels have seen the greatest increase in consumption, with the most 

frequent, austenitic [2]. 

In addition to alloying with at least 10.5% chromium, for stainless steel to be corrosion-

resistant (passive), another condition must be fulfilled, namely the existence of a 

homogeneous single-phase ferrite, austenitic or martensitic microstructure [3]. 



The use of stainless steels is small compared to carbon steels, but shows steady growth, 

Figure 1. [4]. In Figure 2. [4], which shows the annual growth rate of major metals from 1980 

to 2018, it is easy to see that the growth rate of stainless steels is by far the highest. 

 

 
 
Figure 1. Compound annual growth rate of world 

stainless melt shop production 1950-2018 [4] 

 
 
Figure 2. Compound annual growth rate of 

major metals (% / year): 1980 - 2018 [4] 

 

Stainless steel is the most recycled material in the world and it is estimated that 82% of 

stainless steel used is recycled into new steel. When recycled, melted recycled steel has as 

good qualities and properties as the original steel. Today, approximately 60% of the raw 

materials used for the production stainless steels are recycled steels [5]. 

 

2. INFLUENCE OF ALLOYING ELEMENTS IN STEEL 

Manganese is most commonly used as a deoxidizer and desulphuriser during steel 

production. Due to its high affinity for sulphur, manganese produces MnS sulphide, thus 

preventing the negative effect of FeS sulphide [3]. 

High sulphur content has a positive effect on machinability characteristics. Tool wear is 

reduced, and chip separation is more favorable [6]. 

Boron in the stainless austenitic steels allows precipitation hardening (increase in yield 

strength and tensile strength), but lowers resistance to general corrosion [3]. 

Zirconium addition causes sulphide inclusions to be spherical (globular) rather than 

elongated, which improves the strength and ductility of microalloyed cast steel [7]. 

The presence of tellurium in steel leads to the formation of globular sulphide inclusions, 

which at the same time favorably affect the machinability of steel, since its presence in steel 

reduces the energy required to separate the material in the shear zone during cutting [8]. 

Tellurium forms manganese telluride (MnTe) inclusions and is apparently more effective than 

the sulphur for machinability of austenitic stainless steels. It also promotes globularization 

and expansion of sulphide inclusions [9]. 

 

3. NONMETALLIC INCLUSIONS 

Nonmetallic inclusions form separate phases. Nonmetallic phases containing more than one 

compound (eg different oxides, oxide + sulphide) are called complex nonmetallic inclusions 

(spinels, silicates, oxisulphides, carbonitrides) [10]. 

In order to produce steels with the best machinability, a number of inclusions with a carefully 

designed composition are required [11]. 

Manganese sulphide inclusions tend to elongate in the rolling direction, and elongated 

manganese sulphide inclusions are less desirable from a machinability standpoint than 

globular manganese sulphide inclusions. Also, from a machinability standpoint, smaller 

manganese sulphide inclusions are considered less desirable than larger inclusions [12]. 



Non-metallic inclusions adversely affect many properties sensitive to the continuity of the 

steel structure, while they have little or no effect on other properties [13]. 

The presence of inclusions also affects the machinability of the steel, the hard oxides 

exacerbate, and the soft manganosulfides improve the machinability [14]. 

 

4. EXPERIMENTAL RESEARCH AND TEST RESULTS 

The melting and casting of austenitic stainless steel X8CrNiS18-9 was carried out in a 

vacuum induction furnace with a capacity of 20 kg, with a maximum power of 40 kW, and is 

located at the Department for melting and metal casting of the Institute "Kemal 

Kapetanović".  

Eight meltings were done. The first melt is austenitic stainless steel X8CrNiS18-9 without 

alloying elements. Subsequently, in the following seven melt, the composition with the 

corresponding contents of boron, zirconium and tellurium was modified so that each of the 

above elements was added independently, then in combinations with two, and finally with all 

three alloying elements. Chemical analyzes of all melt variants are given in Table 1 [15]. 
 

  Table 1. Chemical analyzes of all melt variants [15] 

Melt variants 
Chemical composition (%) 

C Si Mn P S Cr Ni B Zr Te 

without alloying 

elements 
0,03 0,42 0,61 0,021 0,18 18,3 9,4 – – – 

alloyed with B 0,05 0,47 0,66 0,021 0,19 18,5 9,5 0,004 – – 

alloyed with Zr 0,04 0,35 0,75 0,021 0,17 18,8 9,4 – 0,016 – 

alloyed with Te 0,05 0,40 0,80 0,010 0,16 18,9 9,3 – – 0,033 

alloyed with  

B i Zr 
0,04 0,49 0,69 0,012 0,17 18,5 9,1 0,004 0,009 – 

alloyed with  

B i Te 
0,04 0,35 0,78 0,011 0,18 18,8 9,3 0,004 – 0,039 

alloyed with  

Zr i Te 
0,03 0,47 0,72 0,012 0,18 18,5 8,9 – 0,007 0,040 

alloyed with  

B, Zr i Te 
0,04 0,44 0,78 0,012 0,19 17,1 9,3 0,006 0,012 0,042 

 

4.1. Metallographic testing of casted samples 

All ingots are subjected to heat treatment: solution annealing – heating to 1050 °C, followed 

by rapid cooling in water. After the heat treatment, samples were taken next to the ingot head 

for metallographic testing of the cast state (Figure 3 - after grinding and polishing). 

Subsequently, an analysis of the content, size and distribution of the nonmetallic inclusions in 

the unetched state was performed, and the 

results of the tests are given in Table 2. The 

imaging of samples under a specific 

magnification (x50) was performed on an 

Olympus PMG3 type optical microscope, and 

one image was given for each sample (Figure 

4). The figures show inclusions of average 

size, while Table 2 also lists individual 

inclusions that are significantly larger than 

average. 

 

 

 
 
Figure 3. Casted samples for metallographic 

tests [15] 



Table 2. Results of metallographic testing of casted samples [15] 

Melt 

variants 

Size of sulphide 

inclusions (µm) 

The total number of inclusions by zones * 

Note 

I II III 

without 

alloying 

elements 

200,1 

150,0 

90,0 

85,0 

60,1 

55,5 

40,8 

7 8 4 

Lots of small 

sulphide inclusions; 

Size porosities  

264 i 140µm 

alloyed 

with B 

221,2 

125,7 

92,8 

37,1 
7 5 6 

Lots of small 

sulphide inclusions 

alloyed 

with Zr 

115,3 

193,1 
69,2 3 3 6 

Lots of small 

sulphide inclusions 

alloyed 

with Te 

162,1 

110,8 
63,1 1 5 7 

Lots of small 

sulphide inclusions 

alloyed 

with B i Zr 

64,0 

100,8 

150,0 

104,0 
8 2 8 

Lots of small 

sulphide inclusions 

alloyed 

with B i Te 

31,0 

25,0 

120,0 

28,0 
3 1 2 

Lots of small 

sulphide inclusions 

alloyed 

with Zr i Te 

54,0 

75,0 

102,0 

168,0 

184,0 
4 8 8 

Lots of small 

sulphide inclusions 

alloyed with 

B, Zr i Te 

110,0 

90,0 

80,0 

35,0 
4 

Small 

inclusions 

Small 

inclusions 

Lots of small 

sulphide inclusions; 

Porosity observed 

*  Zones I, II and III represent sample areas, so that zones I and III represent the edges of the sample, while zone 

II represents the central part of the sample. 

 

 

a) without alloying elements 

 

b) alloyed with B 

 

c) alloyed with Zr 

 

d) alloyed with Te 

 

e) alloyed with B i Zr 

 

f) alloyed with B i Te 

 

g) alloyed with Zr i Te 

 

h) alloyed with B, Zr i Te 

 

Figure 4. Microstructure of all melt variants for the casted state [15] 
 

 



4.2. Metallographic testing of forged samples 

After solution annealing, the specimens were hot deformed, namely forging on a hydraulic 

press with a power of 44 kW and a hammer with a power of 24 kW, which are located at the 

Department for Plastic Processing of Metals of the Kemal Institute "Kemal Kapetanović", up 

to a dimension of φ 50 mm.  

The samples, after the completion of forging process and rough machining, are shown in 

Figure 5. Upon completion of the forging process, samples were taken to perform 

metallographic testing for the forging condition (Figure 6).  

 

 

 

Figure 5. The samples after the completion of 

forging process and rough machining [15] 

 

 

Figure 6. Forged samples for metallographic 

tests [15] 

 

As with the cast samples, an analysis of the content, size and distribution of the nonmetallic 

inclusions in the unetched state was performed, and the test results are given in Table 3. 

Samples were also imaging on an OLYMPUS PMG3 type optical microscope (x50), and one 

image was taken for each sample (Figure 7). 

 
Table 3. Results of metallographic testing of forged samples [15] 

Melt variants Size of inclusions (µm) Note 

without alloying 

elements 

Complex globular inclusions: 
Lots of small sulphide inclusions 

50,0 90,0 

alloyed with B 
The longest sulphide inclusion: 

~ 80,0 
Lots of small sulphide inclusions 

alloyed with Zr 
Complex inclusions: 

Lots of small sulphide inclusions 
50,0 x 20,0 25,0 x 20,0 48,0 x 18,0 

alloyed with Te 
Globular inclusion: ~ 20,0 

Complex inclusion: 139,0 x 30,0 
Lots of small sulphide inclusions 

alloyed with  

B i Zr 
Complex inclusion: 50,0 x 10,0 Lots of small sulphide inclusions 

alloyed with  

B i Te 

Complex inclusions: Lots of small sulphide inclusions; 

One nest of complex inclusions 63,0 x 18,0 126,0 x 10,0 

alloyed with  

Zr i Te 

Complex inclusions: 
Lots of small sulphide inclusions 

70,0 x 30,0 150,0 x 30,0 

alloyed with  

B, Zr i Te 

Complex inclusions: 
Lots of small sulphide inclusions 

350,0 x 80,0 50,0 x 20,0 

 



 

a) without alloying elements 

 

b) alloyed with B 

 

c) alloyed with Zr 

 

d) alloyed with Te 

 

e) alloyed with B i Zr 

 

f) alloyed with B i Te 

 

g) alloyed with Zr i Te 

 

h) alloyed with B, Zr i Te 

 

Figure 7. Microstructure of all melt variants for forged state [15] 

 

4.3. Metallographic testing of rolled samples 

The rolling was performed on the SKET rolling mill, with the first section being reduced to 

18 mm, while the second one reached a final sample size of 14 x 50 mm. The rolling speed 

was 400 rpm. After completion of rolling, all samples were quenched in water in order to 

avoid the effect of sensitisation. All samples are of different lengths depending on the amount 

of material in each variant. Figure 8 shows all the samples after the rolling process has been 

carried out. Upon completion of the second stage of deformation (rolling to dimensions 14 x 

50 mm), samples were taken to perform metallographic testing for the rolling condition 

(Figure 9). 

 

 
 

Figure 8. The samples after the rolling process 

was performed [15] 

 
 

Figure 9. Rolled samples for metallographic 

tests [15] 

 

As with the previous samples, the content, size and distribution of nonmetallic inclusions in 

the unetched state were analyzed, and the test results are given in Table 4. The test for the 

rolling condition was performed in accordance with ASTM E45-11 – Standard Test Methods 

for Determining the Contents of Inclusions in Steel. BAS EN 10088-1 does not specify limit 

values for the content of nonmetallic inclusions. Sample imaging under a certain 

magnification (x50) was performed on an OLYMPUS PMG3 type optical microscope, and 

one image was given for each sample (Figure 10). 

 



 

a) without alloying elements 

 

b) alloyed with B 

 

c) alloyed with Zr 

 

d) alloyed with Te 

 

e) alloyed with B i Zr 

 

f) alloyed with B i Te 

 

g) alloyed with Zr i Te 

 

h) alloyed with B, Zr i Te 

 
Figure 10. Microstructure of all melt variants for rolled state [15]. 

 
Table 4. Results of metallographic testing of rolled samples [15] 

Melt variants 
Sulphides 

Note 
Thin Thick 

without alloying 

elements 
3 1,5 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. A complex inclusion of 250 µm size was also 

observed.  

alloyed with  

B 
3 1 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. 

alloyed with  

Zr 
3 3 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. A complex oxysulfide inclusion of 500 µm size was 

also observed. 

alloyed with  

Te 
3 3 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. Complex inclusions of size 600, 500, 300, 200 µm 

were also observed. 

alloyed with  

B i Zr 
1,5 3 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. Complex inclusions of size 600, 300 µm were also 

observed. 

alloyed with  

B i Te 
1,5 1 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. A complex inclusion of 150 µm size was also 

observed. 

alloyed with  

Zr i Te 
1,5 3 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. Complex inclusions of size 600, 150, 60 µm were 

also observed. 

alloyed with  

B, Zr i Te 
1,5 3 

Many small sulphide inclusions with thickness less than 2µm have 

been observed. Complex inclusions of size 500 µm were also 

observed. 



 

5. CONCLUSIONS 

Based on experimental research, it is possible to make the following conclusions: 

� In experimental melts after rolling and after heat treatment, the presence of type A 

inclusions (sulphides) according to ASTM E45-11 was detected. The largest number of 

inclusions and the biggest inclusions were determined for tellurium alloyed melt, and for 

variants of melts alloyed with boron and zirconium and zirconium and tellurium 

elements.    

� The influence on the shape and size of the nonmetallic inclusions is especially shown by 

zirconium and tellurium; 

� Addition of tellurium with zirconium and boron improves the globularization of 

austenitic stainless steel X8CrNiS18-9, in this respect tellurium is particularly dominant; 

� Elements of boron, zirconium and tellurium are added for the purpose of modifying 

sulfide inclusions, in particular their globularization and thickness increase. This work 

confirmed this, especially in the case of zirconium and tellurium.  
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ABSTRACT 
In modern times, the science of materials cannot be imagined without metallography. The history of 

metallographic testing in Bosnia and Herzegovina is primarily related to Zenica. Today, most of the 

research related to the metal industry in BiH is conducted in laboratories at the Kemal Kapetanović 

Institute in Zenica. The Institute's Metallographic Laboratory has a history to be proud of and a 

future to nurture. This paper will review the capabilities of the Institute's Metallographic Laboratory 

30 years ago and now. 

 
1. INTRODUCTION 

Metallography, as part of material science, deals with the examination, description and 
evaluation of microstructures of metals and alloys. The development of metallography in the 
world begins more than 150 years ago [1]. The beginnings of applying metallography in 
Bosnia and Herzegovina can be found at the Institute in Zenica, back in 1961. 
 
2. METALLOGRAPHY  

The beginning of studying the microstructure of metals, according to literature, goes back to 
the second half of the nineteenth century. Namely, in England H.C. In 1864, Sorby made the 
first macrograph of the microstructure of steel. The copy of the macrograph given in Figure 
1, taken at magnification 9 times, clearly shows the grain boundaries [2]. 
 
 
 

 

Figure 1. The first macrograph of a microstructure 

of steel, from 1864, etched in a very dilute solution 

of nitric acid, x9 [1,2,3] 



Contributions to the beginnings of metallography development were: A. Martens in 
Germany, F. Osmond in France, W.C.Roberts-Austin in England, H.N. Howe in America. 
 
3. PREPARATION OF METALLOGRAPHIC SAMPLES 

The metallographic laboratory basically consists of sample preparation room, etching room 
and test room. Due to possible contamination of the dust during cutting, the sample 
preparation room was separated by a wall from the test part of the laboratory. 
The preparation of metallographic specimens consists of: 
 

- cutting, 
- pressing in, 
- grinding, 
- polishing and 
- etching. 

 
The basic differences in the steps of preparing metallographic samples 30 years ago and 
today are given in Table 1. 
The etching of the prepared test surface is still done 30 years ago in a digester, a ventilated 
area using reagents, which are selected depending on the type of material being tested. The 
appearance of the cutting surface taken with a digital camera after the coarse cutting and 
modern cutt of wheels is shown in Figure 2. 
 

                 
 

 
Table 1. Differences in sample preparation 

Steps of sample 
preparation 

30 years ago Today 
Differences and 

advantages today 
compared to 30 years ago 

Cutting Cutting with cutt of 
wheels that gave a 
rough surface to the 
sample. 

Cutting of the 
specimens is performed 
on a specimen cutting 
machine using cutt of 
wheels that produce 
fine smooth surfaces. In 
this way, the 
preparation time of the 
sample is shortened by 
one to two steps of 
grinding the samples. 

Fine cutting surface 
Applying an appropriate 
lubricant to cool the 
cutting surface does not 
cause the sample to heat 
up and have unintended 
consequences on the 
original microstructure. 

a) Cut with a rough cutting blade            b) Cut with a fine cutting blade 

                                      Figure 2. Layout of the cutting surface, magnification 50x 



Steps of sample 
preparation 

30 years ago Today 
Differences and 

advantages today 
compared to 30 years ago 

Pressing in Pressing into warm 
plastic mass 

Pressing into cold or 
warm plastic mass 

Nowadays can be press 
larger samples than the 
size of the mold for 
warm press  

Grinding Grinding test surface 
on a wet grinder was 
started from 120SiC 
and 180 SiC paper to 
eliminate the cutting 
marks created by 
using a rough cutting 
board. Further 
grinding steps of test 
surface were either 
manual or semi-
automatic on SiC 
grinding paper 
gradation: 240, 400, 
600, 1000. 

Grinding of test surface 
is done automatically 
on self-adhesive 
grinding paper SiC 
gradations: 240, 400, 
600 and 1000. 

Due to the finer cutting 
surface, the number of 
grinding steps is reduced 
from 6 to 4. Multiple 
specimens can be 
automatically prepare at 
the same time, thus 
reducing the preparation 
time and thus the 
consumption of 
electricity required for 
preparation. 

Polishing1) Diamond paste 9µ, DP 
lubricant  applied on 
felt polishing cloth  
 
Diamond paste 3µ, DP 
lubricant  applied on 
soft polishing cloth  
 
Alumina 0,05µ 
applied soft polishing 
cloth  
 

Diamond suspension 
9µ, DP lubricant  
applied on felt 
polishing cloth  
 
Diamond suspension 
3µ, DP lubricant  
applied on soft 
polishing cloth  
 
 

The use of diamond 
suspensions reduced one 
preparation step. The 
use of lubricant saves on 
diamond suspension 
significantly. 
Multiple samples can be 
polished automatically 
at the same time. 
Preparation time is 
shortened and thus the 
electricity required for 
preparation is 
consumed. 

 

1) This step for sample preparation applies to steel 
 

 

4. MICROSCOPE 

The basic tool without which one can imagine a metallographic laboratory is a light optical 
microscope. The prepared metallographic specimen is impermeable to light and therefore the 
basic part of the metallurgical microscope is a source of light which is reflected from the 
surface of the metal specimen. 
 
4.1. Briefly about the microscope 

The word microscope comes from the Greek words "micros" meaning small and "scopin" 
meaning to see. The name of the microscope was introduced by the Roman scientist Giovani 
Faber back in 1625. In 1665, English microscopist Robert Hook used the microscope given in 
Figure 3 [2].  



 

4.2. Metallurgical microscope 

There are two types of metallurgical microscopes: vertical and inverted. The difference 
between the two types lies in the location of the sample placement. For the vertical type of 
microscope, the sample is placed below the lens, while for the inverted, the sample is placed 
above the lens. The light source of metallurgical microscopes should be strong, stable and 
controlled as an intense single beam of light [2].  
The appearance of the light optical microscope used 30 years ago is given in Figure 4. 
The appearance of the modern light optical microscope used today in the Metallographic 
Laboratory is given in Figure 5. 
 

 

 

 

Figure 3. Sketch of the microscope used by Robert Hook, in 1665. [2] 

Figure 4. Layout of a light optical microscope used 30 years ago 

Figure 5. Layout of a modern light optical microscope 



The basic differences in metallurgical microscopes 30 years ago and today in the 
Metallographic laboratory at the Institute are: 
 

- Light source: 30 years ago used tungsten filament lamp, and in nowadays tungsten 
halogen bulb, with advantages - the lamp life is longer and the light quality is better, 
without tungsten deposits on the lamp wall 

- Ilumination – nowadays light microscopes have possibility for examination in:  
• bright field 
• dark field 
• polarized light 
• nomarski prism 

 

Illumination of the light and dark fields of the steel pattern is given on Figure 6. 
 

                        
         low carbon steel  grain size  (NITAL)                                low carbon steel grain size  (NITAL)        

                                      
Figure 7. shows flat etched surface of steel sample under normal bright field a) and under 
differential interference contrast b) with crossed polarizers.  
 
 

   
          a) without DIC     b) with DIC 

Figure 6. Micrograph (a) was taken in bright-field illumination, and micrograph (b) was 

taken with dark-field illumination. 

Figure 7. Microstructure of steel using differential interference contrast,  

Picral, magnification 500x 



5. CALIBRATE AN EYEPIECE RETICLE SCALE  

Metallographic laboratory at Institute “Kemal Kapetanović” in Zenica has accreditation from 
National accreditation body BATA almost 22 years. In order to prove the competence of the 
staff employed in the laboratory for the application of modern testing methods, regular 
supervision checks are carried out by expert teams. To ensure accuracy, the stage micrometer 
must be traceable to the International System of Units through calibration provided by a 
competent accredited laboratory [4].  
Measurement of a microstructural feature is done using an eyepiece reticle with a graduated 
linear scale and using calibrated input in software.. Before making such a measurement, the 
scale must be accurately calibrated. This is done by using a calibrated stage micrometer in 
combination with the reticle eyepiece.  
Line up the two scales until they are parallel, as shown in Fig. 8, and align the “0” of the two 
micrometer scales, as shown. In this stage micrometer, one small division equals 0.01 mm 
(100 divisions 1 mm).  
 

 

 
As shown in Fig.8, count the number of divisions on the stage micrometer scale that match 
the full 100 divisions on the eyepiece reticle scale. In this example, 100 divisions on the 
eyepiece scale equal 122 divisions on the stage micrometer. 
Therefore, 122 divisions equal a length of 1.22 mm. From the following equation, calculate 
the length of each division on the eyepiece scale: 
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Thus, each eyepiece scale division  1.22 mm/100 divisions = 0.0122 mm per division, or 12.2 
µm per division (1 mm= 1000 µm). This means that everything that is magnified by this 
objective-eyepiece combination on this microscope is 1.22 greater than actual.  
Thus, a 5x objective with a 10 x eyepiece would have a magnification of 5x10x1.22= 61x. 
This step should be repeat for each objective at microscope. 
Because of the it is need to prepare a table of eyepiece scale (or eyepiece micrometer) 
calibrations and magnification corrections for each objective-eyepiece combination for each 
microscope in the metallographic laboratory [2]. 
 
 
 
 

Figure 8. Micrograph of stage micrometer and eyepiece micrometer 



6. SCANNING ELECTRON MICROSCOPE 

Few years ago, Metallographic laboratory start using scanning electron microscope PHILIPS 
XL30, figure 9. Possibilities of this device are wide.  
 

 

 
Getting micrographs of interested point at very high magnification (more than 10 000 x) and 
its EDX analysis is very important for researchers work. Figure 10 shows one of test results 
of precipitation hardened stainless steel 17-7PH getting at this device. 
 
 

 
 
 
 

Figure 9. Scanning electron microscope in Metallographic laboratory 

Figure 10. Microstructure and EDX analysis [5] 



7. CONCLUSION 

Metallography is part of Materials science and it is irreplaceable instrument for research of 
metal and their alloys. Metallography plays very important role in metallic material research. 
Examination of metals and alloys purity, grain size, microstructure after different heat 
treatment and their influence on mechanical properties are very important for everyone who 
works with this material. Metallography are eyes of science of Materials science.  
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ABSTRACT 

Austempered Ductile Iron (ADI) is a class of Ductile Iron family, obtained by heat treatment process. 

Ductile Iron samples are first austenitised to dissolve carbon, then quenched rapidly to the 

austempering temperature to avoid formation of deleterious pearlite. Resulting ausferrite 

microstructure consists of acicular ferrite embedded in stabile retained austenite. In case of 

application of the ADI casting on elevated temperatures transformation of the initial ausferrite 

microstructure is taking place. Influence of elevated temperature on ausferrite microstructure 

transformation is presented in this paper. 

 

1.  INTRODUCTION 

If ductile iron is austenitized and quenched into a salt bath or any other type of hot bath at a 

constant temperature at the temperature interval from 260°C to 420°C and held at this 

temperature long enough, transformation of the initial austenite to ausferrite takes place. Cast 

irons that are transformed in this manner are referred to as austempered ductile irons (ADI). 

Transfering time from austenite temperature to salt bath must be fast enough to avoid 

pearlitic transformation in order to obtain desired ausferrite microstructure and, also, has to 

be performed above martensite start (Ms) temperature, [1, 2, 3]. 

Austempering results in a wide range of microstructures, depending on temperature of 

transformation bath and holding time at the transformation temperature. The properties are 

characterized by a very high strength, good ductility and toughness, and appreciably higher 

wear resistance than that of base material (ductile iron). This good/unusual combination of 

properties comes as a result of their unique microstructure (ausferrite microstructure). 

Ausferrite microstructure consists of ferrite and austenite (Figure 1). The exact shape of the 

ferrite phase and the relevant amounts of ferrite and austenite determine mechanical 

properties that can be controlled by the heat treatment parameters (temperature and time). 

Ferrite phase within ausferrite microstructure was usually named as acicular ferrite due to its 

needle-shaped form, [1, 2, 4]. Generally speaking, application of the ADI components is in 



the range from room temperature up to temperature of the second phase of the austempering 

heat treatment process (up to 200°C) 

 

Figure 1. Ausferrite microstructure, Nital etched, 500X 

It is already known that the austenite in the microstructure of ADI is stable to very low 

temperatures. However, if the ausferrite microstructure is exposed to elevated temperatures 

austenite can be transformed into ferrite and carbides, resulting in a gradual degradation of 

mechanical and ductile properties. The transformation of the initial ausferrite microstructure 

due to elevated temperature can be described with equation (1). 

γ�� = α + Fe	C (1) 

In a study performed with dilatometer, Nadkarni and Gokhale observed volumetric changes 

associated to decomposition of the ausferritic microstructure, [5]. They reported the stable 

austenite transformation occurring in the range of 450-550°C. The aim of the investigation 

presented in this paper was to check microstructure changing due to decomposition of initial 

ausferrite microstructure. 

2.  EXPERIMENTAL PART 

2.1. Material for investigation 

Idea for the experimental part of this paper, as it has been stated in previous chapter, was to 

explain the influence of elevated working temperature on final microsture of austempered 

ductile iron. Initial material was non-alloyed ductile iron with perlitic-ferritic microstructure. 

Chemical composition of the ductile iron used in this experiment was C: 3.29 wt.%, Mn: 

0.31%, Si: 2.53%, P: 0.015%, S: 0.013%, Cr: 0.053%, Ni: 0.81%, Cu: 0.51%, Mg: 0.031%, 

Mo: 0.002%, Ti: 0.004%, Sn: 0.006%, V: 0.003%, W: 0.004%. Starting material was cast in 

the U shape blocks and samples used in this investigation were prepared in shape of tensile 

test samples. Metallographic samples were cut from the samples after applied heat treatment 

process. All samples used in this work were initially austenitized using electric resistance 

furnace at 870°C for one hour followed by tempering in salt bath (KNO3) at 350°C for one 

hour. For the initial ADI material preparation samples were heat treated as mentioned above. 

Microstructure of the base material after heat treatment is presented at the Figures 2 and 3.  

 



     

Figure 2. Austempered ductile iron microstructure  Figure 3. Austempered Ductile ironmicrostructure       

               Polisched condition, 100X                                      Nital Etched, 500X 

 

2.2. Additional heat treatment of the ADI samples 

In case of additional heat treatment of the ADI samples on the elevated temperature, 

according to the literature, decomposition of the ausferrite microstructure occurs. To identify 

ausferrite microstructure decomposition during reheating, six ADI samples were reheated up 

to the transformation temperature (Tt) and hold for 120 min then the samples were rapidly 

removed from the furnace and air cooled to room temperature. For the experiment six 

different reheating temperatures were preset, Figure 4. The suggested six elevated 

temperatures were result of the DTA testing of the investigated material which was part of 

one other research project. 

 

Figure 4. ADI samples reheating diagram 

 

 

 

 

 



3.  RESULTS AND DISCUSSION 

3.1. Microstructure characterization of the ADI samples 

After additional heat treatment of the ADI samples metallographic investigation were carried 

out. In the Figure 5 optical microscopy images of the microstructure of the used samples were 

presented. 

a) b) c) 

d) e) f) 

g) 

  

Figure 5. Microstructure of the ADI samples (Nital etched, 500X) 

a) basic ADI sample, b) ADI sample reheated on 250°C, c) ADI sample reheated on 350°C, 

 d) ADI sample reheated on 450°C, e) ADI sample reheated on 500°C, f) ADI sample reheated on 

600°C, g) ADI sample reheated on 700°C. 

 



4.  DISCUSSIONS 

After heat treatment of ductile iron, ADI samples with ausferrite microstructure were 

produced. Resulting ausferrite microstructure was characterized with uniform distribution of 

the needle shape ferrite phase within carbon saturated austenite phase. Additional reheating 

of the ADI samples at different temperature leads to ausferrite decomposition at the 

temperature region above 450°C, which is visible on Figure 5. With increasing reheating 

temperature transformation rate of carbon saturated austenite increases. Carbon saturated 

austenite (γCS) transforms to ferrite and iron carbide according to equation (1). At the 

temperature region near to eutectoid temperature graphitization (decomposition of the iron 

carbides) process occurs that can be observed on the Figure 5g. 

5.  CONCLUSIONS 

The carried out investigation and analysis of the result of experiments on reheated ADI 

samples allow the following conclusions to be stated: 

• The paths of decomposition of austempered ductile iron while reheating up to 700°C 

was recognized and summarized (Figure 5). 

• The most intensive decomposition of the ausferrite microstructure was observed in the 

temperature region above 450°C. 

• Near to eutectoid temperature (700°C) graphitization (decomposition of the iron 

carbides) process occurs and globular pearlite can be observed (Figure 5g). 
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ABSTRACT 
The HK30Nb steel pipe casting was obtained by centrifugal casting. This steel is austenitic stainless 

steel grade AISI HK 30 and is standardized according to ASME SA-351 in as cast condition. HK 30 

Nb steels not standardized i.e. it is HK 30 steel modified with niobium. In addition to the required 

mechanical properties, this steel is also tested for heat resistance because it is used at high 

temperatures. In this paper, the heat resistance testing was carried out on the HK 30 Nb stainless 

steel pipe casting for two temperatures (750 and 850 oC) according to the standard ASTM G 54-84. 

The mass change and rate of oxidation for different heating times (24, 48, 72, 96 and 120 hours) were 

determined. The results of the study are significant for the continued use of these materials at high 

temperatures in exploitation conditions. 

 

1. INTRODUTION 

 

The chemical corrosion occurs in steel at elevated temperatures in atmosphere of hot air, 
water vapour, corrosive gases, flames and similar conditions, which is conditioned by intense 
oxidation. In the case of non-alloy steels, layers of iron oxide are formed on the surface, 
which are not compact enough to prevent further diffusion of oxygen and increase in the 
thickness of the layer, and over time, the layer is peeled due to compressive stresses and the 
formation of new oxides. The alloying of steels with elements that have a higher affinity for 
oxygen than iron (Cr, Si, Al), first facilitates the oxidation of these elements in the surface 
layer, and thus inhibits further diffusion. Chromium is most favourable for the heat resistance 
of steel. Heat resistant steels must also have no microstructural transformations, and therefore 
they are either ferrite or austenitic structures [1]. These steels when used at temperatures 
above 550 °C, do not form a thick layer of iron oxides and still have good mechanical 
properties at those temperatures. To be heat resistance, the oxidation rate for steel due to the 
formation of an oxide layer at a certain temperature should not exceed 1g/m2h at a given 
temperature. The resulting oxide layer should be as stable as possible at high temperatures 
with less porosity and good adhesion to the surface [2].The austenitic stainless steel AISI HK 
30 is standardized according to ASME SA-351 (UNS J93400). HK 30 Nb steels not 



standardized i.e. it is HK 30 steel modified with niobium. Centrifugally cast tube was made 
from this steel and it is intended for making parts in the automotive industry [3].This paper 
presents the results of testing the heat resistance of HK 30 Nb steel at 750 and 850 oC for 24, 
48, 72, 96 and 120 hours. The aim of this work was test of HK 30 Nb steel to oxidation at 
constant temperature for different times. 
 
2. HEAT RESISTANCE TEST 

 

Conducting a heat resistance test on samples of the HK 30 Nb stainless steel pipe casting was 
in accordance with the standard ASTM G 54-84 for Simple Static Oxidation Testing. This 
test is significant for this material because its further use is for making parts that work at 
elevated or high temperatures.The chemical composition and mechanical properties of HK 30 
Nb steel at room temperature according to the standard ASME SA-351, regulation IDM 
8365-HK30 (valid for the production of a car turbine ring) are presented in Table 1. 
 
Table 1. The chemical composition and the mechanical properties of HK 30 Nb steel [4] 

 
Chemical composition (wt.%) Mechanical properties 

C Cr Ni Si Mn Mo Nb Fe 
Rm 

(MPa)
Rp0,2 

(MPa) 
A 

(%) 
HV1 

ASME 
SA-351 

0,25- 
0,35 

24,0- 
27,0 

19,0- 
22,0 

0,75- 
1,30 

Max. 
1,50 

0,20- 
0,30 

1,00-
1,75 

Rest ≥450 ≥240 ≥10 ≥170 

IDM 
8365 

0,25- 
0,30 

23,0-
27,0 

19,0-
22,0 

1,00-
2,50 

Max. 
1,50 

Max. 
0,50 

1,20-
1,50 

Rest ≥450 ≥240 ≥10 
162-
229 

Relased 0,31 24,3 20,6 1,20 0,33 0,02 1,40 Rest 559 315 12 202 
 
The HK 30 Nb steel tube casting heat resistance test was performed according to the 
procedure given by a standard in a chamber furnace with an air atmosphere in TMD Ai d.o.o. 
The test samples were weighed on an analytical balance with a measurement accuracy of ± 
0,0001 grams.The heat resistance test was carried out  at two temperatures, i.e. 750 °C and 
850 °C according to ASTM G 54-84 (Reapproved in 1996). Samples of dimensions 
25x25x10 mm taken from the pipe are shown in Figure 1. 
 

 
Figure 1. Samples for testing heat resistance [3] 

 
Before heating in the furnace, the samples were ground, cleaned and degreased in acetone. 
Mass and dimensions were measured in accordance with the ASTM standard G 54-84 and 
standard G1-90 [5,6]. After that, the samples were heated in a furnace without a protective 
atmosphere at temperatures of 750 °C and 850 °C. After being kept at 750 °C and 850 °C for 
24, 48, 72, 96 and 120 hours the samples were removed from the furnace and cooled to room 



temperature, after which they were re-measured their masses after each time cycle. According 
to equations (1 and 2), the mass change and the rate of oxidation were determined for all 
samples.  
 
The mass change is determined per unit area by the equation: 
 

∆m=
mk - m0 

A
 ,   � g

m2�                         (1) 

whereis : 
m0 - original mass, g 
mk - mass after testing, final mass, g 
A – original surface area, m2 
 
The equation for determining of the oxidation rate is: 
 

    V=
∆m 

t
 ,   � g

m2��                           (2) 

 
where is: 
∆m - mass change per unit area, g/m2 
t - test time, h. 
 
The results of the tests are given in Table 2, and a graphical presentation of these results is 
given in Figures 2 and 3. 
 
Table 2. Results of heat resistance tests [3] 

Sample 
mark 

Starting 
mass, 
m0(g) 

Mass after 
testing,  
mk(g) 

Mass 
change, 

∆m(g/m2) 

Oxidation 
rate,  

V(g/m2h) 

Test time, 
t (h) 

Test 
temperature, 

(oC ) 

1 49,9013 49,8998 -0,67 0,0278 24 

750 
2 50,9215 50,9194 -0,93 0,0194 48 
3 55,3685 55,3648 -1,64 0,0228 72 
4 52,0765 52,0708 -2,53 0,0264 96 
5 52,8782 52,8688 -4,18 0,0348 120 
6 48,1521 48,1501 -0,89 0,0370 24 

850 
7 54,2692 54,2659 -1,47 0,0306 48 
8 55,5657 55,5604 -2,36 0,0327 72 
9 47,2863 47,2794 -3,07 0,0319 96 

10 53,2889 53,2784 -4,67 0,0389 120 
 
Figure 2 shows the change in mass of the samples as a function of the holding time at 
temperatures of 750 °C and 850 °C, and Figure 3 shows the changes of the oxidation rate for 
the same test parameters. 
 



 
 
Figure 2. Change of sample mass during oxidation at 750 °C and 850 °C depending on holding time 

at tested temperatures [3] 

 

 
Figure 3. Oxidation rate at 750 °C and 850 °C depending on the holding time at tested temperatures 

[3] 

 
Analysis of  the test results given in Table 2 and graphical presentations of sample mass 
change and oxidation  rate at 750 °C and 850 °C in Figures 2 and 3 showed: 
 

− The mass change is negative because there is a loss of mass during heating, 
− The change in mass and oxidation rate is smaller for samples treated at a lower 

temperature, i.e. 750 °C, 
− Mass change increases with increasing test time for both 750 °C and 850 °C, 
− In the first holding phase, oxidation rate decreases for up to 48 hours for samples 

heated at both test temperatures, 
− At the oxidation time from 48 hours to 96 hours in samples heated at 850 °C, 

stagnation at the oxidation rate is observed, ie no significant changes, unlike the 
samples heated at this time  interval at lower temperature, ie 750 °C, where a 
continuous increase in the rate of oxidation is observed, 

− In the 96 hour to 120 hour interval, for both test temperatures, the oxidation rate 
increases continuously with increasing time, 

− General analysis of the results shows that the value of oxidation rate for all tested 
samples is below 0,04 g/m2h. 

 

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

4,00

4,50

5,00

24 48 72 96 120

M
a

ss
 c

h
a

n
g

e
, 

Δ
m

(g
/m

2
)

Test time, (h)

Mass change at 750 °C , 

Δm(g/m2)

Mass change at 850 °C , 

Δm(g/m2)

0,0000

0,0050

0,0100

0,0150

0,0200

0,0250

0,0300

0,0350

0,0400

0,0450

24 48 72 96 120

O
xi

d
a

ti
o

n
 r

a
te

, 
V

(g
/m

2
h

)

Test time, (h)

Oxidation rate at 750 °C,

V(g/m2h)

Oxidation rate at 850 °C,

V(g/m2h)



3. CONCLUSIONS  

 
For all samples, the mass change is negative because of losing mass during heating and it 
increase with temperature and time. The prescribed value of oxidation rate for the heat 
resistance steels according to EN 10295 is less than 1 g/m2h for a test temperature of 1100 
°C. As all test results showed an oxidation rate of less than 1 g/m2h, it can be concluded that 
the test results completely satisfactory, especially at 750 ° C, which is the operating 
temperature of the engine in which this material is installed. 
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ABSTRACT 
Metallurgical coke as a fuel, reducing agent and permeable material in high-pressure processes must 

have pronounced strength and granulation properties due to expected changes in high temperature 

conditions. The best quality of metallurgical coke is achieved when coal mixtures satisfy a certain range 

of rheological parameters. The characterization parameters of the coking properties of the coal mixture 

are correlated with the mechanical parameters of the coke quality. 

 

1. INTRODUCTION 

The most important and most used fuel for the production of iron in a blast furnace is 

metallurgical coke. Metallurgical coke as a fuel, reducing agent, and material that determines the 

permeability of the furnace in high-pressure processes must have demanding properties in terms 

of strength and size of the coke piece due to expected changes in high temperature conditions. 

Current knowledge of coke behavior in a blast furnace indicates that the decisive influence of 

coke on furnace operation begins at high temperatures when structural and mechanical properties 

of the coke change. The coke has a special effect on the aggressive action of CO2, water vapor, 

alkali and the abrasive effect of total fill [1]. 

The basic parameters used for coke quality are [2]: 

- CSR (Coke Strength after Reaction), 

- CRI (Coke Reactivity Index), 

- CAS (Coke Abrasion Strength) – it is expressed by using MICUM 10 test, 

- CFS (Coke Fragmentation Strength), it is expressed by using MICUM 40 test, 

- Content and chemical composition of fly ash. 

 

Changes in the physical and mechanical properties of coke under high temperature conditions 

and their effect on the operation of the furnace are observed depending on: 
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- characteristics of coal (physicochemical, rheological, coking components, amount of 

vitrinite, reflectivity of vitrinite, content of volatile matter), 

- coking conditions and 

- the property of the produced coke produced. 

 

2. COMPOSITION OF COAL MIXTURE 

The primary goal of composing the coal mixture is to produce coke of satisfactory quality, 

without the risk of increased mixture pressure on the walls of the coke battery. Industrial coal 

mixtures always consist of a minimum of three different types of coking coal, depending on the 

content of volatile matter, such that the following coals are represented [6]: 

 

• high volatile – HV,  

• medium volatile – MV, 

• low volatile – LV. 

In order to determine the coking properties of coking coal, a series of tests are performed to 

determine the rheological properties of these coals. This is primarily related to the testing of coal 

dilatation, fluidity and FSI (Free Swelling Index). Coking coals contain macerals that are 

reactive, soften and become plastic when heated. These macerals agglomerate with other non-

softening macerates and then in the repolymerization process give the final coking product - coke 

[6]. 

 

2.1. High volatile – HV coals 

The main role of high-volatile coals in the mixture is to control the shrinkage of the coal mixture 

during coking, to reduce the pressure on the furnace walls and to adjust the fluidity of the 

mixture. Thus, these coals are primarily viewed through the characteristic of fluidity, both as low 

or high fluidity coals. Thus, HV coals provide the mixture with contraction and fluid properties. 

Since they have a high volatile matter content, they are subject to shrinkage when heated, in 

proportion to the volatile matter content. They are characterized by high porosity. If used alone 

in a coal mixture, poor quality coke would be produced. 

 

2.2. Medium volatile – MV coals 

These coals form the basis of any coal mixture. They are important for achieving good 

rheological properties, especially dilatation. Accordingly, they are treated as high, middle or 

lower grade coals. This rank, the so-called bituminous coal results in the formation of coke of 

optimal strength, reactivity and structure. MV coals bridge the gap between LV and HV coals in 

the coal mixture. They can also cause the mixture to press on the walls of the furnace. 

 

 

 

2.3. Low volatile – LV coals 
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The main role of these coals in the coal mixture is to improve the mechanical strength and the so-

called dump of coke. They represent the main source of coke strength. Their dominant feature is 

the pressure on the walls of the furnace during coking, and accordingly they are divided into very 

dangerous, dangerous or harmless coals. Not subject to significant contraction, they generally 

spread during coking. They are characterized by low porosity. If used alone in a coal mixture, 

poor quality coke would be produced. These coals have a high level of organic maturity or rank 

coal (Ro), due to their lower inertinite content and high vitrinite content [3]. 

 

3. RHEOLOGICAL PROPERTIES (COXING COAL PROPERTIES) 

 

The rheological properties of coking coals include: free swelling index, coal fluidity and 

reflection and vitrinite distribution. 

 

3.1. Free Swelling Index –FSI 

 

The value of the Free Swelling Index during the coking process is one of the most important 

analyzes for determining the coking properties of coal. One reason for this is the lower 

sensitivity of FSI to oxidation of coal, compared to fluidity and dilation tests. Coal with FSI 

values > 4 is considered as coking coal, while coal with FSI values > 7 is considered to be 

quality coking coal [2,3]. 

 

3.1.1.  Coal dilation and contraction 

 

The value of coal dilatation is interpreted as an indicator of the coking properties of coal. For this 

parameter, the values of the followed characteristics are determined: contractions, dilations, 

softening temperatures, maximum contraction temperatures, and maximum coal dilatation 

temperatures. The dilatation is, in fact, the registration of a change in the length of a coal 

briquette under progressive heating under specified conditions. The contraction is the percentage 

reduction in the length of one coal briquette during heating. The temperature at which the 

contraction begins is called the softening temperature. The temperature at which the dilation ends 

is called the curing temperature. These two temperatures limit the plastic area of the coal. 

According to the obtained values of contraction and dilation, coals can be classified into three 

basic groups: coals prone exclusively to contraction, coals with negative dilation, and coals with 

low, medium or very high dilation. According to the ISO standard, there are two modifications to 

the dilatation test: Audibert-Arn and Ruhr test, which result in different dilatation and 

contraction values. These differences are attributed to the shortening of the length of the coal 

briquette from different ends [2,3]. 

 

3.2. Coal fluidity 

Coal fluidity is determined by heating the coal. When coal enters a fluid (liquid) state, this 

parameter determines the fluidity of the coal. In the case of coal fluidity, the followed 

characteristics are determined: maximum fluidity, softening temperature, maximum fluidity 

temperature, (re) hardening temperature, and fluidity range. 

The highest fluidity values are recorded for HV coals. 
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Fluidity is the most sensitive parameter when it comes to coal oxidation. It is not enough that the 

coal mixture has a satisfactory fluidity value to produce high quality coke, but also the fluidity 

ranges of the individual coals that are in the the mixture should overlap as much as possible, thus 

allowing the interaction of the coal particles during the carbonation process [2,3]. 

 

3.3. Reflection and distribution of vitrinite 

Ro (Mean Maximum Reflectance) represents the degree or level of organic maturity or rank of 

coal. Vitrinite reflectance determines the rank of the coal or the degree to which the vegetable, 

organic matter will gradually be converted to coal by gradual heating and compression. The 

distribution of vitrinite is the only analysis that can confirm whether coal supply is made up of 

one or more different types of coal. 

 

4. EXPERIMENTAL PART 

 

In the experimental part of the paper, tests were carried out to determine the quality of coal 

according to the parameters required to determine the quality of coal, and then the composition 

and quality of the coal mixtures used for coke production were determined. 

 

4.1. Testing basic quality parameters for each type of coal 

Table 1 shows the average values of the basic quality parameters for each type of coal. The 

dilation was determined by the Audibert-Arnu test and the fluidity was determined in a Gieseler 

plastometer. 
 

Table 1: The basic quality parameters of coals [7] 

Parameters: Coal I 

Virginia (VV) 
Coal II 

Shoal Creek (SV) 
Coal III 

Integrity (SV 
Coal IV 

Pinnacle (NV) 

Fixed carbon, % 57,60 61,70 67,10 74,50 

Volatile matter, % 34,70 28,90 22,60 19,40 

Sumpor, % 0,97 0,67 0,97 1,10 

Phosphorus 0,004 0,0043 0.013 0,009 

Ash, % 7,70 9,40 10,30 6,10 

Maceral analysis:     

Vitrinite , %                                          75,00 75,00 73,20 73,50 

Liptinite, % 8,80 6,10 2,60 0,60 

Semi fusinite, % 10,20 8,10 8,50 13,50 

Pseudovitrinite, %    3,00 4,80 11,70 7,00 

Inertinite; %                                          3,00 6,00 4,00 5,40 

Rheological properties:     
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FSI, % 7,50 8,50 7,50 8,50 

Dilatation % 133 169 2 22 

Ro, % 0,85 0,95 1,17 1,51 

4.2. Determination of basic quality parameters of coal mixtures 

In table 2 gives the percentage composition of the coal mixtures used for coke production. 

 

Table 2: Composition of the coal mixture[4] 

Coal name: Mixture  I Mixture II Mixture III 

Coal I: Virginia (HV), % 34,00 30,00 30,00 

Coal II: Shoal Creek (MV), % 45,00 49,00 50,00 

Coal III: Integrity (MV), %  11,00 11,00 12,00 

Coal IV: Pinnacle (LV), % 10,00 10,00 8,00 

Total %  100,00 100,00 100,00 

The usage of the col mixture, days 28 77 18 

 

Based on the coal quality parameter (Table 1) and the composition of the coal mixture (Table 2), 

a calculation of the basic quality parameters of the coal mixtures used for the production of 

metallurgical coke was made (Table 3). 

Table 3.  The basic parameters of the quality of the coal mixtures quality I, II, III [4] 

Parameters: Mixture I Mixture II  Mixture III 

Fixed carbon, % 63,30 62,91 62,77 

Volatile matter, % 28,67 28,54 28,68 

Sumpor, % 0,86 0,85 0,87 

Phosphorus, % 0,004 0,0043 0.013 

Ash, % 8,03 8,55 8,55 

Maceral analyses:    

Vitrinite , %                                   74,66 74,65 74,66 

Liptinite, % 6,07 5,96 6,03 

Semi fusinite, % 9,41 9,32 9,21 

Pseudovitrinite, %    5,22 5,25 5,28 

Inertinite; %                                   4,70 4,82 4,81 

Rheological properties:     

FSI, % 7,78 8,08 8,08 
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Dilatation, % 123,69 125,13 124,40 

Ro, % 1,00 0,99 0,98 

 

 

In the table 4, for comparison, the minimum required coke quality parameters for the blast 

furnace process, are given.  

 

Table 4: The minimum required coke quality parameters [5] 

MICUM 40, % MICUM 10, 

% 

CRI, % CSR, % Ash, % 

≥75 ≤7 ≤30 ≥60 ≤12 

 

4.3. Determination of the quality of the  produced coke 

 

The quality of the produced coke from the coal mixtures is given in the table 5. 

  

Table 5: The quality of the produced coke[4] 

The quality of the 

metallurgical coke 

MICUM 40, MICUM 

10,  

CRI 

10, 

CSR,  

% % % % 

Mixture I 77,30 6,38 26,06 63,31 

Mixture II 77,76 6,11 24,04 64,73 

Mixture III 78,71 6,02 23,16 65,52 

 

5. DISCUSION 

To make the quality of coke consistent with the requirements of the blast furnace, coals of 

different properties are used for coking. Some coals have a high content of volatile matter. By 

their nature, they limit the adverse effects of high pressure during coking on the refractory wall 

of a coke oven furnace. Some coals contain a small amount of volatile matter, causing the coal 

mixture to build up on the battery wall. However, such coals are necessary to form a stable coal 

mixture that will produce coke of satisfactory quality. Therefore, in order to obtain the coke of 

the desired quality, it is necessary to make a balance in the ratio of coals of very different 

properties when preparing the coal mixture. All this research was done at the Department of 

Coke, ArcelorMittal Zenica. 

The Coal Uplift Index (FSI) is fairly uniform so as to provide an optimal coal with favorable FSI. 

By examining the effect of coal expansion with a maximum dilation of 169% and a minimum of 

2%, in combination with other coals, a good quality coal mixture can be assembled that satisfies 

the production of quality coke and the coking conditions on Coke Battery VI in Koksara, 

ArcelorMitalla Zenica. 

Reflection and distribution of vitrinite (Ro) in coal varies from 0.85 - 1.51%, which allowed to 

provide Ro in the coal mixture a value of about 1.0%. 

 

Examining the influence of the fluidity property of coal on the quality of the coal mixture, it is 

concluded that the maximum fluidity of the analyzed coals decreases with a decrease in the 

content of volatile matter in these coals. 
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By examining the influence of petrographic properties of coal on the quality of the coal mixture, 

the highest content of vitrinite macerals is possessed by the high and medium volatile coals in the 

mixture. In addition, based on the distribution of vitrinite in coal, it can be concluded that a good 

combination of coals of varying degrees of volatility has been made in the new coal mixture, 

thus providing a mixture that covers a wide area of vitrinite and medium maximum reflections of 

vitrinite, which has a positive effect on the quality of the resulting coke. 

The content of intertinite increases with the decrease in the content of volatile matter in the coals. 

The decrease in the content of volatile matter in the tested coals is accompanied by a decrease in 

the maceral content of vitrinite. 

 

6. CONCLUSION 

Based on the results of the coke quality analysis, it can be concluded that the coke produced from 

the coal mixtures meets all the qualities required by the standards given in Table 4. 

For the preparation of a coal mixture of good rheological properties, it is not sufficient for the 

coals to possess favorable fluidity values, it is necessary to match the fluidity ranges of the coals 

in the mixture as closely as possible. 

Examining the influence of petrographic properties of coal on the quality of the coal mixture, it 

is concluded that the highest content of vitrinite macerals is possessed by the high and medium 

volatile coals in the mixture. 

Vitrinite is the maceral that contributes most to the quality of coke. 

The content of unsuitable - worse coal, Pinnacle LV in mixture II is therefore limited to 8%, 

which results in a more favorable and economical mixture of coal, while also providing less 

pressure on the walls of the furnace (below 7,000 Pa) which produces poor quality coke. 
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ABSTRACT 

The ore consolidation process is a thermal process and it happens at the temperatures of the ore 

melting beginning, allowing the ore grains, additives and fluxes to be connected into a solid 

piece of sinter. The amount of carbon in the sinter mixture and the FeO content of the produced 

sinter affect the mechanical resistance of the sinter. Indicators of mechanical resistance of sinter 

are very important for evaluating the metallurgical value of sinter. How much of the sinter is 

grounded during transport to the blast furnace and in the furnace depends on the mechanical 

resistance. The amount of high-dust, the gas permeability of the furnace, and thus the furnace 

productivity and fuel consumption depends on the amount of fine fractions in the furnace. 

 

INTRODUCTION 

 
In order to efficiently manage the process of iron production, metallurgical preparation of charge 
and fuel must be performed in advance by improving their physical and chemical characteristics 
that will ensure uniform horizontal distribution of gas in the mixture column and optimal 
temperature distribution over the height of the furnace, in order to:  
 

- increase the productivity of the furnace, 
- reduce the energy consumption, 
- improve the iron quality, 
- reduce the production costs, and  
- improve working conditions and environmental protection. 

Sinter production must be based on modern knowledge and adapted to the requirements set for 
the assessment of sinter quality in order to achieve the best possible performance indicators of 
the blast furnace. Metallurgical and economic feasibility and efficiency of the sinter production 
process largely depends on the manner and degree of preparation of raw materials and fuels used 
in the process. 
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In order to maintain a uniform temperature, heat and chemical regime in the blast furnace, which 
is a prerequisite for achieving high productivity and low costs of iron production, strict 
conditions for uniformity are set for:  

 
- chemical,  
- granulometric composition, and 
- sinter strength.  
 
1. THEORETICAL FUNDAMENTALS OF THE SINTERING PROCESS 

 

Fine ore, concentrate, as well as other fine iron-bearing raw materials that are formed during the 
production and processing of iron and steel (blast furnace dust, BOF and EAF dust, scale), 
pyrite, etc., cannot be melted directly in blast furnaces and must be previously merged/enlarged.  
The process of enlarging iron ores is a thermal process and takes place at the temperatures of the 
beginning of ore smelting, which enables the connection of ore grains, additives and fluxes into 
solid sinter in pieces. The sintering process begins from the moment of ignition of the mixture 
with the products of combustion of gas fuel, whose temperature reaches 1200 0C to 1400 0C [1, 2 
]. 
After the passage of the sinter belt under the combustion chamber, the further course of the 
sintering process takes place at the expense of the heat of combustion of solid fuel with oxygen 
from the intake air. The combustion products of the fine solid fuel in the narrow surface layer are 
directed downward by the action of under-pressure, preheating the lower layers of the mixture. 
The displacement of the carbon combustion in the upper layer and the displacement of the 
preheating of the mixture adjacent to the upper layer results in the gradual displacement of the 
fuel combustion zone down to the screen of the sintering machine.  
The amount of heat released during the combustion of fuel in the mixture is an important factor 
that affects the rate of combustion and the height of the temperature in the sintering zone. This 
amount depends on the quality of the fuel, grain size, its calorific value, as well as the amount of 
fuel in the mixture. The amount of heat released during combustion directly depends on the 
amount of fuel in the mixture. Optimal fuel consumption guarantees a sinter of good reductivity 
and satisfactory strength and it is determined experimentally for each mixture and for each type 
of fuel [2 ]. 
. 
 
1.1. Fuel combustion in the sintering process  

 
The combustion of fine coke during sintering takes place in a narrow zone. With fuel grain sizes 
below 3 mm, the thickness of the combustion zone is about 20 mm. If the grain size of the fuel 
varies from 1 mm to 8 mm, the thickness of the combustion zone ranges from 10 mm to 40 mm.  
Due to the lack of oxygen that occurs in the vicinity of combustible particles and due to the short 
gas retention time in a narrow zone of high temperatures, the combustion of CO to CO2 is never 
fully completed. In most cases, there is a lack of oxygen in the combustion zone, although the 
sintering process takes place with excess air.  
The temperature level of the sintering process depends mainly on fuel consumption. Increasing 
fuel consumption leads to the formation of a larger amount of FeO. The size of the fuel is also 
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very important. Larger fuel burns more slowly, with increasing size, the degree of reduction of 
iron oxides increases. Low fuel consumption does not allow reaching the combustion zone above 
1378 ºC, which makes thermal dissociation of hematite impossible. Heat deficiency makes it 
impossible to obtain sinters of sufficient strength from hematite ores. The case is completely 
different with the sintering of magnetic ores and concentrates. If the fuel consumption is high, 
then the magnetite is reduced to FeO and metallic iron [1]. 

1.2. Melting formation and formation of the final sinter structure 

The melting process of the sintering mixture takes place exclusively in the solid fuel combustion 
zone. The crystallization of the melt begins in the upper parts of the solid fuel combustion zone, 
due to contact with the sucked cold or preheated air, during which the final structure of the sinter 
is formed. The mineralogical composition and structure of the sinter depend mainly on the 
basicity of the mixture, the carbon consumption and the thermal regime of the sinter plant. 
The thermal conditions of the sintering process depend mainly on fuel consumption. As the fuel 
consumption in the sinter mixture increases, the oxide reduction and dissociation processes 
intensify. Magnetite gradually gives way to FeO, and then to metallic iron, where the final 
mineral composition can be changed in a wide range by regulating the thermal level of the 
sintering process. Carbon consumption also depends on the quality of the sinter you want to 
produce.  
Low carbon consumption during sintering gives easily reductive but low-strength sinter, and 
with normal fuel consumption, solid sinter with a sufficient amount of silicate binder is obtained. 
Increased and very high fuel consumption makes it possible to produce metallized sinter [1 ].  
 
2. PHYSICAL PROPERTIES OF SINTER 

 
Physical and mechanical properties of sinter from the point of view of metallurgical 
requirements for the possibility of application in the process of iron production is determined on 
the basis of: 

- Grain size (>20mm and <5mm), 
- strength parameters (TI +6,3mm and Al -0,5mm) 

 

2.1 Mechanical resistance at normal temperatures 

 
Mechanical resistance indicators are very important for the assessment of the metallurgical value 
of ores and prepared charge components, sinters. The mechanical resistance determines how 
much of the sinter is crushed during transport to the furnace and what will be the amount of fine 
fractions that will come into the furnace. The amount of blast-furnace dust, gas permeability of 
the charge and thus the productivity of the furnace and fuel consumption will also depend on 
this.  
For the assessment of resistance indicators, the following differ:  
- impact resistance,  
- drop resistance,  
- wear resistance, and  
- pressure resistance.  
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The resistance of raw ores depends on the mineralogical composition, structure and genesis, 
while in the case of sinters it largely depends on the sintering temperature, i.e. on the FeO 
content as an indicator of strength [1 ].  
 
2.2.  Resistance to sinter comminution at increased temperatures 

 

 In the case of sinter resistance to comminution at elevated temperatures, it is necessary to 
distinguish between comminutions that take place in a neutral atmosphere - (resistance to 
decrepitation) and comminutions in a reductive atmosphere - (thermostability). Both properties 
are important for the behavior of the sinter as well as for its metallurgical grade. The degree of 
crushing of the charge in the furnace during the descent in the conditions of elevated 
temperatures and reduction depends on these properties. Decrepitation at elevated temperatures 
in a neutral or other atmosphere is due to the influence of internal forces and stresses in a piece 
of sinter, caused by the pressure of CO and H2O gases in closed pores as well as stresses in the 
structure due to heating. Increasing the internal pressure above the tensile strength, leads to the 
collapse of the piece of sinter.  
Comminution due to sinter thermal instability occurs due to internal stresses resulting from 
changes in crystal structure and lattice under the influence of elevated temperature with 
simultaneous reduction, when Fe oxides from one crystal modification pass into another [5 ].  

2.3. Sinter grain size  

 

Sinter grain size indicators are very important for assessing the metallurgical value and physical 
readiness of sinters. The grain composition curve completely defines the grain size of the sinter, 
because it shows the quantitative share of individual grain sizes in the sinter. Based on the grain 
size curve, the degree of physical preparation of the sinter can be fully assessed [4].  
Physical readiness, granulometric composition and interval have a decisive influence on the gas 
permeability of the material column and on the distribution of gas flow in the blast furnace, and 
thus on the amount of blown air, the amount of burned coke and thus the productivity of the 
furnace. By reducing the charge grain size, the relative resistance to gas flow increases, and thus 
the amount of air in the furnace decreases and the productivity of the furnace decreases. When 
charging the blast furnace, the sinter fraction below 5 mm is very unfavorable and harmful. 
Therefore, the final screening of the sinter is done immediately before charging the furnace [6 ]. 
 
3. EXPERIMENTAL PART 

 

The aim of this paper is to investigate the influence of carbon content in the sinter mixture on the 
granulometric composition and strength of the sinter produced in the company ArcelorMittal 
Zenica. All tests of the components of the sinter mixture and the produced sinter were performed 
in the laboratory of ArcelorMittal Zenica. The paper presents daily averages of analyzed 
parameters based on shift samples from internal reports of ArcelorMittal Zenica. Samples of the 
sinter mixture and the sinter produced are taken twice in one shift. The composition of the sinter 
mixture was always approximately constant, only the carbon content in the sinter mixture 
changed. 
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3.1. Test results 

Table 1 shows the one-day average values of chemical analysis for three sinter mixtures with 
different carbon content in the sinter mixture.  
 
Table 1: Chemical composition of sinter mixtures in % [3 ]. 
Mix. SiO2 FeO Fe2O3 CaO MgO MnO Al2O3 Fe S C Moist. CaO/SiO2 
M1 10,20 3,16 59,44 10,39 1,92 2,21 2,10 43,36 0,08 6,11 10,05 1.02 
M2 10,49 2,37 57,47 10,91 2,09 1,99 2,07 42,66 0,08 5,13 9,60 1,04 
M3 10,18 2,16 57,12 10,89 2,04 2,03 1,90 41,86 0,08 4,77 9,93 1,07 

 
Table 2 shows the one-day average values of chemical analysis of the produced sinter with 
different carbon content in the sinter mixture.  
 
Table 2: Chemical composition of the produced sinter in % [3 ]. 

Sinter SiO2 FeO Fe2O3 CaO MgO MnO Al2O3 Fe S P2O3 Zn CaO/SiO2 
S1 10,87 12,03 59,89 11,96 1,90 2,20 1,98 50,04 0,03 0,24 0,06 1.10 
S2 10,12 10,54 58,27 11,33 2,10 2,14 1,96 49,05 0,02 0,27 0,03 1,12 

S3 11,10 9,44 57,12 12,34 2,07 2,22 1,86 48,88 0,03 0,25 0,03 1,11 

 
Table 3 shows the one-day average values of grain size and strength of the produced sinter with 
different carbon content in the sinter mixture.  
 
Table 3: Grain size and strength of produced sinter in % [3 ]. 

 

Sinter 

Sinter grain size, % Sinter strength ISO TEST, % 

>20mm <5mm TI  + 6,3mm AI  - 0,5mm 

S1 49,97 2,37 65,98 3,87 

S2 46,94 3,14 62,16 4,45 

S3 42,37 4,08 59,83 5,23 

 

3.2. Discussion of results 

The paper analyzes the important parameters that characterize the metallurgical value of the 
produced sinter for the needs of the technological process of iron production in the blast furnace, 
namely: grain size, sinter strength and FeO as an indicator of sinter reductivity.  
The carbon content of the sinter mixture was 4,77% for mixture 3 and 6,11% for mixture 1. The 
basicity of the sinter mixture (CaO/SiO2) ranged from 1,02 to 1,07. 
The chemical composition of the sinter mixtures was quite uniform because the same ore and 
limestone were used.  
Table 2 shows that the highest value of FeO content in sinter 1 was 12,03%, which was to be 
expected because sinter mixture 1 contained the highest carbon value of 6,11%, and with the 
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increase of carbon in the sinter mixture, the FeO content in sinter increases. As the FeO content 
in the sinter increases, the grain size +20 mm and the strength TI  + 6,3mm  of sinter increases. 
  
4. CONCLUSION 

An increase in the carbon content in the sinter mixture leads to an increase in the FeO content in 
the sinter. Higher FeO content in the sinter increases the strength of the sinter, which is reflected 
in the improvement of the increase in grain size (+20 mm) and reduces the proportion of fine 
fractions (-5mm) of the sinter. A smaller amount of sinter fractions below 5 mm improves the 
permeability conditions for blast furnace gases, resulting in higher blast furnace productivity and 
lower coke consumption.  
Increasing the FeO content in the sinter beyond the optimal value leads to metallized sinter. Such 
sinter is difficult to reduce in the blast furnace, and has the effect of increasing coke consumption 
and reducing the productivity of the blast furnace.  
For the composition of the sinter mixture, depending on the composition of the used iron ores, 
the optimal value of FeO in the sinter is determined, as well as its minimum and maximum 
value. 
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ABSTRACT 
Metallic materials thanks to the excellent combination of data on material properties are obtained by 

standardized and agreed testing of samples made from semi-finished or finished products. Metallic 

materials can be tested by different testing techniques. One of them is  metallographic testing, for 

which a light microscope is used as a basic device. In order for the test workability and strength are 

very important construction materials. The most complete and most accessible group of results to the 

light microscope were reliable it is necessary to calibrate the microscope according to certain 

standards and guidelines, and by the national metrology standards. 

This paper describes the procedure for calibration of the light microscope at the Metallographic 

Laboratory at the Institute "Kemal Kapetanović" in Zenica, University of Zenica. 

 

 

1. INTRODUCTION 

Metallic materials, thanks to the excellent combination of workability and strength, are a very 
important construction material. The most complete and accessible set of data on material 
properties was obtained by standardized and agreed tests of samples made of semi-finished or 
finished products [1].  

 

2. MICROSCOPE 

The metallographer's most important tool is the metallurgical microscope.  
Each metallographic laboratory has at least one metallurgical microscope for observing 
microstructures. 
The term "microscope" is derived from the greek words mikros (small) and skopein (see). 
Giovanni Faber, a roman scientist, combined the words and gave them the latin form in 1625. 
In the mid 1600s, Anthony Van Leewenhoek, Dutch scientist amateur, was the first who 
observed  microscopic life in a little water and is called the father of the microscope [2]. 
Although the microscope was used for more than 300 years, only in the last part of the 19th 
century microscope was first used for the observation of metal. 
Henry Clifton Sorby, the father of metallography, used a microscope to observe a polished 
and etched sample. 
 
Figure 1 shows the main parts of the microscope: 



1. Switch 
2. Halogen bulb 
3. Light intensity control knob 
4. Stand 
5. Coarse and fine adjustment screws 
6. Revolver with lenses 
7. 35 mm camera 
8. Polaroid camera 
9. Control unit 

1

2
6

4

9 5

3
7

8

 
Figure 1. Optical microscope 

 
The optical system mainly consists of a lens (a set of lenses near an object or a sample) and 
an eyepiece (a set of lenses near the eye). They are called a set of lenses, because each lens 
and eyepiece contain more than one element of the lens, ie. these are complex lenses.   
                                                  
2.1 Lens  
The lens, figure 2, is the most important component of the optical system, because it defines 
the quality of the magnified image. The lens of objectives controls six important properties of 
the optical system of a microscope. They are: magnification, numerical aperture, power of 
resolution, depth of field, working distance and ability to capture light [2].                                                          

 
Figure 2. Lenses 

 

The final magnification of a microscope is usually the magnification of the objective times 
the magnification of the eyepiece. For example, a 100 x  magnification of the objective times 
a 10x magnification of the eyepiece gives a total magnification of 1000x. 



For convenience, most of a metallurgical microscope in the rotating lens is mounted with 
three or more objectives (different magnification). 
 
2.2 Eyepieces 
Metallurgical microscope eyepieces are not as complex as objectives. The figure of the 
eyepiece is given in figure 3. The function of the eyepiece is to increase the image obtained 
by the objective. Eyepieces are also made with different magnifications, which are imprinted 
on the top ring of the eyepiece. 

 
Figure 3. Eyepieces 

 
Measuring eyepieces. Some eyepieces contain special measuring scales called reticles (or 
graticule). When viewed through an eyepiece, these scales are imprinted on the sample 
image. The body of the eyepiece will rotate to the scale set in the same focus and field of 
view. An eyepiece with a graduated linear scale is usually used. The reticle scale is important 
when measuring the length or diameter of grain size. These scales must be calibrated with a 
stand micrometer [2]. The figure of eyepiece micrometer scale is given in figure 4. 

 
Figure 4. Eyepiece scale 

 

2.3 Micrometer Stand 

The micrometer stand is a glass or metal plate on which the calibration scale is precisely 
engraved. An example of the appearance of a micrometer stand is shown in figure 5 a plate is 
placed on the microscope stand and used to calibrate the magnification of the microscope 
through the lens and eyepiece of the microscope. 



 Objective 
                         

 x2.5 - magnification in the figure x 37.5
                                        

 
                         

x 5 -  x 75 magnification in the figure
                                        

Objective 

 
                         

x 50 -  x 750 magnification in the figure
                                        

Objective  
                         

x 100 -  x 1500 magnification in the figure
                                        

Objective 

 
                         

x 10 -  x 150 magnification in the figure
                                        

Objective 

 
Figure 5. Micrometer scale at various magnifications, on paper 

 

 

 

 

 



3. CALIBRATION 
Calibration: A set of activities that in certain conditions establish the relationship between 
the values shown by the measuring instrument or measuring system and the corresponding 
values realized by the etalons [1]. 
Etalon: A material measure, measuring instrument, reference material or measuring system 
intended to define, realize, store or reproduce a unit or one or more values of one quantity, to 
transfer it to another measuring instrument by comparison. 
International etalon: A etalon recognized by an international agreement for international 
application as a basis for determining the value of all other standards of appropriate size. 
 

3.1 Eyepiece reticle scale calibration procedure 

Many times a metallographer will need to make measurements of microstructural elements 
using a reticular eyepiece with a linear scale. Before such a measurement, the scale must be 
precisely calibrated. This is done using a calibrated stand micrometer in combination with an 
eyepiece reticle. The procedure is as follows [2]: 
Step 1:  Place the micrometer on the microscope stand. The micrometer consists of a 
graduated scale with small divisions incised on the plate. To ensure accuracy, the stand 
micrometer must be calibrated to a national (international) etalon. 
Step 2: Place the eyepiece with the reticle in one of the binocular openings. The eyepiece 
micrometer has a reticle with a linear scale, similar to the scale on the stand micrometer 
shown in figure 5. 
Step 3: Focus on the micrometer of the stand using the lowest magnification objective. Rotate 
higher magnification objective if necessary. 
Step 4: Set a micrometer image of the stand to match the eyepiece reticle. Figure 6 shows an 
example of a micrometer image (scale to the left) and reticle (scale in the middle of the field 
of view). Align two scales until they are parallel, as shown in Figure 6 and align the "0" both 
micrometer scale as shown. On this micrometer stand, the small division is 0.1 mm. 
Step 5: As shown in the figure, count the divisions on the micrometer scale of the stand so 
that they correspond to 100 divisions on the scale of the eyepiece reticle. In this example, 100 
divisions of the eyepiece scale are equal to 122 divisions on the micrometer scale of the 
stand. 

 
Figure 6. Eyepiece scale relative to the micrometer scale 

 

Step 6: Repeat steps 3 and 4 for each objective 
Step 7: Prepare the eyepiece scale calibration table (Table 1) 
 
 
 
 



4. CALIBRATION OF OLYMPUS PMG3 MICROSCOPE IN METALOGRAPHIC 

LABORATORY OF THE INSTITUTE 

Calibration of the Olympus PMG3 microscope is performed using a calibrated object 
micrometer OB-M 1/100 (Olympus PMG3) and an eyepiece (x 7.5) with a calibrated scale 
[3]. 
Regular calibration of the microscope is performed once a year, and obligatorily after the 
return of the scale from the calibration in an accredited laboratory. 
Extraordinary calibration of the microscope can be done, if necessary, especially at any 
magnification. 
Calibration of the magnification on the microscope 

Calibration is performed according to ASTM E 1951, point 5.4. According to ASTM E 1951, 
clause 5.1.2, the total magnification in Mt is given by the equation: 
 

 

 
Mo – objective magnification 
Me – eyepiece magnification 
Mi –  zoom on microscope 
 
Calibration of total magnification  X100 

Calibrated object micrometer OB M 1/100 placed on a stand microscope. Set the lens 
objective with a magnification x10 and eyepiece with a calibrated measuring scale. Sharpen 
the micrometer image in the eyepiece. Set the ZOOM to 1.33 and align the lines in the 
eyepiece and on the scale of the micrometer object on the length of the first ten divisions. 
In this way it was confirmed that the magnification in the eyepiece: 
 

 

 
Calibration of total magnification x75 

Calibrated object micrometer OB M 1/100 placed on a stand microscope. Set the lens with a 
magnification x10 and eyepiece with a calibrated measuring scale. Sharpen the micrometer 
image in the eyepiece. Set the ZOOM to 1 and align the lines in the eyepiece and on the scale 
of the micrometer object on the length of the first ten divisions. 
In this way it was confirmed that the magnification in the eyepiece: 
 

 

 
Calibration of other magnifications 

Repeat the procedure for each objevtive x2.5, x5, x10, x50 and x100 and each magnification 
of the zoom system x1, x1.33, x1.6 and x2.  
The record of the regular calibration of the microscope is entered in table 1. 
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5. CONCLUSION 
Confidence in the measurement result can only be achieved by achieving traceability to the 
primary etalon. Therefore, the calibration and testing of measuring equipment should be in 
accordance with national metrological standards. In all steps, a standard calibration is carried 
out, whose quality metrology calibration etalons are already fixed at higher level metrology 
[1]. 
Ensuring traceability is achieved by calibrating measuring equipment and calibration 
equipment in laboratories that can prove their traceability and competence. Such laboratories 
must have a defined system for the calibration of complete equipment to be calibrated and 
implement an equipment calibration plan to ensure traceability of measurements to the 
international etalon. 
So, all equipment used for testing and / or calibration as well as accessories for extra 
measurements which has a significant impact on the accuracy of the test results and 
calibration should be calibrated before use. 
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ABSTRACT 
Some specific aspects in positioning of the re-heating furnaces at a layout of different rolling mills, 

for a period of about last hundred years in rolling mills practice are presented in this paper. Practical 

solutions in the above mentioned (a.m.) field are presented for the different rolling mills. Some of the 

a.m. aspects are explained, confirming that both, the type of a rolling mill and the economic aspect 

are dominant in planning and carrying out the construction of an optimal rolling mill layout, in 

regard to the position of the re-heating furnace and the other rolling mill facilities.  

 

INTRODUCTION 

In a layout of any (hot) rolling mill there is a necessity to position one or more re/heating 

furnaces, to be in an optimal position regarding to the other main and auxiliary rolling mill 

equipment. In this paper it is presented an overview of almost previous one and a half century 

of the a.m. positioning, with a view to the theoretical approach and with some explanations 

from a practice, related mostly to the IRON AND STEEL WORKS – ZENICA. Regarding 

the theoretical considerations of the a.m. positioning which are presented, as well as from the 

practical point of view, some explanations are given, regarding the development in that field, 

and some specific requirements in a practice, from both technological and economic aspects.         

 

1. OLD DESIGN IN A POSITIONING OF THE RE-HEATING FURNACES  

From the literature [1,2,3,4,5,6,7,8,9] recommendations it is clear that any (namely hot) 

rolling mill needs to have at least one reheating furnace (like many light/medium/heavy 

section and also the wire rod mills) - in that case these are the pusher type furnaces (very 

rarely with an addition of a tunnel type furnace for an additional heating), up to ten (like 

many blooming mills - in that case these are the soaking pit type furnaces). Respectively, in 

both theoretical and practical considerations in this paper, blooming mills are not any more 

taken into account.   
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General recommendation for the positioning of the re/heating furnace/s in rolling mills layout 

are:  

- Proximity to the roll stand/s 

- Under a crane  

- In a compliance with the other auxiliary equipment 

- Enough space for the concerned workers in handling of hot billets/blooms 

- Enough space for the concerned workers in maintenance and repair works 

 

1.1. Light section rolling mills case – 1 

 

Following figure represents (Figure1.) a typical cases of the positioning of the re/heating 

furnace/s at a layout of the light section rolling mills about the beginning of 20th century. 

 

 
Figure 1. The layout of the oldest light section rolling mill in the IRON AND STEEL WORKS – 

ZENICA (built in 1893. [2])  

 

The oldest light section rolling mill in the IRON AND STEEL WORKS – ZENICA, which 

was built in 1893. was consisted of two light section rolling mills, namely dia 320 mm and 

280 mm. From the Figure 1. it is clear that both rolling mills, had its own pusher type 

re/heating furnace (for dia 320 mm, re/heating furnace is under symbol 3, and for dia 280 

mm, re/heating furnace is under symbol 15), although it was possible that the furnace under 

symbol 3, could supply both rolling mills (two different pusher machines had pushed two 

separate rows of short billets, sq. 77mm – length 2m, for dia 320 mm rolling mill, and sq. 60 

mm – length 1m, for dia 280 mm one), and the other one under symbol 15 was exclusively 

for dia 280 mm rolling mill (very short billets, sq. 60 mm, with the length of 1m).  

 

That was quite typical case at that time, to cover both technological and economic aspects, 

especially having in mind that a lot of hard manual work was needed, to handle hot billets 

and deliver them to the roll stands area, as well as for maintenance and repair works on the 

furnaces. 
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1.2. Light section rolling mills - case 2 

 

Following figure represents (Figure 2) a typical cases of a positioning of the re/heating 

furnace/s at a layout of the medium section rolling mills in the period between 1930-1950. 

 
Figure 2. The layout of the 2nd generation light section rolling mill in the IRON AND STEEL WORKS 

– ZENICA (built in 1955. but technologically belonging to 1930-ies [2])  

 

Second generation of the light section rolling mill in the IRON AND STEEL WORKS – 

ZENICA was built in 1955, and they were technologically belonging to 1930-ies. Since it 

was the type of semi-mechanized light section rolling mill with one rougher, two intermediate 

roll stands, and the line train of stands as a finishing mill, with six double-two high stands, 

two (same) pusher type re/heating furnaces (each one of 20 t/h capacity)  were needed-built, 

and they are under the symbol 3 at the a.m.  Figure 2. 

 

Typically for that time layout, some extra auxiliary equipment were needed around the 

furnace/s, and two furnaces were needed primarily because of a (relatively) high capacity of  

that semi-mechanized rolling mill and because of their mutual substitution in case of 

maintenance and repair works on the furnace/s. 

 

The billets being heated/rolled were of sq. 77 mm, much longer (4 m) than in the case 1 and 

accordingly a capacity was higher. 

 

That was quite comfortable with much better positioning than in the case 1, but that was also 

the next generation of the rolling mills, which was much more modern than the rolling mills 

presented in the a.m. case. Accordingly it was bigger cross-section of the billets, as well as 

their length. 
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1.3. Medium section rolling mills – case 3 

 

Following figure (Figure 3) represents a typical case of a positioning of the re/heating 

furnace/s at a layout of the medium section rolling mills in the period between 1930-1950. 

 

 

 
Figure 3. The layout of the medium section rolling mill in the IRON AND STEEL WORKS – ZENICA 

(built in 1955. but technologically belonging to 1930-ies [2]) 

 

Medium section rolling mill in the IRON AND STEEL WORKS – ZENICA was built in 

1955., but technologically belonging to 1930-ies. Since it was the type of partly (not fully) 

mechanized medium section rolling mill, driven from both sides of the line train of four 

stands, having two first roll stands at lower rolling speed and last two roll stands at higher 

rolling speed. Two very same pusher type re/heating furnaces (each one of 25 t/h capacity) 

were needed-built, and they are under the symbol 3 at the a.m. Figure 3. 

 

That layout is a sort of higher level than in the case 1.2. primarily because of higher weight of 

the billets/blooms (the billets sq. 77 mm, up to the blooms of sq. 180 mm and for both, the 

lengths from 3,5 – 4,5 m), than the billets (in the case - 2), what requires a higher level of the 

equipment reliability, since any sort of manual handling of hot blooms is inappropriate.      

 

That was quite comfortable and slightly better positioning than in the case - 2. Accordingly it 

was bigger cross-section and weight of the entry material (billets were of the same cross-

section, but the blooms were used of sq. 150-180 mm, as well as their lengths) and that was 

the main reason for the a.m. better positioning. 
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1.4. Heavy section rolling mills – case 4 

 

Following figure (Figure 4) represents a semi-typical case of a positioning of the re/heating 

furnace/s at a layout of the heavy section rolling mills in the period between 1930-1950. 

 

Heavy section rolling mill in the IRON AND STEEL WORKS – ZENICA was built in 1939 

but technologically belonging to 1930-ies. Since it was the type of almost fully mechanized 

heavy section rolling mill of the line train of  four stands, having two drive motors, by one 

from both sides, two similar pusher type re/heating furnaces (capacity of 60 and 45 t/h) were 

needed-built, and they are under the symbols 2 and 3 at the a.m. Figure 4. 

 

That layout is at a similar technological level compared to the case – 3, with a main 

difference in higher weight of the blooms (sq. 180 mm up to rectangular cross-section 

320x260 mm, and for both, the lengths from 3,5 – 4,5 m), than in that case, what requires 

another higher reliability level of the equipment, and according to that, an overhead control 

room was built, to ensure better and more precise visibility for proper handling-manipulation 

of the blooms being rolled. 

 

 
 
 Figure 4. The layout of the heavy section rolling mill in the IRON AND STEEL WORKS – ZENICA 

(built in 1939. technologically belonging to 1930-ies [2]) 

 

In this case the aspect of proximity is well fulfilled, providing a sort of space reduction at the 

layout.  

 

At the other hand, banded roller conveyer transporting hot blooms to the rougher, had caused 

sometimes short delay in smooth transportation of hot blooms to the Heavy section rolling 

mill in the IRON AND STEEL WORKS - ZENICA, and better solution would be a straight 

forward transportation system, which would require more space at a layout. Such a solution 

for the heavy section rolling mills of that generation is presented at Figure 5. [5], although 

there is only one re/heating furnace, but having sufficient capacity and reliability. 
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Figure 5. The layout of a heavy section rolling mill technologically belonging to 1930-ies [5])  

 

Heavy section rolling mill [5], technologically belonging to 1930-ies, was a type of almost 

fully mechanized heavy section rolling mill of the line train of  four stands, having two drive 

motors, by one from both sides, one intermediate roll stand individually driven and two  

individually driven roll stands in continuous finishing group. That rolling mill had one pusher 

type re/heating furnace under the symbol 1 at the a.m. Figure 5.  

 

Such a solution for the heavy section rolling mills of that generation although having only 

one re/heating furnace, but having sufficient capacity and reliability, is better than in the case 

– 4, because of the possibility to provide a smooth supply of hot blooms to the rougher, 

without any delay, but with a transverse transportation carriage, which enables to get the a.m. 

blooms straight in the line of rolling. 

 

2. MODERN DESIGN IN A POSITIONING OF THE RE-HEATING FURNACES  

Modern design in a positioning of the re/heating furnace/s in a layout of the different rolling 

mills is under the same recommendations like in heading 1. but generally speaking the 

rougher is closer to the exit of hot billets-blooms from the furnace. Main positive difference 

is in biting the billets-blooms even a few meters after getting out from the furnace. Thus, the 

first part of the billet-bloom is already in rolling process, until the remaining part is still in the 

furnace.  

 

Such an example is presented regarding Wire rod (two strands) continuous rolling mill and  

Light section-bar mill (two strands) continuous rolling mill, both in the IRON AND STEEL 

WORKS – ZENICA. Both rolling mills were turn-key built about 1976/7 in the digitalized 

era and technologically modern era, comprising continuous type of the rolling mills.   

 

2.1. Modern light section rolling mills case - 5 

 

The example of that Light section-bar (two strands) continuous rolling mill layout is 

presented at the Figure 6.  
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Figure 6. The layout of the third generation light section rolling mills in the IRON AND STEEL 

WORKS – ZENICA (built in 1977. technologically belonging to 1970-ies [2])  

 

Third generation light section rolling mills in the IRON AND STEEL WORKS – ZENICA 

was built in 1977. technologically belonging to 1970-ies. Since it is the type of fully 

mechanized, digitalized and automated light section continuous rolling mill with one rougher 

and one intermediate group of roll stands, with two finishing mills, each one consisted of six 

two high stands, with alternatively horizontal-vertical position of the rolls. Such a modern, 

high capacity rolling mill had two (same) walking beam type re/heating furnaces, each one of 

80 t/h capacity (for the billets sq. 80 mm, and the length of 12 m), and they are under the 

symbol 6 at the a.m. Figure 6.  

 

It is important to notice that the exit of the billets from one of the furnaces was not in the line 

of rolling, and that is why one additional drag-over was installed there. Accordingly that was 

a sort of small technical inconvenience, without serious disturbance, although it is a sort of 

modern light section rolling mill design. 

 

The layout presented at Figure 6. was later changed, due to some larger conception 

consideration, concerned with production process at continuous casting (CC) unit, which was 

later unified for the billets production of sq. 120 mm (instead of sq. 80mm, which was earlier 

rolled at Continuous billet mill, from CC blooms 320x280 mm), which was used, when that 

rolling mill was built and commissioned, but that is not considered in this paper.  

     

2.2. Modern wire rod rolling mills case - 6 

 

The example of that Wire rod (two strands) continuous rolling mill layout is presented at the 

Figure 7.  

 



8 

 

 
 
Figure 7. The layout of the third generation wire rod rolling mills in the IRON AND STEEL WORKS 

– ZENICA (built in 1977. technologically belonging to 1970-ies [2])  

 

Third generation wire rod rolling mills in the IRON AND STEEL WORKS – ZENICA was 

built in 1977. technologically belonging to 1970-ies. Since it is the type of fully mechanized, 

digitalized and automated wire rod continuous rolling mill with one rougher and one 

intermediate group of roll stands, with two finishing mills, each one consisted of MORGAN 

type mono-bloc, having ten two high stands, with alternatively horizontal-wise position of 45 

and 135 degrees of W-carbide rolls-roll/rings. Such a modern, high capacity rolling mill has 

the only one walking beam type re/heating furnace of 100 t/h capacity (for the billets sq. 115 

mm, and the length of 12 m),  and that is under the symbol 5 at the a.m. Figure 7.  

 

It is important to notice that the exit of the billets from this furnace is in the line of rolling, 

but on top of it, it gives supreme opportunity that the first part of the billet is already in 

rolling process (even rolled), until the remaining part is still in the furnace. Accordingly that 

is a big technical advantage, classifying that wire rod rolling mill as a sort of modern wire rod 

rolling mill design. 

 

The layout presented at Figure 7. even was not changed later, due to some larger conception 

consideration concerned with production process at continuous casting (CC) unit, which was 

later unified for the billets production of sq. 120 mm (instead of sq. 115mm, which was 

earlier rolled at Continuous billet mill, from CC blooms 320x280 mm), which was used, 

when that rolling mill was built and commissioned, but that is not considered in this paper.  

That sort of the layout can be considered as the supreme one and technologically is not 

changed till nowadays. Only computer control systems on the re-heating furnace have been 

improved as well as (slightly) rolling speed.    

 

3. CONCLUSIONS 

 

- There are six presented cases on seven figures comprising seven different rolling mills 

and their layouts, concerned with a positioning of the re/heating furnace/s. 
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- These seven different rolling mills represent also an overview of historical 

development (for almost 150 years) in positioning of the re/heating furnace/s at a 

layout of these rolling mills.  

- The most important concerned characteristic is a proximity of hot billet/bloom exit 

and a first rougher roll stand. 

- The best solution is the opportunity (prevailing nowadays) that the first part of hot 

billet-bloom is already in rolling process (even already rolled), until the remaining 

part is still in the furnace.    

 

General recommendations for the positioning of the re/heating furnace/s in rolling mills 

layout presented in theoretical part are the following. 

- Proximity to the roll stand/s 

- Under a crane  

- In a compliance with the other auxiliary equipment 

- Enough space for the concerned workers in handling of hot billets/blooms 

- Enough space for the concerned workers in maintenance and repair works 

 

All of these recommendations have been improved in a last 150 years, especially the first 

one, giving the opportunity nowadays that the first part of hot billet-bloom is already in 

rolling process (even already rolled, what is the most easy at the wire rod continuous rolling 

mills), until the remaining part is still in the furnace.    
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ABSTRACT 
Some specific aspects in positioning of the re/heating furnaces at a layout of the modern rolling mills 

are presented in this paper. Theoretical and practical solutions in the above mentioned (further a.m.) 

field are presented for both, wire rod and light section bar mills. Some of the a.m. aspects are 

explained, confirming that even unexpected solution, from the theoretical point of view, could be 

successful and justified in practice, especially if some improvements are needed to be carried out on 

an existing layout of the concerned rolling mill, or in a vicinity of the other vital facilities on that 

rolling mill, or on the neighboring facilities.  
 

 

INTRODUCTION 

In a layout of any modern (hot) rolling mill there is a necessity to position one or more re-

heating furnace/s, to be in an optimal position regarding the other main and auxiliary modern 

rolling mill equipment. In this paper it is presented an overview of the above mentioned 

(further a.m.) positioning, with a view to the theoretical approach and with some explanations 

from a practice, related to the IRON AND STEEL WORKS – ZENICA (now 

ARCELORMITTAL-Zenica). Regarding the theoretical considerations of the a.m. 

positioning which are presented, as well as from the practical point of view, some 

explanations are given, regarding specific requirements in a practice, from both technological 

and economic aspects. These specific requirements confirm that some practical solutions can 

be economically justified, although they are not in a compliance with theoretically 

technological recommendations. 

 

1. THEORETICAL CONSIDERATIONS IN A POSITIONING OF THE  RE-

HEATING FURNACES AT MODERN ROLLING MILLS 

 General recommendations for the positioning of the re/heating furnace/s in modern rolling 

mills (for wire rod and light section bar mills) layout are [1,2,3,4,5,6,7,8]): 

 

- Proximity to the roll stand/s 

- One way of product travel 
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- Under a crane  

- In a compliance with the other auxiliary equipment 

- Enough space for the concerned workers in control, maintenance and repair works 

 

  1.1. Modern wire rod rolling mills case - 1 

 

Theoretical example of modern wire rod (one-a, two-b, three-c and four-d strands) continuous 

rolling mill layout is presented at the Fig. 1.  

 

 
 

           Figure 1. A layout of a modern generation - wire rod rolling mill [4]  

 

It is clear from Fig. 1, that a walking beam type re/heating furnace (under symbol 1) is in an 

optimal position, because the exit of the billets (from sq. 80-150 mm) from that furnace is in 

the line of rolling, but on top of it, it gives supreme opportunity that the first part of the billet 

is already in rolling process, until the remaining part is still in the furnace (since there is one 

way product travel). 

 

Nowadays there are no modern wire rod mill which is not in the compliance with the a.m. 

recommendations regarding re/heating furnace positioning in a layout of modern a.m. mill. 

Additionally in these mills, finishing group of roll stands is substituted by mono-bloc, with 

10 W-carbide rolls/roll-rings in mutual alternative  position of 90 degrees, to avoid twisting 

of rolled piece (so called NO TWIST FINISHING MILL – MONO-BLOC)  

 

Further development of the a.m. mills goes toward higher rolling speed (above 100-150 m/s), 

better thermo-mechanical treatment-further TMT (STELMOR, or a similar one) and general 

computer control systems, from a re-heating furnace to a delivery conveyer. 

 

1.2. Modern light section-bar rolling mills case - 2 

 

Theoretical example of modern light section-bar two strands continuous rolling mill layout is 

presented at the Fig. 2.  
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         Figure 2. A layout of a modern generation of light section-bar rolling mill [5]  
 

It is clear from Fig. 2 that a walking beam type re/heating furnace (under symbol 1) is in an 

optimal position, because the exit of the billets from that furnace is in the line of rolling, but 

on top of it, it gives supreme opportunity that the first part of the billet is already in rolling 

process, until the remaining part is still in the furnace (since there is one way of product 

travel), like it is the case – 1, with a modern wire rod mill. 

 

Besides some technological news described in the heading 1.1. regarding a modern wire rod 

mill - case 1, there are a lot of similarities (starting with the positioning of a re/heating 

furnace) at a modern light section-bar mill (only there are no MONO-BLOCS, than the 

finishing mills, consisted of two high roll stands with the alternative rolls positioning 

horizontal-vertical) mostly used TMT is TEMPCORE. 

 

Anyhow, that positioning of a furnace is the optimal one, and further development will go for 

a better computer control systems, from a re/heating furnace and TMT to a delivery coiler & 

conveyer or a cooling bed, and for an increase of rolling speed (20-30 m/s). 

 

2. PRACTICAL CONSIDERATIONS IN A POSITIONING OF THE RE/HEATING 

FURNACES AT MODERN ROLLING MILLS 

 

2.1. Modern wire rod rolling mills case - 3 

 

The example of that Wire rod (two strands) continuous rolling mill layout is presented at the 

Fig. 3.  
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Figure 3. The layout of modern wire rod rolling mill in the IRON AND STEEL WORKS – ZENICA 

(built in 1977 technologically belonging to 1970-ies [2])  

 

Third generation wire rod rolling mill in the IRON AND STEEL WORKS – ZENICA was 

built in 1977, technologically belonging to 1970-ies. Since it is the type of fully mechanized, 

digitalized and automated wire rod continuous rolling mill consisted of one rougher and one 

intermediate group of roll stands, with two finishing mills, each one consisted of MORGAN 

type mono-bloc, having ten two high stands, with alternatively horizontal-wise position of 45 

and 135 degrees of W-carbide rolls-roll/rings. Such a modern, high capacity rolling mill has 

the only one walking beam type re/heating furnace (having capacity of 100 t/h), and that is 

under the symbol 5 at the a.m. Fig. 3.  

 

It is important to notice that the exit of the billets from that furnace is in the line of rolling, 

but on top of it, it gives supreme opportunity that the first part of the billet is already in 

rolling process, until the remaining part is still in the furnace. Accordingly that is a big 

technical advantage, classifying (along with the other characteristics) that wire rod rolling 

mill as a sort of modern wire rod rolling mill design. 

 

The layout presented at Figure 3 even was not changed later, due to some larger conception 

considerations concerned with production process at continuous casting (CC) unit, which was 

later unified for the billets of sq. 120 mm (instead of sq. 115 mm, which was rolled at 

Continuous billet mill, from CC blooms 320x280 mm), which was used, when that rolling 

mill was built and commissioned (accordingly the roll pass design was carried out starting 

from sq. 115 mm), but that is not considered in this paper.  

 

That sort of the layout can be considered as the supreme one, and technologically is not 

changed till nowadays. Only computer control systems on the re/heating furnaces will be 

improved and the rolling speed increased (now is about 50-55 m/s, until the most modern 

wire rod mills achieve already 150 m/s).    
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2.2. Modern light section rolling mills case - 4 

 

The example of that Light section-bar (two strands) continuous rolling mill layout in the 

IRON AND STEEL WORKS – ZENICA is presented at the Fig. 4.  

 

 
 
Figure 4. The layout of the third generation light section rolling mill in the IRON AND STEEL 

WORKS – ZENICA (built in 1977 technologically belonging to 1970-ies [2])   

 

Modern light section-bar rolling mill in the IRON AND STEEL WORKS – ZENICA was 

built in 1977, technologically belonging to 1970-ies. Since it is the type of fully mechanized, 

digitalized and automated light section continuous rolling mill consisted of one rougher and 

one intermediate group of roll stands, with two finishing mills, each one consisted of six two 

high stands, with alternatively horizontal-vertical position of the rolls. Such a modern, high 

capacity rolling mill had two (same) walking beam type re/heating furnaces (each one having 

capacity of 80 t/h), and they are under the symbol 6 at the a.m. Fig. 4.   

 

It is important to notice that the exit of the billets from one of the furnaces was not in the line 

of rolling, and one additional drag-over was installed there. Accordingly that was a sort of 

small technical inconvenience, without serious technological disturbance, although it is a sort 

of modern light section rolling mill design. 

 

The layout presented at Fig. 4 was later changed, due to some larger conception 

considerations concerned with production process at continuous casting (CC) unit, which was 

later unified for the billets of sq. 120 mm (instead of sq. 80 mm, which was rolled at 

Continuous billet mill, from CC blooms 320x280 mm), which was used, when that rolling 

mill was built and commissioned. Accordingly the roll pass design was carried out starting 

from sq. 80 mm. That is why new owner, after the unification of sq. 120 mm billets at new 

radial CC machine, decided to do a reconstruction of that rolling mill (Light Section Rolling 

Mill – Sitna pruga)  in 2004/5, and it is presented at the next page, at Fig. 5. 
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That reconstruction was concerned primarily with the furnace and rougher area, which was 

relatively narrow. Instead of two existing re/heating furnaces, which were dismantled, the 

new one, having capacity of 120 t/h, of course again walking beam type, was built, at the 

place of the first one. Due to narrow area, at the place of the second one, new pre-rougher 

group of four roll stands was built (alternatively two horizontal and two vertical), to reduce 

sq. 120 mm to sq. 80 mm in these four passes, since the roll pass design for that rolling mill 

was carried out starting from the billets sq. 80 mm .   

 

Such a big reconstruction in a narrow area had one inconvenient detail. After the exit from 

that newly built furnace, hot billets of sq. 120 mm, had to go the opposite way to the product 

travel, because of necessary reduction from sq. 120 to 80 mm. That would cause another 

technological problem (relatively quick cooling of a rolled billet), and another small tunnel 

type furnace was built, for an additional heating. 

 

These were big and costly reconstruction works, and that time off was (also) used to improve 

computer control system at the existing rolling mill. 

 

Finally it has remained modern light section-bar mill, but with the inconvenient product 

travel, as well as with the additional tunnel type furnace. 

 

The owner considers that inconvenient rolling mill layout is still successful, since it enables 

to roll the unified sq. 120 mm billets for both Light section-bar mill and Wire rod mill, which 

is obvious technological advantage. That new layout is presented on Figure 5. It is a modern 

rolling mill, with a specific layout concerned with a re/heating furnace area within it, 

although the concept of that general reconstruction (CC machine and the Light section-bar 

mill) could be the matter of serious consideration, but is not a topic of this paper. 

 

3. CONCLUSIONS 

It is important to highlight that on modern rolling mills, of this group, the exit of the billets 

from the furnaces is in the line of rolling, but on top of it, described positioning of the 

re/heating furnace, like in the cases 1, 2 and 3, gives the supreme opportunity that the first 

part of the billet is already in rolling process (even rolled at the modern wire rod mills), until 

the remaining part is still in the furnace.   

 

Theoretical considerations in positioning of the re/heating furnaces at modern rolling mills 

are generally used, but in some reconstructions, especially if narrow space is main limit, 

some unexpected solution could occur, even if they are not in the compliance with the a.m. 

technical considerations. 

 

Such an example, especially regarding the layout and the furnace positioning, is presented 

regarding the reconstruction of the Light section-bar mil, presented at the Figure 5.  
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ABSTRACT 
Proper calibration of the device is important to prevent potential sources of error, which ensures that 

the test results most effectively represent the value of the sample being tested. 

In microhardness testing, the loading force does not exceed 1.96 N. The test surface requires a more 

complex metallographic preparation, and the smaller the injection force, the surface must be finer 

prepared. Precision measuring microscopes with an accuracy of ± 0,5µm are used to measure the size 

of the prints. Calibration of the Zwick Microhardness Testing Device of the Kemal Kapetanović 

Institute Metallographic Laboratory was performed for measuring ranges HV 0.3.  The permissible 

deviation of the device including the measurement uncertainty shall meet the requirements of the 

standard for this area.  

 

 

1.  INTRODUCTION 

Device calibration is one of the primary processes used to maintain the precision of the 

device, ie the process of configuring the device to give a sample result within an acceptable 

range. [1] 

Understanding the calibration of devices and their proper use is an essential element during 

laboratory activities. 

The primary goal of calibration, and therefore the measurement traceability of the device, is 

ensuring that the measurement is consistent within the manufacturer of the product and the 

customer who incorporates the product, that is, there must be a guarantee that the 

manufacturer and the customer use "the same measure" [1]. 

 

The purpose of micro-indentation hardness testing is to accurately calculate changes in 

hardness, intentional or accidental, in the test material. This test technique is known as 

microhardness testing; although the term is inappropriate because it gives the impression that 

these are very small values of the measured hardness, which is not the case. 

 



For the measurement of microhardness are used loads from 0.09807N to 1.961 N, for 

microhardness measuring microstructural constituents of a material. The load time of the 

indenter is typically 10 to 15 seconds, but it can be longer for some materials [2]. 

 

2.  DEVICE FOR MICROHARDNESS TESTING 

When considering hardness as a measuring size, all devices for measuring hardness, 

according to the traceability hierarchy, can be classified into the following groups: 

- hardness testers, 

- reference blocks, 

- primary reference blocks. 

The purpose of hardness testing by micro-indentation is to accurately calculate changes in 

hardness, intentional or incidental, in the test material. 

In microhardness testing, the loading force does not exceed 1.96 N. The test surface requires 

more complex metallographic preparation, and the smaller force indentation, the test surface 

must be finer prepared. 

Precision measuring microscopes are used to measure the size of imprint, with a standard 

magnification of several hundred times, with an accuracy of ± 0.5µm. Microhardness 

measurement requires extensive experience and precision to achieve satisfactory 

measurement accuracy [2]. 

 

2.1.  Testing devices for measuring microhardness 

The basic components of each hardness tester are: 

- a mechanism for producing adequate load force, 

- a part for measuring the length of the imprints. 

Therefore, the basic components of a device are considered to be the load and measurement 

systems that are most commonly connected to one device [2]. 

The basic elements of a microhardness tester are: stand,  loading mechanism, an indentation. 

 

 
 

Figure 1.Zwick devices for measuring microhardness testing 



The load systems of microhardness measuring devices differ primarily in the manner in 

which the required load is achieved. Today, weight systems are the most widely used, and the 

transfer of load to the press is achieved through the direct action of the weights [2]. 

The Vickers microhardness  indenter is a diamond quadrilateral pyramid. Different measuring 

microscopes are most commonly used to read the size of the  indent.  

                                     
 
Figure 2: Schematic representation of the print         Figure 3. The appearance of the microhardness                      

                                                                                                            imprint on the steel sample 

 

3.  CALIBRATION OF  DEVICE FOR MICROHARDNESS TESTING 

Calibration is an operation that establishes a relationship between force values 

(with associated uncertainties) shown by the test device and measured with one or more 

reference blocks [1]. 

Understanding the calibration of instruments and their proper use is an essential element in 

the overall laboratory activities. Proper calibration will ensure that the equipment stays within 

valid performance limits to accurately report test results. 

Proper calibration of the device is important to prevent potential sources of error, which 

ensures that the test results most effectively represent the value of the tested sample [3]. 

Device calibration is one of the primary processes used to maintain the precision of the 

device, ie the process of configuring the device to give a sample result within an acceptable 

range. The Vickers hardness testers are calibrated according to the requirements of the 

standard; BAS EN ISO 6507-2:2018 [4]. 

Calibration standards for hardness testers require direct and indirect verification. 

Direct device verification includes: 

- calibration of the test force, 

- verification of the  indenters, 

- calibration of the measuring system, 

- verification of the test cycle. 

Direct verification is required when installing a test fixture if the indirect verification period 

is longer than 14 months after service and repair of the fixture.Indirect verification is 

performed every 12 months with hardness  reference blocks. Five  indents shall be made on 

each hardness reference blocks selected in accordance with the requirements of the hardness 

test method. 

 

3.1  Condition control of calibration items 

Before approaching calibration, the calibration team shall check the calibration object in 

accordance with BAS EN ISO 6507-2:2018 [4]., and it shall be determined that the test force 

can be applied and removed without shock or vibration without affecting the reading . 

In case the measuring system is part of the device it is necessary that: 

- the change in test force does not affect the measurement when reading, 



- change from removal of test force to measurement of hardness does not affect the 

reading, 

- illumination does not affect reading, 

- center  of indent in the center of the field of view. 

Laboratory has certificate of calibration of  indenter and a certificate of the first calibration of 

the device. Calibration is performed with certified hardness  blocks that have been calibrated 

according to the requirements of BAS EN ISO 6507-3:2018 [5].  whose calibration certificate 

has not expired. When the validity of the calibration certificate expires, the standard blocks 

are kept for the purpose of checking the technical correctness of the device, and new certified 

standard blocks are purchased for the calibration of the device. [3] 

 

3.2   Performing a calibration 

Indirect calibration is done with  reference blocks in the temperature inerval (23 ± 5)° C, and 

if it is outside this temperature limit it must be recorded in the calibration certificate. Before 

checking the device, laboratory personel performs a measurement system check, ie a 

reference indent is measured on each reference blocks. The difference between the mean 

measured value and the certified mean value shall not exceed the maximum permissible error 

according to BAS EN ISO 6507-2:2018 [4]. The measured values, together with the 

calibration results, shall be recorded in the appropriate record and in the calibration 

certificate. 

3.3   Determination of relative errors 

The determination of the relative error of accuracy and repeatability shall be made in 

accordance with point 5 of BAS EN ISO 6507-2:2018 [4].. The obtained values of the 

relative errors of accuracy and repeatability shall be recorded in the records and in the 

calibration certificate together with the uncertainty of the results of the checks. For each 

reference block, the mean is determined by the readings of the indent: 
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Where H1, H2, H3, H4,…, Hn are the hardness values of all indents. 

n-total number of  indents 

HCRM-certified reference blocks hardness 



Therefore, we can conclude that proper and timely calibration of the device can increase 

productivity, optimize resources, ensure comparability and compatibility of the product and 

its acceptability anywhere in the world. 

 

4.   CONCLUSION  

Proper calibration of the device is important to prevent potential sources of error, which 

ensures that the test results most effectively represent the value of the tested sample.  

Proper calibration will ensure that the equipment remains within valid performance limits to 

accurately report test results. 

In microhardness testing, the loading force does not exceed 1.96 N. The test surface requires 

more complex metallographic preparation, and the smaller the force indentation, the surface 

must be finer prepared. Precision measuring microscopes are used to measure the size of  

indent, with a standard magnification of several hundred times, with an accuracy of ± 0.5µm. 

Microhardness measurement requires extensive experience and precision to achieve 

satisfactory measurement accuracy.We can conclude that proper and timely calibration of the 

device can increase productivity, optimize resources, ensure comparability and compatibility 

of the product and its acceptability anywhere in the world, and its proper use is an essential 

element in the overall laboratory  activity. 
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ABSTRACT 

Dual phase steels are low carbon steels which are thermo-mechanically processed to getting 

better formability and toughness than ferrite-perlite steels with similar tensile strength. The 

microstructure of these steels consisting of a ferrite matrix with hard martensitic/ bainitic second 

phase. The concept of representative volume element (RVE) is critical to understand and predict 

the behavior of effective parameters of steels. The RVE is considered to be a partial volume of the 

material, which is statistically homogeneous from the macroscopic point of view. In this paper 

determination of the representative volume of two dual phase steels (one with a martensitic and 

the second with a bainitic) is presented. Multiple samples are excised from the total volume of 

tomography and different parameters are observed to get the smallest RVE with stabile 

parameters. Results show that size of reduced volume has an influence on the parameterstability, 

while position of the observed reduced volume has not. 



1. INTRODUCTION 

DP steels are developed in the mid-seventies in order to satisfy needs of increasing the 

developing automobile industry. The main driving forces are the reduction of weight as well as 

an increasing stability and crash safety. Today, in material engineering using of the lightweight 

components is a main requirement. Due to the economic and ecological considerations, the 

weight of the structure should be reduced, while at the same time, strength of the structure is 

necessarily to increase, [1,2].These steels show high ultimate tensile strength (UTS) combined 

with low initial yield stress, high early-stage strain hardening, and macroscopically homogeneous 

plastic flow that make them ideal for using in automotive-related sheet-forming operations, [2,3]. 

One of the most important characteristics of DP steel are high strength and good toughness in the 

same time, [4]. 

For accurately describing the microstructure developing of new methods of 3D analysis 

isnecessary. Many parameters can be gained from 2D images by using stereology [5], but2D 

analysis does not provide accurate information about key parameters such as particle number per 

volume, connectivity, size distributions, and actual particle shape. Even basic characteristics, 

such as the number of particles, average size and size distribution, so can only approximate 

heterogeneous microstructures cannot be described, [6]. 

In order to obtain a representative result with respect to the overall material behavior, the 

considered sample must be a representative volume element (RVE). The RVE is considered to be 

a partial volume of the material, which is statistically homogeneous from the macroscopic point 

of view [7]. 

2.EXPERIMENTAL PART 

2.1 Serial sectional tomography 

Tomography and 3D data are very important to gain new insights into the real microstructure 

with information of shape, distribution and connectivity of different phases.This information will 

help to understand the correlations of parameters across all scales and dimensions. 

The whole process of serial sectioning is composed of some steps that are repeating such as 

polishing, etching and collecting 2D images until the required depth is achieved. For the 

reconstruction into a virtual 3D structure images have to be aligned and converted to binary 



images. On that way 3D image stacksare obtain and then by using 3D reconstruction different 

parameters (e.g. the connectivity of the phase, number of particles etc.) could be measured. The 

process has been explained in details by Vardo et al. [8]. 

2.2 Representative volume element (RVE) of tomography  

In this paper two tomographies of steels with a ferritic matrix and a martensitic or a bainitic 

second phaseare obtained. The total volume for the tomography with martensitic second phase is 

300 x 334 x 125 µm3 while the bainitic tomography had a total volume of 296 x 386 x125 µm3. 

For the determination of the morphological parametersRVE multiple samples of different 

volumes from the total tomographies are excised.The 3D parameters that are used to determine 

theRVE are: Volume density, Surface and Euler densityof the second phase objects. 

Volume is the quantity of three-dimensional space enclosed by some closed boundary while the 

surface area of the solid objects is a measure of the total area that the surface of an object 

occupies.Volume density is the surface occupied by the second phase.Surface density means 

surface area per unit volume. Also, the specific surface (surface density) is inversely proportional 

to the harmonic mean of the volume-weighted distribution, also called “natural” mean or Sauter 

mean (mean volume-to surface particle size), [9,10].The density of the Euler number is the 

expected number of objects in a unit window.The density of the Euler number is better matched 

by models with circular cross sections, [10,11]. 

3. RESULTS AND DISSCUSION 

3.1 RVE of the martensitic tomography 

 

In Figure 1 different volumes of martensitic tomography are presented which are taken into 

consideration for the RVE. The total volume is divided in 5 different ways, every time the 

reduced volume is smaller than one before.The areas of the martensite second phase appear white 

while the surrounding ferrite matrix is displayed as black. 



Figure 1. Schematic representation of the position and size of the reduced volumes for the martensitic 

tomography

 

Table 1. Analyses of the structural parameters: Volume density, Surface density and Euler density for 

different volumes of the martensitic tomography. 

In order to test stability of values of the parameters of interest reduction of total volume V 

(300x334x125 μ��) of specimen is performed sequentially. Sections arereduced and results are 

Way of 

reducing 
Position 

Volume size 

(���) 

Volume 

density 

Surface 

density 

Euler 

density 

 Total volume        

V  300x334x125 0.1783 231900 -1.53E+15 
Figure 1.1) Reduced volume (1)        

 ��  150x334x125 0.1730 228456 -1.48E+15 
 �	 150x334x125  0.1839 235183 -1.59E+15 

Figure 1.2) Reduced volume (2)        
 ��  300x167x125 0.1843 235898 -1.45E+15 
 �
 300x167x125  0.1724 227648 -1.61E+15 

Figure 1.3) Reduced volume (3)        
 �� 150x167x125 0.1797 232341 -1.38E+15 
 �� 150x167x125 0.1894 239254 -1.53E+15 
 � 150x167x125 0.1665 224310 -1.57E+15 
 �� 150x167x125 0.1785 230863 -1.65E+15 

Figure 1.4) Reduced volume (4)        
 �� 150x84x125 0.1882 241147 -1.42E+15 
 	��� 150x84x125 0.1906 236748 -1.64E+15 
 	��� 150x84x125 0.1805 231358 -1.65E+15 
 ��	 150x84x125 0.1765 229742 -1.65E+15 

Figure 1.5) Reduced volume (5)        
 	��� 75x84x125  0.2058 255004 -2.01E+15 
 	��
 75x84x125  0.1551 206273 -1.23E+15 
 	��� 75x84x125  0.1868 241972 -1.80E+15 
 	��� 75x84x125  0.1663 216059 -1.47E+15 



compared by each section to predict and avoid any variations of important parameters of 

tomography. For that purpose, mean value and standard deviation of each section (reduced 

volume) is calculated and compared. 

Table 2. Mean value and standard deviation for each reduced volume 

Position Volume density Surface density Euler density 

Mean value 

Reduced volume (1) 0.1785 231820 -1.53E+15 
Reduced volume (2) 0.1783 231773 -1.53E+15 
Reduced volume (3) 0.1785 231692 -1.53E+15 
Reduced volume (4) 0.1840 234749 -1.59E+15 
Reduced volume (5) 0.1785 229827 -1.63E+15 

Standard deviation 

Reduced volume (1) 0.0077 4757 0.079E+15 

Reduced volume (2) 0.0084 5834 0.110E+15 
Reduced volume (3) 0.0094 6132 0.112E+15 
Reduced volume (4) 0.0066 5212 0.114E+15 

Reduced volume (5) 0.0224 22552 0.345E+15 
 

After the first reducing of the volume (1), two equals vertical halves (��and�	) with volume of 

150x334x125 µm�are obtained, the results shows high level of stability with the lowest standard 

deviation of Surface density and Euler density. 

With the second reducing (2), two equals horizontal halves (��and�
) are obtained. Standard 

deviation of the volume density is 9.09% higher than in the first reducing, 22.64% of the surface 

density and 38.71% higher of the Euler density. 

After that the volume isdivided (3) on four equals’ halves with the size of 150x167x125 µm� 

(from  �� to ��). As it expected the results are more various with the reducing of the volume, for 

this size of the volume, standard deviation of the volume density is 11.90% higher than in the 

second reducing, while surface density and Euler density are increased about 5.11% i.e. 1.82%. 

In the fourth reducing (4) one of the volumes �� and  �	 could be chosen because the results are 

very close to each other. For this tomography volume �	ischoose and divided on the four parts 

(�� to ��	with the size of 150x84x125���. Values of the standard deviation in comparison with 



the first reducing: volume density is about 14.3% lower, surface density 9.56% higher and Euler 

density 43.76% higher. 

In the last reducing (5) volume ��isdivided in a new four equal parts ���to ���and the results 

show the biggest variations in comparison with the others and mean values of the all parameters 

are higher than in the total volume so this cannot be a RVE. 

The smallest representative volume element for this tomography is obtained after reducing (4) 

with the volume size of 150x84x125 ���. 

3.2 RVE of the bainitic tomography 

 

For the bainitic tomography reducing of the total volume isdone in the same way as for the 

martensitic one, as can be seen in the Figure 2. Bainitic objects are shown in white, while ferrite 

matrix is black. 

 

Figure 2. Schematic representation of the position and size of the reduced volumes for the bainitic 

tomography, which are cut out and compared for the determination of the RVE from the total tomography. 

Table 3. Analyses of the structural parameters: Volume density, surface density and Euler density for 

different volumes of the bainitic tomography.  

Way of Position Volume size Volume Surface Euler 



reducing (���) density density density 

 Total volume        

V 296x386x125  0.1938 317954 -4.21E+15 
Figure 2.1) Reduced volume (1)        

 �� 148x386x125 0.1872 310877 -4.22E+15 
 �	 148x386x125 0.2004 324477 -4.20E+15 

Figure 2.2) Reduced volume (2)        
 �� 296x158x125 0.2046 326260 -4.41E+15 
 �
 296x158x125  0.1830 309213 -4.01E+15 

Figure 2.3) Reduced volume (3)        
 �� 148x158x125 0.1968 318229 -4.34E+15 
 �� 148x158x125 0.2123 333740 -4.48E+15 
 � 148x158x125 0.1775 303108 -4.11E+15 
 �� 148x158x125 0.1885 314761 -3.91E+15 

Figure 2.4) Reduced volume (4)        
 �� 148x386x125  0.2172 332989 -4.43E+15 
 ��� 148x386x125  0.2073 333580 -3.24E+15 
 ��� 148x386x125  0.1928 315082 -4.01E+15 
 ��	 148x386x125  0.1842 313586 -3.96E+15 

Figure 2.5) Reduced volume (5)        
 ��� 74x96x125  0.1941 323495 -4.11E+15 
 ��
 74x96x125  0.1917 305576 -4.86E+15 
 ��� 74x96x125  0.1868 315264 -3.84E+15 
 ��� 74x96x125  0.1846 310643 -3.99E+15 

 

 

 

  



Table 4. Mean value and standard deviation for each reduced volume 

Position Volume density Surface density Euler density 

Mean value 

Reduced volume (1) 0.1938 317677 -4.21E+15 
Reduced volume (2) 0.1938 317737 -4.21E+15 
Reduced volume (3) 0.1938 317460 -4.21E+15 
Reduced volume (4) 0.2004 323809 -3.91E+15 
Reduced volume (5) 0.1885 313745 -4.20E+15 

Standard deviation 

Reduced volume (1) 0.0093 9617 0.014E+15 
Reduced volume (2) 0.0153 12054 0.283E+15 
Reduced volume (3) 0.0147 12635 0.252E+15 
Reduced volume (4) 0.0147 10961 0.494E+15 

Reduced volume (5) 0.0051 7610 0.454E+15 
 

The values of the standard deviation after the second reducing (2) show increasing for all 

parameters; about 64.52% for the volume density, 25.34% for the surface density and the Euler 

number is 20 times higher as for the reducing (1). 

With the next reducing (3), values for the standard deviation of the all parameters are still higher 

than in the first (1); volume density 58.06%, surface density 31.38% and Euler density 18 times. 

In the fourth reducing (4), value for the volume density is the same as in the reducing 3, while 

surface density shows increasing in comparison with the reducing (1) but on the other hand 

decreasing in comparison with the reducing (2) and (3). The standard deviation of the Euler 

density in this reducing has the biggest value in the whole tomography, about 35 times higher 

than for the first reducing (1). 

Values of the standard deviation of the volume and surface density after reducing (5) show the 

lowest values of the all reducing. In comparison with the reducing 1, 45.16% and 20.87% lower 

while Euler density is significantly increased, about 32 times. 

As it can be seen from the Table 4 the lowest values of the deviation are in the reducing 5 for the 

volume and surface density so that is the smallest representative volume for this tomography.  



For the bainitic tomography RVE is smaller in comparison with the martensitic one. This is 

connected with the size of the particles, the smaller the particles are the smaller RVE is  required. 

The mean values of all parameters are increasing with the decreasing size of the particles, as can 

be seen in Table 2 and Table 4. If the RVE for the both tomographies are compared, the results 

show higher mean values for the bainitic tomography, the volume density about 2.45%, the 

surface density is significantly higher about 33.5% and Euler density more than double. 

4. CONCLUSION 

For the sizeof therepresentative volume element the reduced volume has an influence in the 

variation of the values of volume, surface and Euler density, while position of that reduced 

volume in the tomography is not important. With volume reduction there are variations in 

parameter stability. 

For the martensitic tomography representative volume element is 150x167x125���, while for 
the bainitic tomography is 74x96x125��� . Bainitic second phase objects are smaller than 
martensiticonesas it can be seen in the Figure 1 and 2, therefore a smaller representative volume 
element is needed. 
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ABSTRACT 

Many researches are done for finding various ways of improving steel properties, since it's  the most 

used material in the world.  Instead of using high-alloyed steels, which are expensive, microalloying 

of carbon steels that will retain equal properties is an efficient replacement.  

For this research it was tested melts of low-carbon steel grade SAE 1006 produced via basic oxygen 

furnace in company ArcelorMittal Zenica. Secondary treatment was done via ladle furnace, where to 

liquid steel was added the microalloying element boron in the form of FeB wire.  

The results showed that the microstructure of all melts was ferritic with the content of pearlite in 

traces. Pearlite content was lower in the melts with boron. It also showed that boron addition caused 

growth of ferritic grain. 

1. INTRODUCTION 

In the modern steelmaking technology there are strict requirements for steel quality mostly 

about impurities and undesirable elements. Therefore, these requirements led to development 

of secondary metallurgy also known as ladle metallurgy. The aim of ladle metallurgy is the 

transfer of some metallurgical processes from primary aggregates to the ladle in order to 

improve productivity and quality of steel. This include vacuuming, reheating, deep 

desulphurisation and decarburisation and fine chemical adjustment of fine alloying elements. 

The boron is one of the microalloying elements which can improve steel properties when it's 

added to steel even in small amounts. It can have impact on steel properties in various ways 

depending on its amount, precipitation form, positioning in the crystal lattice of iron and the 

type of steel.  
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With an addition of only 0.001- 0.003% soluble boron to a suitably protected base steel, the 

hardenability of the steel can be improved to a level comparable to that obtained by additions 

of about 0.5% Mn, Cr or Mo [1]. 

Increasing hardenability is the main reason of adding boron to steel and the other benefits of 

using boron are still investigating. 

2. EXPERIMENTAL WORK 

The production of three melts of SAE 1006 low-carbon steel and three melts of SAE 1006 

steel with boron addition, marked as SAE 1006+B was monitored for this research. Both steel 

grades were produced via BOF basic oxygen furnace which is shown in the Figure 2.1. The 

BOF converter is charged with steel or iron scrap (25 - 35%) and the rest is pig iron from 

blast furnace.  

 
Figure 2.1. Basic oxygen furnace in  the company ArcelorMittal  Zenica 

 

In the Table 2.1. and Table 2.2. are given the nominal chemical compositions of SAE 1006 

and SAE 1006+B based on standard ASTM A 510M. 

Table 2.1. The nominal chemical composition of SAE 1006 (% mass) [2] 

C Mn Si P S Ceq 

max 0.08 0.25-0.40 - max 0.040 max 0.050 0.2 

Table 2.2. The nominal chemical composition of SAE 1006+B (% mass)  [2] 

C Mn Si P S B 

max 0.05 0.25-0.35 max 0.1 max 0.030 max 0.025 0.007-0.01 

After the production at converter, melts were subjected to the secondary treatment. Secondary 

treatment was done via ladle furnace which is presented in the Figure 2.2. Primary 

deoxidation was done in the ladle during the pouring, by adding deoxidation materials like 

FeSi and Al. 
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Figure 2.2. Ladle furnace 

 

CaSi wire is injected into metal bath by wire-feeding method. The main reason for adding 

this type of wire to steel is a great benefit of calcium for modification of nonmetallic 

inclusions. Calcium is reacting with sulphur and creating CaS inclusions, instead of MnS 

inclusions which are harmful in steel. Also, solid aluminates and silico-aluminates that cause 

clogging of nozzles are transformed into liquid Ca-aluminates at casting temperature. 

The production of both steel grades was the same until the stage of secondary tretament. In 

this stage, FeB wire was injected into metal bath via wire-feeding method in case of the melts 

with boron addition. In the Table 2.3. is given the chemical composition of CaSi and FeB 

wires. The diameter of both wires was φ 13 mm. The amount of boron in FeB wire was 17.49 

%.  

Table 2.3. Chemical composition of wires for injection [2] 

Type of 

wire 

Chemical composition [% mass] 

Si Ca C B Fe Al S 

CaSi 59.95 29.29 0.72 / 8.77 1.25 0.02 

FeB / / 0.22 17.49 82.236 0.054 / 

 

Before injecting the FeB wire there are few requests that has to be acomplished: steel has to 

be well deoxidated, slag has to be removed from the surface of metal bath, stirring with argon 

has to be minimal.  

The most important thing while injecting the wires is wire feed speed, and it has to be high to 

ensure the best yield of wire. By adding 145 meters of FeB wire the aimed boron content in 

steel is achieved. 

In the Table 2.4. is given the final chemical composition of all tested melts. It can be seen 

that all the results are in the range of the nominal values.  

Table 2.4. The final chemical composition of tested melts [3] 

G
ra

d
e 

Melt 

Chemical composition [% mass] 

C Si Mn P S Cu Cr Ni Al Ca N B 

S
A

E
 

1
0

0
6
 HA 0.05 0.05 0.30 0.011 0.013 0.06 0.01 0.04 0.005 0.1 0.07 / 

HB 0.05 0.04 0.30 0.023 0.020 0.07 0.01 0.04 0.004 0.09 0.06 / 



4 
 

HC 0.05 0.06 0.33 0.020 0.016 0.06 0.01 0.04 0.003 0.05 0.06 / 
S

A
E

 1
0

0
6

+
B

 HX 0.04 0.06 0.33 0.022 0.018 0.09 0.02 0.05 0.002 0.11 0.07 0.01 

HY 0.04 0.05 0.30 0.024 0.013 0.07 0.02 0.04 0.004 0.06 0.06 0.01 

HZ 0.04 0.07 0.30 0.012 0.007 0.07 0.02 0.04 0.004 0.21 0.07 0.009 

After secondary treatment steel is continuously cast into billets with dimensions of 120x120 

mm. Billets were further plastic deformed at wire mill. The final product made from these 

steel grades was hot-rolled wire of φ 5.5 mm. 

Samples of wire from different coils were taken and examined in the metalographic 

laboratory, where was noticed the influence of boron addition on the microstructure of low-

carbon steel grade SAE 1006. 

3. RESULTS AND DISCUSSION 

For the testing of microstructure and grain size were taken samples of  three melts for each 

steel grade. For each melt were taken samples of four different coils. 

In the Figure 3.1. is shown the microstructure of two different coils from HC melt of SAE 

1006. The Figure 3.2. presents the microstructure of two different coils from HZ melt of SAE 

1006+B. The microstructure of both steel grades was ferritic with low content of pearlite (< 1 

%). After boron addition the amount of pearlite is decreased. 

  
a) Coil 1 b) Coil 2 

Figure 3.1. The microstructure of HC – grade SAE 1006, magnification x100 

  
a) Coil 1 b) Coil 2 

Figure 3.2. The microstructure of HZ – grade SAE 1006+B, magnification x100 
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The grain size is determined by specialy made software which is connected to the optical 

microscope. Software is called LAS V3.7 standard ISO 643:2003, method of horizontal lines. 

Grain size is determined while the magnification of sample is 100x. 

In the Figure 3.3. is presented the marking way of sample for determining the grain size. The 

program automatically counts grains and sorts them in groups by size. The amount of counted 

grains by their size is given in the histogram of grain number. In the Figure 3.4. is shown the 

histogram of grain number for melt HB of SAE 1006 steel grade. 

   
Figure 3.3. Marking the sample for determination of grain size for HB- SAE 1006[3] 

 

 
Figure 3.4. The histogram of grain number for HB – SAE 1006 [3] 

In the Table 3.1. is presented the average grain number of tested melts for grade SAE 1006. 

In the Table 3.2. is presented the average grain number of tested melts for grade SAE 

1006+B, i.e. with boron addition. 

Table 3.1. Grain number for grade SAE 1006 [3] 

Melt Average grain number by melts Average grain number of grade 

Melt A 8.83000 

8.921 Melt B 8.96025 

Melt C 8.97275 

 

Table 3.2.  Grain number for grade SAE 1006+B [3] 

Melt Average grain number by melts Average grain number of grade 

Melt X 7.3715 

7.075 Melt Y 6.6190 

Melt Z 7.2345 

 

On the histogram in the Figure 3.5. is shown the comparation of grain size for tested grades. 

The average grain number of steel without boron addition is 8.921 which is approximately 16 

µm of grain size. The average grain number after boron addition is 7.075 which is 

approximately 30 µm of grain size. 

SAE 1006 
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Figure 3.5. Comparation of grain size for SAE 1006 and SAE 1006+B 

In the Figure 3.6. and 3.7. are shown the microstructures of steel SAE 1006 with and without 

boron addition. From these microstructures can be noticed an obvious difference in grain 

size.  

  

a) Magnification x50 b) Magnification x500 

Figure 3.6. The microstructure of HB - SAE 1006 

  

a) Magnification x50 b) Magnification x500 

Figure 3.7. The microstructure of HY - SAE 1006+B 

According to [4] the reason for coarse ferrite grain in boron-added steel can be attributed to 

the presence of coarse boron nitride (BN) as nucleating site instead of fine aluminium nitride 

(AlN) in steel without boron. Both boron and nitrogen have higher diffusion rate than that of 

aluminium in the austenite matrix during temperatures above 1200 °C, precipitation of BN 

tends to precede the formation of AlN when hot rolled steel sheets are air cooled after hot 
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rolling deformation. The increased ferritic grain is particularly significant for the further 

processing of hot-rolled wire by cold drawing. 

4. CONCLUSION 

The production of SAE 1006 steel grade included the production via basic oxygen furnace, 

primary deoxidation and secondary treatment via ladle furnace.  

The boron addition had influence on the microstructure of steel. It was manifested through 

the change of ferritic grain size and the amount of pearlite. 

The boron addition in the range from 0.007 % to 0.01 % increased the size of ferritic grain 

and decreased the amount of pearlite in microstructure of three tested melts. 

The average grain number of  tested SAE 1006 steel grade was 8.921 matching grain size of 

approximately 16 µm, and the average grain number of  tested SAE 1006 steel with boron 

addition was 7.075 matching grain size of approximately 30 µm.  

The increased ferritic grain is particularly significant for the further processing of hot-rolled 

wire by cold drawing. 
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ABSTRACT 

This work aims at the development of low-carbon steel SAE 1006 through the microalloying 
addition of boron. Boron as alloying element is added in small amount, but it has significant effect 
on changes of properties of this kind of steel.  

The research is based on  mechanical and microstructural testing of final product (wire) from the 
aspect of the influence of boron during hot rolling of billets into wire. 

It is presented the technology of continuous casting and the process of hot rolling of wire for six heats 
based on low-carbon steel grades SAE 1006 with and without boron addition at the company 
ArcelorMittal in Zenica 

The results showed that the addition of boron up to 0.01% can improve steel properties 
especialy drawability. 

1. INTRODUCTION 

Nowadays more than 95% of world steel production goes via continuous casting [1]. but the optimal 
amount of boron that will ensure maximal hardness of steel has not yet been investigated. Boron 
showed significant impact on toughness and plasticity of steel. 

From 1970's, boron has been added to low carbon microalloyed steels. Today, with the development of 
the advanced analytical equipments, the understanding of the effects of boron is far better. Boron 
addition to steel a can have more or lees influence on steel properties. Today's steelmaking techniques 
have made it possible to closely control the effective boron content in steel [2]. 

Steel with boron addition has a wide application.  In addition to the benefits of economy and alloy 
conservation, boron steels offer significant advantages of better extrudability and 
machinability compared with boron—free steels. 
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2. EXPERIMENTAL WORK 

The aim of the present work is the investigation of the influence of boron addition on  
mechanical properties of steel grade SAE 1006.  

The final stage of steel production in ArcelorMittal Zenica is continuous casting of steel. After the 
solidification of steel, the final products are made. In this case the final products were billets of the 
dimensions of 120x120 mm.. Each billet was cut to the lenght of 12 meters and afterward cooled at the 
air. At the Figure 2.1. is shown the continuous casting machine in ArcelorMittal Zenica. 

 

 

 

 

 

 

 

 

 

In the following tables 2.1. and 2.2.are presented the nominal chemical compositions of steel grades 
SAE 1006 with and without boron addition based on standard ASTM A 510M. All tested heats 
comply with this standard. Mark +B indicates boron addition. 

Table 2.1. Nominal chemical composition of steel SAE 1006+B [3] 

 

Table 2.2. Nominal chemical composition of steel SAE 1006 [3] 
C Mn Si P S 

max 0.08 0.25-0.40 - max 0.040 max 0.050 
 

At the wire rod mills starting materials are semi-finished cast billets which are transformed into hot-
rolled wire of diameter range 5.5-12 mm. The production of wire is similar for the various steel 
grades, with the difference in adjustment of production parameters. 

Wire rod mill consists of 25 roll stands divided into three sections: 

• the roughing mill is created by seven roll stands 
• the intermediate mill is created by eight roll stands 
• the finishing mill is equipped by monoblock Morgan, created by 10 roll stands. 

At the Figure 2.2. is shown the process of rolling.  

 
Figure 2.1. Continuous casting machine  in ArcelorMittal Zenica 

C Mn Si P S B 

max 0.05 0.25-0.35 max 0.1 max 0.030 max 0.025 0.007-0.01 
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Figure 2.2. Rolling mill in ArcelorMittal Zenica 

Stelmor process is one of the most important part of wire production, because it defines the final 
microstructure and by that means mechanical properties of steel. It is actually the process for 
controlled wire cooling which consists of two parts: 

• water boxes for cooling wire by water 
• Stelmor conveyor for controlled cooling by air. 

The aim of water cooling is decreasing temperature of the wire in order to prevent the growth of 
crystallite. The aim of controlled Stelmor air cooling is getting microstructure of ferrite. The aimed 
microstructure was ferritic with the low amount of pearlite. At the Figure 2.3. is shown the Stelmor 
conveyor. 

 
Figure 2.3. Glowing coil at Stelmor conveyor 

3. THE RESULTS 

Mechanical properties were measured by Avery machine both for steel with and without boron 
addition. In the Tables 3.1. and 3.2. are presented the average results of mechanical properties for 
heats: H1+B, H2+B, H3+B from SAE 1006+B steel grade and the heats: H4, H5, H6 from SAE 1006 
steel grade. The sample was hot-rolled wire of 5.5 mm diameter. 

Table 3.1. The average results of mechanical properties of SAE 1006+B [4] 

Heat 
ReH 

N/mm2 
Rm 

N/mm2 
Rm/ ReH 

Agt 

% 
Ovality 

mm 
H1+B 251.17 346 1.38 34.5 0.32 

H2+B 241.33 346.67 1.44 34.0 0.25 

H3+B 257.33 350.17 1.36 35.5 0.29 
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Table 3.2. The average results of mechanical properties of SAE 1006 [4] 

Heat 
ReH 

N/mm2 
Rm 

N/mm2 
Rm/ ReH 

Agt 

% 
Ovality 

mm 
H4 277.83 385.33 1.39 31.5 0.30 

H5 273.83 385.33 1.41 32.5 0.27 

H6 273.83 384.5 1.41 32.0 0.31 

At the Figure 3.1. is shown the diagram of tensile strength for steel grade SAE 1006+B. From the 
Figure 3.1. it can be seen that all the values of tensile strength are bellow maximum allowable tensile 
strength that is 375 N/mm2. For testing were used three coils of each heat.  

 

 

Figure 3.1. Rm value for steel grade SAE 1006+B [4] 
 
 

At the Figure 3.2. is shown the diagram of tensile strength for steel grade SAE 1006. From the Figure 
3.2. it can be seen that all the values of tensile strength are bellow maximum allowable tensile strength 
that is 400 N/mm2. For testing were used three coils of each heat. 

 

 

 
Figure 3.2. Rm value for steel grade SAE 1006 [4] 
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At the Figure 3.3. is shown the diagram of yield strength for steel grade SAE 1006+B. It can be seen 
that the values of the yield strength are different for every coil, as for the every heat.  

 

 

 
Figure 3.3.  ReH  value for steel grade SAE 1006+B [4] 

At the Figure 3.4. is shown the diagram of yield strength for steel grade SAE 1006.  

 

 
Figure 3.4. ReH value for steel grade SAE 1006 [4] 

 

At the Figure 3.5. can be noticed that the average values of tensile strength Rm and yield strength ReH 

of tested wire samples made from steel with boron addition are lower than the ones without boron.  

For the steel with boron addition the average value of tensile strength was 347 N/mm2, and yield 
strength was 250 N/mm2. However, the average value of tensile strength for steel without boron 
addition was 385 N/mm2, and yield strength was 275 N/mm2.  
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Figure 3.5. Comparation of Rm and ReH values for steel grades SAE 1006+B and SAE 1006[4] 

The average value of relative elongation for the tested heats of SAE 1006+B was 34.5% and for the 
heats of SAE 1006 steel was 32% which is presented at the Figure 3.6. Relative elongation A (%) is 
larger for the steel with boron adition, which indicates that boron has a beneficial impact on plastic 
working of steel. 

 

Figure 3.6. Comparation of relative elongation values for steel grades SAE 1006+B and SAE 1006 
[4] 

 

Boron addition in the range from 0.007 to 0.01% in the low-carbon steel grade SAE 1006 showed 
influence on mechanical properties of tested hot-rolled wire. It caused the growth of ferritic grain [5] 
which led to decreasing of tensile strength and yield strength, so that the drawability of steel grade 
SAE 1006 has been improved by addition of boron. 
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4. CONCLUSION 

Boron addition in the range from 0.007 to 0.01% in the low-carbon steel grade SAE 1006 showed 
influence on mecahnical properties of tested hot-rolled wire.  

The values of tensile strength and yield strength for the tested heats with boron addition towards the 
heats without boron addition were lower. The reason for that is reflected through the influence of 
boron in steel SAE 1006 in increasing grain size and in decreasing strength parameters. 

The same can be explained for the values of relative elongation along with the growth of ferritic grain. 
For the tested heats with boron addition, these values were higher then the values of tested heats 
without boron addition. In this case the boron addition to the tested grade of low-carbon steel 
improved the drawability proces. 
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ABSTRACT 
The chemical composition of casting is an important factor affecting the shape of graphite and the 

mechanical properties and microstructure of the metal base. Different elements have different 

influence to casting properties. All elements that affect the microstructure development during casting 

solidification have significant influence on mechanical properties of the castings. In the practical part 

of this paper influence of molybdenum and chromium on the change in hardness and pearlite content 

in the microstructure is presented. The results show that with the addition of pearlitizing elements (Cr 

and Mo), the content of pearlite in the microstructure of the metallic matrix and hardness of the 

castings increase. 

1. INTRODUCTION 

Gray castironbelongstothefamily of iron castings in which carbonisexpressed as graphite, 
Figure 1.Due to the lamellar structure of graphite, gray cast iron has low tensile strength, 
hardness, toughness, elongation and modulus of elasticity and increased sensitivity to wall 
thickness, outstanding moldability and compressive strength. The mechanical and physical 
properties of gray cast iron depend directly on the chemical composition and microstructure. 
The typical microstructure of gray cast iron consists of a perlite-ferrite metal base and 
graphite lamellae. Because graphite phase interrupt the continuity of the metal base, that is, 
they act as notches in the metal base, the mechanical properties of gray cast iron largely 
depend on the amount, shape, size and distribution of graphite[1.4.5]. 
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Figure 1. Microstructure of a typical gray cast iron microstructure, 100x[1] 

Typical applications of gray cast iron are: mechanical engineering (stands and parts of 
machinery, housings, etc.), furnace and stove castings, structures, fittings for water supply 
systems, process and power engineering, motor vehicle industry (cylinders, piston rings, 
blocks and engine heads, brake discs, flywheels, various gears, assembly housings, etc.), 
decorative castings (decorative poles, lighting poles, etc.), and many other areas[1.4]. 
 

2. INFLUENCE OF CHEMICAL COMPOSITION ON MICROSTRUCTURE OF 

GRAY IRON CASTINGS 

Chemical composition is an important factor affecting the shape of graphite and the 
microstructure of the metal base. In the usual qualities of gray cast iron, the carbon content 
ranges from 2.9% to 3.8%. Increasing carbon content increases the volume fraction of the 
graphite phase, resulting in a decrease of mechanical properties of the castings. Increasing 
carbon content increases the castability of the melt and reduces the shrinkage tendency and 
possibilities for creating cavities and porosity during solidification process[2.5]. 

Silicon reduces the solubility of carbon in the solid and liquid phases, increases the diffusion 
of carbon at all temperatures, and acts as a graphitizer, reducing tendency for carbides 
formation. Like other graphitizers, it segregates into a solid phase during solidification and 
raises the solidification temperatures of stable eutectic (Fe-C) and lowers the solidification 
temperatures of metastable eutectic (Fe-Fe3C) (Figure 2). Carbide forming elements (eg 
chromium, vanadium, etc.) do the opposite [2.5]. 

 

 
a) after polishing            b) etched by nital 
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Figure 2: Effect of chemical composition on solidification temperature of stable and metastable 

eutectic.[4] 

Manganese promotes the formation of perlite and carbides. Unlike silicon, manganese lowers 
the solidification temperature of stable (Fe-C) but also metastable eutectics (Fe-Fe3C) (Figure 
2) [3]. 

Nickel raises the solidification temperature of stable eutectic (Fe-C) and lowers the 
solidification temperature of metastable eutectic (Fe-Fe3C)[3.5]. 

Chromium belongs to the group of elements with a very high tendency for carbides formation 
because it lowers the solidification temperature of stable eutectic (Fe-C) and increases the 
solidification temperature of metastable eutectic (Fe-Fe3C) (Figure 2.). Chromium is twice as 
effective as nickel and copper in increasing the tensile strength of gray cast iron.To maintain 
the graphitization potential of the melt, 1.5 to 5 times the amount of chromium amount of 
nickel should be added. Chromium has proven to be the most effective element for improving 
the heat resistance of gray cast iron, especially in combination with molybdenum[3.5]. 

Molybdenum is one of the most versatile alloying elements for improving the mechanical 
properties of gray cast iron, due to the hardening of the metal base and the crushing of 
graphite phase. The addition of molybdenum reduces the variation of mechanical properties 
between thin and thick walls. Since molybdenum significantly more strongly suppresses the 
pearlite reaction to lower temperatures than ferrite, the formation of free ferrite is possible. 
Therefore, if added alone, molybdenum can provide more time for carbon diffusion and 
ferrite formation, which means, it can increase the proportion of ferrite in thick walls[3.5]. 

3. EXPERIMENTAL PART 

The practical part of this paper presents the results of testing of a gray cast iron samples in 
order to explain the influence of alloying elements on the change in hardness and content of 
pearlite in the microstructure of the samples tested. 

Two gray cast iron melts were prepared. Melt 1 (Sample SL) is from regular production and 
standard chemical composition for gray cast iron. Melt 2 (SL-CrMo sample) is a melt of gray 
cast iron alloyed with chromium and molybdenum. 

3.1. Chemical composition of the melts 

Table 1 shows the prescribed(by technology preparation in the foundry) chemical 
compositions of tested melts (SL and SL-CrMo samples). 

Table 1. Prescribed chemical compositions for SL and SL-CrMo samples 

/ 
Chemical composition, wt. % 

C Si Mn Cr Mo Cu P S 
Sample SL 3.48-

3.62 
1.8-2.1 0.6-0.8 / / / max 0.2 max 0.2 

Sample SL-
CrMo 

3.53-3.6 1.8-1.9 0.68-
0.82 

0.3-0.35 0.3-0.35 0.62-
0.82 

max 0.2 max 0.2 

 
Table 2 shows the chemical compositions of the tested grey cast iron samples (SL and SL-
CrMo samples). 
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Table 2 Chemical compositions of grey cast iron for SL and SL-CrMo samples 

/ 
Chemical composition, wt. % 

C Si Mn Cr Mo Cu P S 
Sample SL 3.51 1.9 0.68 / / / 0.082 0.060 
Sample 
SL-CrMo 

3.57 1.88 0.73 0.33 0.31 0.64 0.082 0.059 

 

According to data presented in Tables 1 and 2 it can be seen that the chemical compositions 
of the grey cast iron for the SL and SL-CrMo samples are within the prescribed limits. 
 

4. RESULTS 

4.1. Hardnes testing 

Hardness measurements (according to the BAS EN ISO 6506-1:2015) were performed on 
five samples from both types of cast irons, those from regular production and cast iron with 
the addition of alloying elements(Cr i Mo).  

The values of the hardness for the SL and SL-CrMo samples are given in Table 3. On each of 
ten samples five measurments were performed and average values are presented in Table 3. 

Table 3. Hardness test values for SL and SL-CrMo samples 

Hardness of the tested samples (HB)-average values 
Sample number 

 Sample 1 Sample 2 Sample 3 Sample 4 Sample5 
Sample SL 212 207 209 209 217 
SampleSL-CrMo 229 244 241 251 249 
 

 

 

4.2. Microstructure analysis 

Metallographic samples were prepared for the microstructure analysis for both types of cast 
iron i.e. one for iron from regular production (sample SL) and one for alloyed cast iron 
(sample SL-CrMo). 

Figure 3 shows the microstructure of the sample SL-gray cast iron from regular production. 
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a) after polishing b) etched by nital2% 
Figure 3. Microstructure of the sample SL, 100x 

Figure 4 shows the microstructure of the sample SL-CrMo gray cast iron alloyed with 
chromium and molybdenum. 
 

  
a) after polishing  b) etched by nital2% 

Figure 4.Microstructure of the sample SL-CrMo. 

The content of perlite in the matrix was determined using a microscope with an image 
analyzer (Figures 5 and 6). Average values of the pearlite content after three different spots 
(as recommended by the sample image analysis software) analyzing were as follows:  

• SL sample: pearlite content – 92%, 
• SL-CrMo sample: pearlite content - 97%. 

Figures 5 and 6 show the ratio of two phases of the SL and SlCrMo samples. Green area 
represents ferrite phase and purple area represent pearlite phase. Microstructure was 
investigated by OLYPUS GX 51 optical microscope using color image analyze program.  

   
a) b) c) 

Figure 5. SL sample: pearlite/ferrite content, 100x 

   
a) b) c) 

Figure 6. SL-CrMo sample: pearlite/ferrite content, 100x 



5 
 

5. CONCLUSIONS 

The aim of the presented research was to test the influence of alloying elements (Cr and Mo) 
in gray cast iron on hardness characteristics and pearlite content in the metallic matrix. The 
results show that the average hardness value of the sample SL-CrMo is higher than the 
hardness of the SL sample.The percentage of pearlite in the metallic matrix is higher for gray 
cast iron alloyed with chromium and molybdenum (sample SL-CrMo 97% perlite) compared 
to the proportion of perlite matrix of gray cast iron sample from regular production (sample 
SL 92% pearlite).From this we can confirm the expected facts: with addition of certain 
amount of alloying chemical elements such as chromium and molybdenum the content of 
perlite in the matrix and thus the values of the hardness increase. 
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ABSTRACT 
Steel 67SiCr5 is a alloyed carbon steel usually used for production of springs. It is used for load bearing 

springs, ring-shape springs, spiral springs, anti vibration springs etc. Springs steels are usually distribute 

in annealed or hardened and tempered state. Heat treating could be performed before or after springs 

forming. In this article, the results of influence of different form of heat treatment on microstructure and 

hardness are presented. Heat treatments like annealing (normalizing and soft annealing), hardening and 

tempering are carried out in atmospheric condition. From the results could be seen that in opposite of 

annealing the hardening treatment improves hardness of the material. Tempering process decreases 

hardness but it still higher than in the case of annealing. Microstructural analysis shows that temperature 

of heat treatment and a cooling rate had very important influence on microstructure. Also, a presence of 

a decarburization was noticed.  

 

1. INTRODUCTION 

Springs are important structural parts using for many purposes as to absorb the shocks or 

vibration, to measure the forces, to store the energy, control the motion, to return a component to 

its original position after displacement, to permit some freedom of movement between aligned 

components without disengaging them etc.  The main requirements for springs materials are high 

elasticity limit, high ultimate strain, good creep rupture strength, ductility, good deformability in 

hot and cold state, quality surface, cleanliness of steel and low surface decarburization during 

heat  treatment. Steel alloys are the most commonly used spring materials. The most popular 

alloys include high-carbon, alloy steels and stainless steels. High carbon spring steels are the 

most commonly used material because it is less expensive, it can be easily worked and it is 

readily available. These steels are not suitable for springs operating at high or low temperatures 

or for shock or impact loading [1]. Alloy steels are alloyed with silicone, manganese, chromium, 

vanadium, molybdenum and nickel. Steel 67SiCr5 is the springs steel alloyed with silicon and 

chromium. Chrome-silicon steel is an excellent spring material for highly stressed springs 

requiring long life and/or shock loading resistance and can be used from temperatures up to 300 
0C.Silicon increases hardenability, wear resistance, elastic limit and yield strength and scale 

resistance in heat resistant steels but decreases resistance to decarburization. Addition of 



chromium in steels enhances hardenability, corrosion and oxidation resistance. Mechanical and 

metallurgical properties of the steels as well as the springs steels could be changed by cold work 

or heat treatment. Usually applied heat treatment processes for the springs are soft annealing, 

normalizing, hardening and tempering. Soft annealing is usually used in the case of difficult 

shaping operation which involves cold working (cold coiling, cutting, stamping...). Normalizing 

may be necessary if the spring is exposed to high stresses and in such cases where day cause 

difficulties when shaped [2]. The quenched and tempered condition gives to spring steels 

optimum strength, toughness and vibration damping. If there is requirement for impact 

resistance, the springs should have better hardenability i.e. a content of martensite in center 

should be about 80 to 90%.For this reason, the standards prescribe the maximum dimension for 

individual types of steel [3]. 

 

In this work, the influence of heat treatment on microstructure and hardness of springs steel 

67SiCr5 are presented. The change in microstructure and hardness after the heat treatment 

process depends of the temperature of heat treatment and cooling rate.  

 

2. EXPERIMENTAL PART 

Material tested in this work was the springs steel 67SiCr5 with a chemical composition and 

mechanical properties have given in Table 1 and 2. 

 
Table 1. Chemical composition of EN 67SiCr5 [4] 

Steel 
Chemical composition, wt.% 

C Si Mn P S Cr 

67SiCr5 0.62-0.72 1.20-1.40 0.40-0.60 0.035 0.035 0.20-0.40 

 

 
Table 2.Mechanical properties of EN 67SiCr5 [4] 

Steel 
Mechanical properties 

Rp0.2, MPa Rm,MPa KV/KU, J A, % Z, % HBW 

67SiCr5 192 (≥) 797 (≥) 13 13 33 322 

 

The analysis of a microstructure and hardness were done for a initial state and the seven heat 

treated samples. All the heat treated samples are heated in an electric furnace without a 

protection atmosphere and together with furnace from the room temperature. Processes of the 

heat treatments(normalizing, soft annealing, hardening and tempering) are described in Table 3 

and Figure 1. 

 
Table 3. Heat treatment of the springs steel 67SiCr5 

Sample Heat treatment 

Sample 1 No heat treating, initial state 

Sample 2 continuous heating at 850 0C/soaking 5 minutes/cooling in air 

Sample 3 continuous heating at 850 0C/soaking 5 minutes/cooling in furnace 

Sample 4 continuous heating at 650 0C/soaking 5 minutes/cooling in furnace 

Sample 5 continuous heating at 850 0C/soaking 5 minutes/cooling (quenching) in water  

Sample 6 continuous heating at 850 0C/soaking 5 minutes/cooling (quenching) in oil  

Sample 7 continuous heating at 850 0C/soaking 5 minutes/cooling (quenching) in water/ 



continuous heating at 400 0C/ soaking 5 minutes/cooling in air 

Sample 8 continuous heating at 850 0C/soaking 5 minutes/cooling (quenching) in oil/ 

continuous heating at 400 0C/ soaking 5 minutes/cooling in air 

 

  
a) b) 

Figure 1. Technology of the heat treatment: a) for Sample 2,3 and 4, b) for Sample 5, 6, 7 and 8. 

 

Before analysis of microstructure the samples were prepared by grinding, polishing and etching 

by Nital (HNO3 + ethanol). The microstructural analysis was carried out by theOlympus optical 

microscope with maximum magnification of x1000. Hardness test, according to standard BAS 

EN ISO 6507-1:2018, were performed on specimens prepared for microstructure analysis. 

Estimating of the depth of decarburization was done according to standard ASTM E 1077-01 (R 

2005) and BAS EN ISO 6507-1:2018. 

 

3. RESULTS AND DISCUSSION 
 

Analysis of microstructure 

The microstructure of the heat treated samples and the initial state are shown in Figures 2-5. All 

samples showed fine grained microstructure. 

 

  
a) b) 

Figure 2. The microstructure of: a) Sample 1 (the initial state) and b) Sample 2 (heating at 850 
0C/soaking 5 minutes/cooling in air), x1000 



Analysis the initial state showed that the spring steel 67SiCr5 was delivered in the heat treated 

state. A soft annealed microstructure was found, with the perlite being formed in a globular form 

i.e. in the form of spherical carbide particles in the ferrite matrix, Figure 2.a. The same 

microstructure was obtained in the case of the soft annealing at 650 0C too, Figure 3.b. The 

cooling rate after the normalizing at 850 0C had very important influence on the microstructure 

of steel. After cooling in the air the microstructure was a bainite (Figure 2.b.), while product of 

cooling in furnace was ferrite-pearlite microstructure (Figure 3.a.).  The ferrite-pearlite 

microstructurepresents the mixture of the carbide particles in the globular form and lamelar form 

in the ferrite matrix.  

 

  
a) b) 

Figure 3. The microstructure of: a) Sample 3 (heating at 850 0C/soaking 5 minutes/cooling in furnace) 

andb) Sample 4 (heating at 650 0C/soaking 5 minutes/cooling in furnace), x1000 

 

After  quenching in oil the microstructure was bainite (Figure 4.b) while the microstructure after 

cooling in water (Figure 4.a) was martensite with bainite because the cooling rate was faster. 

 

  
a) b) 

Figure 4. The microstructure of: a) Sample 5 (heating at 850 0C/soaking 5 minutes/cooling (quenching) in 

water) and b) Sample 6 (heating at 850 0C/soaking 5 minutes/cooling (quenching) in oil, x1000 

 

During tempering the resulting microstructure contains bainite or carbides in the matrix of 

ferrite, Figure 5.a and b. 



 

  
a) b) 

Figure 5. The microstructure of: a) Sample 7 (heating at 850 0C/soaking 5 minutes/cooling (quenching) in 

water/ continuous heating at 400 0C/ soaking 5 minutes/cooling in air) and b) Sample 8 (heating at 850 
0C/soaking 5 minutes/cooling (quenching) in oil/ continuous heating at 400 0C/ soaking 5 minutes/cooling 

in air), x1000 

 

The analysis of all heat treated samples (except of the soft annealed sample) showed 

decarburization on the surface, Figure 6. Reason for decarburization was not using a protection 

atmosphere in the furnace during the heat treatment. Also, the silicon as alloying elements 

contributes to decarburization. There is no general numerical limit on decarburization, and 

phrases such as "held to a minimum consistent with commercial quality" are very elastic [5] but 

it must be careful because it has been shown that decarburization can reduce the fatigue strength 

of high-strength steels (1655 MPa and up) by 70% to 80% and lower strength steels (965 to 

1034MPa) by 45% to 55%.Surface treatments as a shot peening this problem could be dissolve 

or minimized [6, 7]. 

 

   
Sample 2 Sample 3 Sample 6 

Figure 6. Example of decarburization on the sample surface, x100 

 

Estimation of the depth of decarburization was done for three samples (Sample 2, 3 and 4) and 

results are presented in Table 4. 

 

 

 

 

 



Table 4. The results of testing of the decarburization depth 

Sample 

Depth of decarburization, µm 

Single values  

1 2 3 4 5 Average 

Sample 2 59.3 57.9 45.1 54.0 55.4 54.3 

Sample 3 69.6 69.7 72.8 75.2 70.5 71.6 

Sample 4 - - - - - - 

 

Analysis of results showed that there was not decarburization for the soft annealed sample and 

the depth of decarburization was higher for sample who was cooling in the furnace what was 

expected. 

 

Analysis of hardness 

The results of the hardness analysis are presented in Table 5. 

 
Table 5. Analysis of hardness 

Sample 
Hardness (HV 10) 

Single values Average 

Sample 1 

(initial state) 
176 170 185 186 179 179 

Sample 2 

850 0C/5’/ air 
665 665 665 665 665 665 

Sample 3 

850 0C/5’/ furnace 
187 186 186 187 187 187 

Sample 4 

650 0C/5’/ furnace 
187 170 171 173 173 175 

Sample 5 

850 0C/5’/ water 
824 824 824 824 824 824 

Sample 6 

850 0C/5’/ oil 
698 698 681 681 681 688 

Sample 7 

850 0C/5’/ water 

400 0C/5’/ air 

473 498 503 514 514 500 

Sample 8 

850 0C/5’/ oil 

400 0C/5’/ air 

483 503 508 514 519 505 

 

The analysis of the hardness results showed that the hardness of the initial and soft annealed state 

is similar, which is confirmed by the microstructure analysis. Quenching in water or oil may 

increase the hardness by about four times with respect to the initial state. The tempering, whether 

it be quenching in water or oil, gives a hardness of 500 i.e. 505 HV. Unexpected results were 

obtained with the air-cooled normalization process. In this case a very high hardness value (665 

HV) was obtained, which almost corresponds to the hardness after oil quenching (688 HV). The 

reasons for such a high cooling rate are in the dimensions of the samples (approx. 2x70 mm) as 

well as the chemical composition. After normalization and cooling of the samples in the furnace, 

the hardness was 3.5x less than after air cooling. 



4. CONCLUSIONS 

From the results it could be concluded follows:  

− The initial state (who was unknown) is the soft annealed state where are spherical carbide 

particles are placed in the ferrite matrix. 

− By quenching it is possible to increase hardness about four times thanks to martensite or 

bainite  microstructure. 

− After tempering the hardness is almost the same whether it quenching in water or oil. 

− Cooling in the air after the normalization gave almost the same hardness as quenching in 

oil thanks to bainite microstructure. 

− Heat treatment should be done in a protect atmosphere because the steel is sensitive to 

decarburization. 
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ABSTRACT 
The precipitation of sigma (σ) phase in austenitic stainless steels is a significant subject of many 

investigations. Exposure of these steels to elevated temperatures (from 600 °C to 900 °C) results in 

precipitation of σ phase (transformation product from delta (δ) ferrite) which is one of the main 

reasons for the deterioration austenitic stainless steels properties. It is therefore of considerable 

interest to study the conditions for σ phase formation, as well as the mechanism of the transformation. 

This review paper presents overview of precipitation characteristics (including morphologies and 

precipitation sites) as well as effect of σ phase on properties of austenitic stainless steels. It is 

particularly highlighted that the precipitation of hard, brittle and nonmagnetic σ phase occurring 

preferentially at δ/γ phase boundary and within δ ferrite islands (high Cr concentrated region) cause 

worse mechanical properties (impact toughness and elongation) and corrosion resistance. 

 
 

1. INTRODUCTION 
 

Austenitic stainless steels (ASS) are the most commonly used stainless steels accounting for 
more than 70% of the stainless steel world production. Owing to the good combination of 
mechanical properties (especially strength and toughness) and corrosion resistance, these 
steels have wide industrial application [1, 2]. 

This favourable combination of properties is result monophasic ie. austenitic microstructure 
which stability is acomplished by solution annealing treatment (heating between 1000 °C to 
1120 °C and water quenched). However, by changing the chemical composition, especially by 
increasing the content of alphagene elements (Cr, Si, Ti, Mo, etc.) precipitation of δ ferrite in 
the austenitic matrix can occur.  
Exposure of this steel to elevated temperatures results in precipitation of the intermetallic 
phases (mainly TCP1 phases:σ (sigma), Laves(η) and chi (χ))and carbides(M23C6and MC 
type) from the austenite and/or δ ferrite. However, σ phase formation which is often observed 
in various series of stainless steel (such as austenitic, ferritic and duplex, in a general manner), 
commonly in a temperature range from 600°C to 900°C is one of the main reasons for the 
deterioration austenitic stainless steel properties (mechanical properties, corrosion resistance 
and weldability), [3, 4, 5, 6]. 

 

1TCP (Topologically Close Packed) 



The σ phase can be precipitated under an elevated temperature environment, for example, 
casting, rolling, welding, forging and heat treatment (annealing or aging).  
As a result of the heat treatment temperature, δ ferrite can transform in the austenite (γ) and 
the σ phase. σ phase occurs in most of the commercial steels, in the temperature interval of 
590 °C to 870 °C, but the phase decomposes at temperatures above 1050 °C [3, 6]. 

Alloying elements modify the conditions of the σ phase formation by their influence on the 
precipitation kinetics or phase equilibrium. 
In the Cr-Ni austenitic steels, σ phase formation is encouraged by increasing Cr content 
(25wt.%∼30wt.%), and is discouraged by an increase in Ni content.  

Generally, all ferrite stabilizing elements (chromium(Cr), niobium (Nb), titanium (Ti), 
tungsten (W)) accelerate the formation of the σ phase, where molybdenum (Mo) and silicon 
(Si) also extend the stability range of the σ phase at elevated temperatures when they are 
dissolved in it. Conversely, carbon and nitrogen as the austenite stabilizing elements form 
compounds which denude the matrix of chromium and therefore retard σ phase formation. 
Hence, δ ferrite such as Cr rich region (faster diffusion of Cr and other alphagene elements) is 
a beneficial site for the precipitation of the σ phase whereat the precipitation rate of the σ 
phase from δ ferrite is about 100 times higher than the rate of the σ phase precipitation 
directly from austenite, [6, 7, 8]. Since the σ phase presence is closely related to the 
M23C6type of carbides there is a preposition that M23C6 acts as the precursor to the σ phase. 
Preexistence of carbides in the steel can be an intensifying factor for σ phase formation, as the 
formed carbides have high chromium content and can act as the source of chromium, [9]. 

The σ phase is probably the most studied and undesirable intermetallic phase of previously 
mentioned phases that can occur in ASS. In 1907, even before the discovery of the 
stainlesssteels, Treitschke and Tamman found that in the binary Fe-Cr system, there was a 
intermetallic compound of 30wt.% Cr to 50wt.% Cr range. However, its real discovery came 
only 20 years later when Bain and Griffiths observed in the Fe-Cr-Ni ternary system hard and 
very brittle phase that they called „B constituent” where „B” stands for brittle. 
In 1936, Jett and Foote called it “σ phase” , while in 1951, Bergmann and Shoemaker studied 
it in details in the Fe–Cr system and identified the crystallographic structure of the σ phase as 
topologically close packed structure. 
In 1966, the σ phase was observed by Hattersley and Hume-Rothery as well as Hall and Algie 
in austenitic stainless steels, and in the same year σ phase had been found in several binary, 
ternary and quaternary systems such as Fe-Cr, Fe-Mo, Fe-V, Fe-Mn, Fe-Cr-Ni, Fe-Cr-Mo, Fe-
Cr-Mn and Fe-Cr-Ni-Mo, [6, 10]. 

In the first section of a review paper, the precipitation characteristics (including precipitation 
sites and morphologies) of σphase are described, while in the second section, the influence of 
the σ phase on the properties of austenitic stainless steels is emphasised. 
 

2. PRECIPITATION CHARACTERISTIC OF 

THE SIGMA PHASE 
 

The σ phase is a nonmagnetic intermetallic 
compound with a tetragonal unit cell containing 32 
atoms located in five nonequivalent groups of sites 
or sublattices (Figure 1) which is characteristic of a 
topologically close packed structure (TCP phase).  

The chemical composition of this phase varies 
considerably and it is therefore difficult to define 
this phase in the form of unique formulas (Table 1) 

 

 

Figure 1. The unit cell of σ phase, and 

five sublattices A, B, C, D and E with 

their nearest neighbour shell atoms [12]. 



[11, 12]. 
 

Table 1. Chemical composition and lattice constant of the σ phase [6]. 
 

 
The σ phase issues from the phase transformation of δ → σ (δ ferrite to σ phase), wehere it 
precipitatesin the high Cr concentrated region of δ ferrite and is formed directly from δ ferrite 
particles. 
Figures 2a-d show the Time-Temperature-Transformation (TTT) curve of the σ phase of some 
austenitic stainless steel grades. It can be seen that the nose of the TTT curve is located at a 
temperature range of 800 °C ∼ 850 °C, which means that this temperature range has the 
fastest precipitation rate. 

 

 

a) b) 

 

 
c) d) 

 

Figure 2. TTT curves of the σ phase in austenitic stainless steels (B: initial precipitation, H: 

intermediate stage, E: final precipitation stage [6]. 
 
 

In comparison to steel type 19Cr/9Ni (AISI 304), Figure 2a, with a purely austenitic structure 
produced by solution annealing, σ phase precipitates at 0.1 h in steel type 24Cr/13Ni L (AISI 
309 S) which has a higher precipitation rate than because of its higher chromium content, 
lower carbon content and the presence of about 15% δ ferrite in the structure (Figure 2b). In 
the case of steel 25Cr/22Ni (AISI 310), Figure 2c, because of increased carbon (0.11%) and 
nickel contents as well as fully austenitic structure, σ phase precipitation is slowed down to 
such an extent that it is shifted to considerably longer times. Figure 2d shows the effect of 

Alloy Lattice parameters, 

nm 

Composition of phase, wt.% Formula 

Fe Cr Ni Mo Si 

Fe-Cr a0= 0.8799, c0= 0.4544   Fe-Cr 
Fe-Mo a0 = 0.9188, c0 = 0.4812  Fe-Mo 
17Cr-11Ni-2Mo-0,4Ti ─  30 

33 

29 

4.3 
4.5 

5 

9 
5.4 

11 

0.8 
0.7 

─ 

 
17Cr-11Ni-0.9Mo-0.5Ti ─   

316 
a0 = 0.828 ∼ 0.838 

c0= 0.4597 ∼ 0.4599 
55 (FeNi)x(CrMo)y 

316L a0 = 0.921, c0 = 0.478   
20Cr-25-34Ni-6.5-8Mo a0= 0.887, c0=0.461 35/37 17/26 15/21 21/28 ─  
25Cr-20Ni ─ 40 46 9.4 ─ 3  



adding 0.14% nitrogen on the onset of precipitation of the σ phase in low carbon austenitic 
Cr-Ni-Mo steel (AISI 316). The effect of nitrogen is similar to that of carbon where at the 
precipitation of all phases not capable to dissolving nitrogen is shifted by nitrogen towards 
longer times, [6, 13]. 
 

2.1. Morphology of the sigma phase 

The morphologies of σ phase can be classified into dendritic and globular structures. Figures 
3a-d show the morphologies of the σ phase in different types of austenitic stainless steel. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The σ phase morphology can be affected by the degree of deformation. In AISI 309 LSi 
stainless steel (as-casting microstructure) σ phase precipitates in dendrite δ ferrite and this is 
the typical precipitation morphology of the σ phase (Figure 3a). In AISI 304 N stainless steel 
the σ phase is formed by transformation of the δ ferrite to the σ phase and secondary austenite 
due to unsuitable working conditions (Figure 3b). The dendrite σ phase is an unstable 
morphology and can lead to embrittlement of the stainless steels. Furthermore, dendrite like σ 
morphology was observed surrounding the δ ferrite particles, which meant that the δ→σ 
phase transformation occurred partially. 
A lacy structure of the σ phase in as-rolled AISI 316 stainless steel is shown in Figure 3c 
where the σ phase precipitates with a fixed crystallographic direction because of the rolling 
function.  
Figure 3d shows the as-rolled microstructure of the σ phase with a 50% rolling ratio in AISI 
304 stainless steel, and the σ phase exhibits dispersed globular morphologies. This globular 
structure is a stable morphology. 

  

a) b) 

  

c) d) 

Figure 3. Microstructural observation of the σ phase with different working 

conditions in austenitic stainless steels: a) as casting AISI 

309 LSi stainless steel, b) AISI 304N stainless steel, c) as rolled AISI 316 

stainless steel, d) with 50% rolling ratio in AISI stainless steel [6, 14]. 

σ phase 

δ ferrite 

δ ferrite 
 

σ phase 

σ phase 

σ phase 

σ phase 
 

δferrite 
 

γphase 
 



The subsequent rolling process can be used to refine the σ phase particles from an unstable 
dendrite into stable globular morphologies. Hence, the embrittlement of the σ phase is 
decreased in the stainless steels by the subsequent rolling process, [6, 14]. 

2.2. Precipitation sites of sigma phase 

The precipitation sites of σ phase consist of δ/γ interface boundary, triple point, grain corner 
and cellular shape which are shown in Figure 4. 
 

2.2.1. δ/γ grain boundary precipitation 

The σ phase easily precipitates at the δ/γ phase boundary, which is a region with high 
concentration of chromium (Figure 4a). 
The initial precipitation sites are δ/γ interphase 
boundary because it has higher boundary energy 
and many defects are concentrated here. 
Therefore, the precipitation of σ phase takes place 
preferentially at δ/γ boundary, and then 
precipitates toward interior of δ ferrite grain. The 
other precipitation sites were concentrated at δ 
ferrite because σ phase preferred to precipitate at 
a higher Cr content region. 

When the σ phase nucleates at the δ/γ interphase 
boundary, some defects disappear, which releases 
the free energy of the system. Consequently, the 
activation energy barrier to form a coherent 
interface is reduced. Furthermore, the formation 
of the σ phase is strongly affected by the 
coherency and interfacial energy of the δ/γ 
interface. 
This case is typical for austenitic stainless steels. 
 

2.2.2. Triple point precipitation 

The σ phase also precipitates at the triple point of 
the δ ferrite boundary and this precipitation type, 
called the “triple point σ phase” (Figure 4b). 
The precipitation at triple point means the σ phase 
precipitated surrounding δ ferrite, and according 
to some authors, σ phase precipitates first on 
triple points and then on grain faces.  
After long- term aging at high temperature, it also 
forms on the coherent twin boundaries and 
intragranular inclusions. 
 

2.2.3. Corner Precipitation 

The precipitation at grain corner means that σ phase is strongly concentrated and formed at 
the corner of δ ferrite particles (Figure 4b) because the δ ferrite has a high Cr content phase, 
and σ phase prefers to nucleate and precipitate at that point. When the σ phase precipitates at 
the corner of δ ferrite, it consumes the Cr from the δ ferrite particles. 
 
 
 
 

 

a) 

 

b) 

Figure 4. Precipitation of σ phase at: a) δ/γ 

interface boundary and b) triple point, 

grain corner and cellular [15]. 



2.2.4. Cellular Precipitation 
The cellular shape precipitation presents the eutectoid decomposition of δ ferrite into σ and 
secondary austenite (γ2) phases (δ → σ +γ2), Figure 4b. By cellular precipitation σ phase and 
secondary austenite (σ + γ2) precipitate as laminar precipitation in the δ ferrite particles. When 
the eutectoid decomposition of δ → σ +γ2 is finished, the σ phase consumes the Cr, Mo and Si 
from the δ ferrite particles [6, 15]. 
Figure 5 summarises the precipitation sequence of the σ phase in various sites of the austenitic 
stainless steels in a schematic form.  

The precipitation mechanism of the σ 
phase in the as-rolled plate of 
austenitic steel 17Cr-12Ni-2.4Mo 
(AISI 316L) was considered at 
different aging temperatures (Figures 
5a-d). 
Without heating ie. in the case of 
initial state (T0) the δ ferrite with a 
lacy structure precipitates at the δ/γ 
interphase boundaryand γ phase 
(Figure 5a).  
When the aging temperature is 
increased to T1, the σ and γ2 phases 
precipitate in δ ferrite particles (Figure 
5b), and the cellular σ + γ2 also forms 
in δ ferrite particles when the aging 
temperature increases to T2 (Figure 
5c). In this case the σ phase 
precipitates at the triple points and the 
δ/γ interphase boundaries.  
When the aging temperature is 
T3(Figure 5d), the precipitation of the 
laminar σ + γ2 is more expressed than 
at the other aging (annealing) 
temperatures, [6, 10]. 
 

 

3. EFFECT OF THE SIGMA PHASE ON THE PROPERTIES OF AUSTENITIC 

STAINLESS STEELS 

As previously mentioned that the σ phase is hard, brittle and nonmagnetic at room 
temperature, 
therefore it has a negative effect on the mechanical properties. Accordingly, this phase 
increases the hardness and decreases the toughness, as well as the elongation of the austenitic 
steel and also changes the fracture type from transgranular to intergranular as the quantity of σ 
phase increases, [11].  

  

a) b) 

  

 

c) 

 

d) 

Figure 5. Schematic representation of the σ phase 

precipitation in AISI 316L austenitic stainless [10]. 
 

T0 = 0 T1> T0 
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3.1. Formation of brittle region 

The brittle σ phase generally occurs during the 
welding of austenitic stainless steels at a 
temperature interval of 650°C to 900°C and its 
influence on the material embrittlement 
appearance depends on its quantity and 
distribution. 
Since, the precipitation of the σ phase decreases 
the toughness and elongation, the welding energy 
and cooling rate must be controlled during 
welding in order to prevent its precipitation as 
well as the grain growth. 

An embrittlement region of σphase can be shown 
in Schaeffler diagram of Figure 6.  

In Figure 6 it can be seen dark gray region that is prone to occurrence of the σ phase. This is a 
region with the mixed austenitic-ferritic microstructure (A+F). On the other hand, the single 
austenite phase region (A) shows a small embrittlement range of the σ phase. Therefore, the 
possibility of the σ phase is lower in austenitic stainless steels. However, as can be seen in 
Figure 6, increasing the Cr content i.e. Creq can intensify the precipitation of the σ phase, [6]. 

Since one of the most affected mechanical properties of steels by formation of the σ phase is 
impact energy, thus e.g. in Fe-25Cr-20Ni austenitic stainless steel by increasing the time of 
exposure at formation temperature range of σ phase (760°C − 870°C), toughness value 
decreases by 85%. Therefore, a relatively small quantity of the σ phase, when it is nearly 
continuous at a grain boundary, can lead to very early failure of high-temperature parts, [16]. 
 
3.2. Hot cracking  

Hot cracks occur during welding, casting or hot processing at temperatures near the melting 
point of the material. In austenitic stainless steel hot cracking is amplified by segregation of 
silicon, phosphorus, sulphur and formation of low melting eutectics in interdendritic regions. 

As the content of δ ferrite in the weld metal increases, the tendency to form hot cracks 
increases, so in order to prevent it is specified limit of δ ferrite content from 3% to 12% in 
welded joints. In fact, the ferrite must be maintained to a minimum content to avoid 
brittleness in service and also avoid generation of cracks during weldments heating, [17, 18]. 

During the phase transformation δ → σ, it is 
determined that in austenitic stainless steel 
weld metals the hot cracking extends along 
the γ/σ interface boundaries. Therefore, γ/σ 
interface boundaries are an initial fracture 
position of low elongation, whereat crack is 
a beneficial site and acts as a nucleated point 
of the σ phase [19]. 
 

It was also found that σ phase and hot 
cracking appeared along the diffusion zone 
of AISI 316L stainless steel welded joint as 
shown in Figure 7, [20]. 
 
 
 

 
 

Figure 6. Schaeffler diagram showing the 

embrittlement region of the σ phase [6]. 

 
 

Figure 7. Sigma phase distribution and appearance 

of hot cracking in 316 stainless steel welded joint, 

achieved by FESEM – EDX, mag. 300x[20]. 



3.3. Formation of depleted Cr region and reduction of corrosion resistance 
 

The precipitation of the σ phase reduces pitting and intergranular corrosion resistance.  

Pitting corrosion always happens at low Cr content and mainly the austenitic boundary is a 
preferential site for pitting corrosion because the austenite has a low Cr content. However, the 
depleted Cr zone disappears gradually as a function of Cr diffusion, which issues from the 
austenite but not the δ ferrite. Thereby, σ phase always forms at the δ/γ interface boundaries 
and causes the formation of a depleted zone. γ (austenite) and σ phase cause the galvanic 
effect, and the γ is corroded preferentially, leading to a decrease corrosion resistance. 

Generally, the difference in Cr content between the σ phase and secondary austenite 
(chromium depleted zone) increases with annealing (aging) time due to the continuous 
diffusion of chromium into σ phase. As the resistance of austenitic stainless steels to pitting 
corrosion is especially controlled by the content of chromium, molybdenum and nitrogen, the 
potential resistance of steels to pitting corrosion can be estimated using the so-called PREN, 
calculated by formula: 

PREN = % Cr + 3.3% Mo + 16% N       ...(1) 

Therefore, the higher value of PREN indicates the more resistant steel against pitting 
corrosion, [6, 21]. 
 

The fine σ phase has a more obvious effect on intergranular corrosion resistance unlike the 
coarser σ phase, because the fine σ phase forms a network structure at the interface boundary. 
The coarse particles precipitate independently at the interface, so coarse structure of σ phase 
has no influence on intergranular corrosion resistance, [6]. 
 
4. CONCLUSION 

It can be concluded that in the austenitic stainless steel, formation of σ phase at elevated 
temperatures (from 600°C to 900°C) is mainly occured at grain boundaries (δ/γ) and in the δ 
ferrite islands (high Cr concentrated region). σ phase usually precipitates in dendrite of the δ 
ferrite and this is the typical precipitation unstable morphology of the σ phase that can lead to 
embrittlement of the stainless steels, unlike the globular stable morphology. Also, the 
presence of δ ferrite intensifies σ phase precipitation i.e. reduces the incubation period for σ 
phase formation. In general, all of the elements that stabilize ferrite rapidly leads to the 
formation of the σ phase (Cr, Si, Ti, Mo, etc.), while carbon (C) and nitrogen (N) as the 
austenite stabilizing elements retard σ phase formation. So, it is difficult to prevent the 
precipitation of the σ phase when the Cr content is above a certain level (above 20 wt.%) in 
austenitic stainless steels. 

The precipitation of hard, brittle and nonmagnetic σ phase at elevated temperatures not only 
results in harmful influence on the mechanical properties of the material, but also reduces its 
corrosion resistance by removing chromium and molybdenum from the austenitic matrix. In 
the presence of σ phase, the tendency to form hot cracks during welding or heat treatment is 
increased, thereby reducing the toughness and elongation, as well as the formation of the 
chromium depletion zone and thus reducing the corrosion resistance.Therefore, a relatively 
small amount of the σ phase can lead to early failure of high-temperature parts. 
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ABSTRACT 
Thermal properties and microstructure of the Sn-10% Ag and Sn-20% Ag alloys were experimentally 

investigated in this study. Melting behavior of the alloys were studied using differential scanning 

calorimetry (DSC). Microstructure of the alloys was analyzed by optical microscopy. The xenon-flash 

method was used for the measurements of thermal diffusivity, specific heat capacity and thermal 

conductivity in the temperature range from 25 to 150 °C. The obtained results were compared with 

the results of thermodynamic calculation and literature data and relatively good agreement is 

observed. 

 

1. INTRODUCTION 

The multicomponent alloys based on Sn and Ag represent basis for development of Pb- free 

solders [1]. 

It is known that the Sn-Ag alloys have superior mechanical properties such as high strength 

and creep resistance [2]. Regarding the investigations of thermophysical properties, Fima [3] 

studied density and surface tension of liquid Sn-Ag alloys. Thermal, electrical, microstructure 

properties and microhardness of the eutectic Sn-3.5wt.%Ag alloy were investigated by 

Meydaneri et al. [4]. Çadırlı et al. [5] investigated dependence of electrical and thermal 

conductivity on temperature in directionally solidified Sn–3.5 wt% Ag eutectic alloy. 

The calculated phase diagram of the Ag-Sn system [6] is given in Fig. 1. Beside liquid, (Ag) 

and (Sn) solid solution phases it includes ζ and Ag3Sn intermediate phases. Three invariant 

reactions occur in this system. Two of them, appearing at high temperatures, are 

(Ag)+liquid→ ζ and ζ +liquid→ Ag3Sn peritectic reactions. The Sn-rich alloys encounter the 

liquid→(Sn)+ Ag3Sn eutectic reaction, which appears at 221.7 °C. Eutectic alloy has 3.5 

wt.% of Ag. 

 



 
 

Figure 1. Calculated phase diagram of the Ag-Sn system using  

optimized thermodynamic data from [6] 

 

 

The previous studies of mechanical and thermal properties were mainly focused on the Sn–

3.5 wt.% Ag eutectic alloy. As a contribution to a more complete knowledge of 

microstructural and thermal properties of Ag-Sn alloys, in the present study two alloys with 

10 and 20 % of Ag were prepared and characterized using several experimental techniques.  

Microstructure of the samples was analyzed by light microscopy. Melting temperatures were 

measured using differential scanning calorimetry (DSC). Finally, specific heat capacity, 

thermal diffusivity and thermal conductivity of the investigated alloys were measured by 

means of xenon-flash technique in the temperature range from 25 to 150 °C. 

 

2. MATERIALS AND METHODS 

Two Sn-Ag alloys with 10 and 20 % of Ag were prepared by mixing and melting pieces of 

pure Sn (99.99%, Alfa Aesar) and Ag (99.99%, Alfa Aesar) in evacuated quartz tubes. 

Samples were heated at 1000 °C for 30 min. The melts were stirred by shaking the quartz 

tubes several times to ensure the homogenization of the molten alloys and slowly cooled 

inside the furnace. The total masses of the prepared samples were about 4 g. The total mass 

losses of prepared samples were less than 1 mass%, so the nominal compositions of the alloys 

were accepted for further analysis. 

Microstructure analysis of the prepared Sn-Ag alloys was performed by light microscopy 

using the OLYMPUS GX41 inverted metallographic microscope. Samples were prepared by 

classic metallographic procedure without etching. 

Phase transformations and their heat effects were investigated by using simultaneous thermal 

analyzer SDT Q600 (TA Instruments). The DSC instrument was calibrated measuring the 

melting points and the heat of melting of a known mass of standard materials (pure metals: 

Ag, Bi, In, and Zn). Sample’s masses were about 50 mg and heating rate was 5 °Cmin-1. 

Empty alumina crucible was used as a reference material.  



The flash method was applied for determination of thermal diffusivity and thermal 

conductivity. This method was developed by Parker et al. [7]. A heat source such as laser 

(laser-flash method) or xenon lump (xenon-flash method) supplies energy pulse to the front 

face of a thin disk specimen, and the temperature as a function of time at the rear face is 

automatically recorded. Determination of thermal diffusivity is based on following equation 

proposed by Parker et al. [7]: 
2 2
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0.1388

L L

t t
α

π
= =
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where L represents the thickness of the sample and t1/2 is the half-rise time, defined as time 

interval required for the back-face temperature to reach half of the maximal temperature 

value. 

Thermal diffusivity was measured by using Discovery Xenon Flash (DXF-500) instrument 

over a range of temperatures from room temperature to 150 °C. For the purpose of thermal 

diffusivity measurements, the cast Sn-Ag samples were shaped into round disks (12.6 mm in 

diameter and 2 mm thick with plane-parallel ground end faces) using hydraulic pressing and 

annealed at 150 °C to relieve internal stresses created during plastic deformation. Samples 

were placed in a vacuum furnace and heated at a constant rate of 10 °Cmin-1 to a 

measurement temperature. When the furnace temperature was sufficiently stable (temperature 

changes of less than 1° for 60s) the front surface of the specimen was heated by an energy 

pulse from the xenon-lamp. Temperatures of rear face of the samples were monitored using 

the nitrogen-cooled IR detector (InSb sensor). 

After the measurements of thermal diffusivity, thermal conductivity of the investigated 

sample was determined using following fundamental relationship:  

 

· ·Cpλ α ρ=
  …(2) 

 

where λ is thermal conductivity (Wm-1K-1), α is thermal diffusivity (m2s-1), ρ is density (kgm-

3), and Cp is specific heat capacity (Jg-1K-1). Alloy density was derived from the measured 

mass and determined volume of the sample. 

 

3. RESULTS AND DISCUSSION 

3.1.Microstructure observation 

Fig. 2(a) and (b) illustrates the typical microstructures of the Sn–10%Ag and Sn–20%Ag 

slowly cooled alloys, which have nearly followed the corresponding equilibrium 

solidification paths. It can be seen that microstructure of both alloys include large, plate-like, 

faceted crystals of Ag3Sn intermetallic compound (bright areas) in the Sn-rich eutectic (dark 

areas). 

 



 
(a) 

 
(b) 

Figure 2. Optical image of the microstructure showing plate-like grains of Ag3Sn phase 

(bright regions) in the eutectic matrix (dark regions): 

(a) Sn–10% Ag alloy; (b) Sn–20% Ag alloy 

 

The development of bulk, plate-like crystals of Ag3Sn intermetallic compound in slowly-

cooled eutectic Sn–Ag alloys is attributed to the formation and epitaxial growth of fine 

eutectic Ag3Sn crystal nuclei at the leading phase’s surfaces of the primary Ag3Sn crystals 

due to the match in their crystalline orientation relationship [8]. The formation of plate-like 

Ag3Sn crystals has been observed even in the near-eutectic Sn-Ag slowly-cooled alloys [8,9] 

and it is known that it can adversely affect the plastic deformation properties of the solders 

[10]. 



3.2. Differential scanning calorimetry measurements 

The analysis of DSC results was done according to the literature recommendations about the 

interpretation of heat flux DSC thermogram of binary metallic systems [11]. The onset 

temperature of the first DSC peak in the heating process was considered as the temperature of 

the invariant eutectic reaction, and the peak temperature of the second thermal effect on 

heating was selected as the liquidus temperature. DSC heating runs were repeated totally 

three times and average values were calculated based on the results of repeated tests. 

Figs. 3 shows examples of DSC heating curves for the investigated Sn-Ag eutectic alloys.  

 

 

 
(a) 

 
(b) 

Figure 3. DSC heating curve: (a) Sn-10% Ag eutectic alloy; (b) Sn-20%Ag 



 

DSC heating scans for both investigated alloys include one sharp endothermic peak related to 

the apperiance of the (Sn)+ Ag3Sn→ liquid eutectic reaction. The eutectic reaction denotes 

the start of the melting for both alloys i.e. their solidus temperature. The measured onset 

temperature of the eutectic peak is 221.6 °C, which is in excelent agreement with the value of 

eutectic temperature according to the phase diagram of the Ag-Sn system (221.7 °C) 

presented in Fig. 1. Besides DSC peaks related to the eutectic reaction, both DSC heating 

curves include one small peak at higher temperature related to the end of melting of Ag3Sn 

primary phase. These peaks are due to the crossing of the liquidus line. The peak temperature 

for the Sn-10%Ag alloy is 312.4 °C (Fig. 3a), which is in reasonable agreement with the 

calculated liquidus temperature 316.2 °C. For the Sn-20%Ag alloy, measured liquidus 

temperature is 388.8 °C (Fig. 3b) and calculated 382.9 °C. 

Table 1 presents comparison between experimental results and results of thermodynamic 

calculation. Average value of eutectic temperature and latent heat of melting together with 

standard uncertainties evaluated from three repeated tests are presented in Table 1. 

 
Table 1. Comparison between the results of DSC measurements and thermodynamic calculation for 

the Sn–Ag eutectic alloys 

 

 

Alloy 

composition / 

wt.% 

Temperature 

of eutectic 

reaction 

from DSC 

(°C) 

Calculated 

temperature 

of eutectic 

reaction 

from DSC 

(°C) 

 

Heat 

effect of 

eutectic 

transition 

(Jg-1) 

 

Experimentally 

determined 

liquidus 

temperature 

(°C) 

 

Calculated 

liquidus 

temperature 

(°C) 

Sn90Ag10 221.6.±0.1 221.7 53.4±0.1 312.4±0.2 316.2 

Sn80Ag20 221.6±0.1 221.7 48.7±0.1 388.8±0.3 382.9 

 

3.3.Thermal properties 

There are only few studies in literature related to the measurements of specific heat capacity 

and thermal conductivity for the Sn-Ag alloys. Lloyd et al. [12] reported specific heat 

capacity value of 0.220 Jg-1K-1 at 30 °C for the Sn-3.5% Ag eutectic alloy. The published 

value of thermal conductivity for the Sn-3.5% Ag eutectic alloy is 78 W/(m·K) at 25 °C[13].  

The values of thermal conductivity for pure constitutive metals Ag and Sn are attainable in 

the reference literature [14]. Thermal conductivity dependences on temperature for pure Ag 

and low-melting metals Bi, In and Sn are presented in Fig. 4 for comparison. It is known that 

silver has the highest thermal conductivity of all metals (428.0 Wm-1K-1at 20 °C). Tin has 

moderate thermal conductivity (62.8 Wm-1K-1 at 0 °C and 60.7 Wm-1K-1 at 100 °C). 



 
Figure 4. Thermal conductivity of pure polycrystalline metals Ag, Bi, In and Sn as a function of 

temperature from ref. [14] 

 

In this study, thermal conductivity of solid Sn-Ag alloys has been investigated in the 

temperature range from 25 to 150 °C using the flash method. The flash technique 

simultaneously measures thermal diffusivity and specific heat capacity [7,15]. Thermal 

conductivity can be calculated using the density, thermal diffusivity and specific heat 

capacity data for the investigated material (Eq. 2).  

The obtained values of thermal diffusivity, specific heat capacity and thermal conductivity 

for the solid Sn-Ag alloys investigated in the temperature range from 25 to 150 °C are given 

in Table 2. The standard uncertainty (0.68 level of confidence) for the thermal diffusivity 

measurements is ± 2% [7,16]. For the specific heat capacity measurements, the pure tin was 

used as a reference material. The standard uncertainty for the specific heat capacity 

measurements is estimated to be ± 4% [15]. The total standard uncertainty for the thermal 

conductivity is estimated to be ± 8% [16]. 

 
Table 2. Measured specific heat capacity, thermal diffusivity, and thermal conductivity of the 

investigated Sn–Ag alloys in the temperature range 25-150 °C 

 

Alloy Temperature (°C) 
Specific heat capacity 

(Jg-1K-1) 

Thermal 

diffusivity 

(mm2s-1) 

Thermal 

conductivity 

W/(m·K) 

Sn-10% Ag 

25 0.227 43.86 73.7 

50 0.231 42.74 73.08 

100 0.238 40.24 70.89 

150 0.245 37.81 68.57 

Sn-20% Ag 

25 0.227 42.44 73.73 

50 0.230 40.71 71.66 

100 0.237 38.45 69.74 

150 0.244 36.21 67.62 

 



From Table 2 it can be noticed that for both investigated alloys specific heat capacity 

gradually increases while thermal diffusivity and thermal conductivity steadily decrease with 

increasing temperature. The measured values of specific heat capacity and thermal 

conductivity for two investigated alloys are close to each other and somewhat higher than 

those for pure tin. The higher content of silver in the Sn-20% Ag alloy did not result in any 

significant rice of alloy thermal conductivity. Measured specific heat capacity values of the 

investigated alloys from this work are in a reasonable agreement with the reported specific 

heat capacity of the Sn-3.5% Ag eutectic alloy (0.220 Jg-1K-1 at 30 °C) [12]. 

 

4. CONCLUSION 

Based on the obtained results following conclusions can be made: 

a) Microstructure of the slowly-cooled Sn-10% Ag and Sn-20% Ag alloys is consisted of 

long plate-like grains of Ag3Sn intermetallic phase in the Sn-rich eutectic matrix. According 

to the previously published studies, the growth of the long plate-like Ag3Sn crystals is caused 

by the interaction between fine eutectic Ag3Sn particles and primary Ag3Sn particles during 

slow cooling. Phase fraction of Ag3Sn phase increases with increasing silver ratio. 

b) Solidus and liquidus temperatures of the investigated Sn-Ag alloys were determined by 

using DSC technique. Measured temperature of eutectic (Sn)+ Ag3Sn→ liquid reaction is 

221.6 °C, which is in very good agreement with the calculated value. Liquidus  temperature 

inceases and heat of eutectic reaction deacreses with increasing silver ratio. 

c) The xenon-flash method was successfully used for the measurements of specific heat 

capacity, thermal diffusivity and thermal conductivity of the investigated Sn-Ag alloys in the 

temperature range from 25 to 150 °C. The measured thermal conductivities are slightly 

higher than thermal conductivity of pure tin and gradually decrease with increasing of 

temperature. The silver ratio has no significant effect on the thermal conductivity in the 

investigated composition range. 
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ABSTRACT 
Mine development imposes very high technical requirements of the mine hoisting equipment in terms 

of speed of transport. To meet these requirements it is necessary to properly design the structural 

elements of mine hoisting equipment which means that they must have the proper characteristics of 

the materials from which they are made such as mechanical properties. 

The suspension lever is an important fixing part of mining installations export container. Since the 

suspension levers are exposed to dynamic loads during operation, one of the most important test is a 

determination of their dynamical strength. 

This paper presents the determination of the dynamic strength of a new suspension lever and a 

suspension lever that has been in use for several years. Based on these parameters further working 

life of the suspension lever can be determined in order to increase the safety of the entire plant. 

 
1. INTRODUCTION 

The mine hoisting equipmentinstalled in the mine's export shafts has a key link between the 
production underground system and the surface facilities for mineral processing. The mine 
hoisting equipmentincludes the equipment and devices for transport in the mine shafts. The 
suspension lever is an important part of the connection equipment of the export vessels of the 
minehoisting equipment. 
Suspension levers are in use for many years. For this reason, besides the selection of 
materials for the suspension levers, tests such as mechanical tests, testing of stresses that 
occur during operation, non-destructive testing, etc.are very important. 
Mechanical testing gives a fuller insight into the condition of the exploited materials, and on 
the basis of tensile characteristics it is possible to assess the safety and further use of 
connecting accessoriesof export vessels as well as the decision forits replacement with the 
new one made of adequate material [1]. 
During exploitation, the greatest number of damage and failure of many parts and structures 
occurs as a result of fatigue. In this paper, a fatigue test of these elements is presented. 



As the theoretical expression of the parameters of the real state of the structure and 
mechanism of mine hoisting equipmentdoes not provide a completely reliable approach, the 
need for experimental research is indicated. The most common goal of experimental research 
is to measure the real parameters of mine hoisting equipment(force, deformation, stress, 
oscillation time, damping, etc.) and to compare them with theoretical values obtained 
analytically or numerically. 
The main objective of the experimental research is systematic testing of individual structural 
elements of the export container and fixingparts, during operation. The results of these tests 
can be used to determine the working life of this structural element. 
As part of the experimental investigations, the paper investigates the fatigue testing of a new 
and used suspension levers. 
 
2. EXPERIMENTAL TESTING 

Fatigue is the appearance of gradual damage to the material due to the long-term effect of 
periodic dynamic loads or stresses [2]. 
The experimental fatigue tests were performed on a new suspension lever (N) and suspension 
lever that had been in service (E) for about 8 years. 
The supplier of the material of the new suspension levers was the Steel "Smederevo" – 
Smederevo.Testing material wassteel grade S355JR according to EN standard supplied in the 
form of hot rolled sheets 55 mmin thickness. 
According to the available technical documentation, the material of the old suspension levers 
was carbon structural steel grade Č0563 according to JUSC.B0.500 and S355J2G3 according 
to EN standard also in the form of hot rolled sheets 55 mm in thickness [1].Both grades of 
steel are almost with identical chemical composition and belong to structural steels with 
tensile strength (Rm) of 500 MPa to 700 MPa [3]. 
Figure 1 shows the layout of the connecting rod of suspension levers and the location of the 
samples for all mechanical tests(detail –A). 
 

 

Figure 1. Schematic illustration of the suspension lever detailing the sampling point [1] 

 
Tensile tests at room temperature were performed on both types of suspension levers, new 
and exploited material. Mechanical tests were performed on test samples prepared after 
determining the orientation of the grain in the sheet metal of which the suspension levers 



were made.Orientation of the rolling of the sheet metal during its production is very 
significant during fabrication of fitting elements. The properties of rolling material in most 
metals are not always the same in all directions, and it can be observed that the grains in the 
microstructure are oriented in the direction of rolling, i.e. there is a degree of anisotropy. 
After determining the direction of rolling by metallographic method, test sampleswere taken 
in the direction of sheet metal rolling. 
The mean values obtained by the tensile test for both of suspension levers are given in Table 
1. 
 

Table 1. Mean values of tensile tests of suspension levers [1] 

Mark Test temperature, °C Rp0,2,MPa Rm,MPa A, % 
N 20 404,0 550,6 30,5 
E 20 363,7 537,7 29,2 

 
From Table 1 is evident that the values of tensile properties of the new material (N) and 
exploited materialare differ, what is logical.Also, the values obtained by tensile testing, for 
both materials, are within the limits prescribed by the standardBAS EN 10002-1. 
 

2.1. Dynamic testingat room temperature 

Dinamic testing of the exploited and new material of the suspension levers are performed in 
order to obtain the points in the σ-N diagram (Stress-Number curve), for constructing the 
Wöhler curve and determining the dynamic strength Rd[2]. 
The test tubes are made according to ASTM E466 standard. Dynamictests were carried out at 
the Kemal Kapetanović Institute, University of Zenica, at room temperature (20 °C) on the 
high frequency pulsator "AMSLER" which have a range of unidirectional, sinusoidal 
dynamic load from –100 kN to +100 kN, Figure 2. 

 
Figure 2. High-frequency pulsator "Amsler" for dynamic testing [3] 

 



The mean stress and amplitudes stress were registered with an accuracy of ± 50 N. The 
achieved frequency ranged from 160 to 190 Hz, depending on the load sizes and the ratio of 
minimum and maximum load value(R ratio). At a load level lower than the flow stress the 
most common test is performed at a given force amplitude Fa. In order to evaluate more fully 
the behavior of the material under the action of dynamic loading, the thickness of the test 
tube as well as the thickness of the suspension leverwere considered. The dynamic test is 
performed with controled force and the ratio of minimum and maximum load R = 0,1, i.e. 
Fmin / Fmax = 0,1. 
The aim of experimental dynamic tests is to determine the dynamic strength and to evaluate 
the behavior of specimens from suspension levers under dynamic load. Figure 3 provides a 
schematic illustration of the applied dynamic load. 

 
Figure 3. Positive unidirectional dynamic load used for fatigue test, R=0,1[1] 

 
This test only determines the number of load-to-fracture changes at a constant-range load 
effect. The standard only requires information on the intensity of the stresses to which no 
fracture occurs after a number of cycles (typically between 106 and 108 cycles). Standard 
ASTM E468-15 defines the dynamic strength, Rd = Nf after 107 cycles for steel materials 
[4].The results of fatigue testingon the 18 samples are presented in Tables 2 and 3. 
 

Table 2. Results of dynamic testingon exploited (E) material 

Mark Fm, [N] Fmin, [N] Fmax, [N] Fa, [N] 
Stress 

σ, [MPa] 
Number of 
cycles, N 

DG-E-1 12272,7 2231,4 22314 10041,3 396,5 3,34 E+04 

DG-E-2 12272,7 2231,4 22314 10041,3 396,5 4,05 E+04 

DG-E-3 12272,7 2231,4 22314 10041,3 396,5 2,21 E+04 

DG-E-4 10759,4 1956,26 19562,6 8803,2 350,4 1,54 E+05 

DG-E-5 10759,4 1956,26 19562,6 8803,2 350,4 1,84 E+05 

DG-E-6 10759,4 1956,26 19562,6 8803,2 350,4 2,01 E+05 

DG-E-7 9990,31 1816,42 18164,2 8173,9 325,4 5,56E+05 

DG-E-8 9990,31 1816,42 18164,2 8173,9 325,4 8,22E+05 

DG-E-9 9990,31 1816,42 18164,2 8173,9 325,4 7,19E+05 

DG-E-10 9236,92 1679,44 16794,4 7557,48 300,8 1,55E+06 

DG-E-11 9236,92 1679,44 16794,4 7557,48 300,8 2,05E+06 

DG-E-12 9236,92 1679,44 16794,4 7557,48 300,8 1,45E+06 

DG-E-13 8605,08 1564,56 15645,6 7040,52 280,3 8,73E+06 

DG-E-14 8605,08 1564,56 15645,6 7040,52 280,3 9,36E+06 

DG-E-15 8605,08 1564,56 15645,6 7040,52 280,3 1,05E+07 



DG-E-16 8156,94 1483,08 14830,8 6673,86 265,9 0,85E+07 

DG-E-17 8156,94 1483,08 14830,8 6673,86 265,9 1,02E+07 

DG-E-18 8156,94 1483,08 14830,8 6673,86 265,9 1,53E+07 

 
Table 3. Results of dynamic testing on new (N) material 

Mark Fm, [N] Fmin, [N] Fmax, [N] Fa, [N] 
Stress 

σ, [MPa] 
Number of 
cycles, N 

DG-N-1 12290,3 2234,6 22346 10055,7 396,8 3,94 E+04 

DG-N-2 12290,3 2234,6 22346 10055,7 396,8 5,06 E+04 

DG-N-3 12290,3 2234,6 22346 10055,7 396,8 3,02 E+04 

DG-N-4 10759,4 1956,26 19562,6 8803,2 365,2 1,54 E+05 

DG-N-5 10759,4 1956,26 19562,6 8803,2 365,2 1,84 E+05 

DG-N-6 10759,4 1956,26 19562,6 8803,2 365,2 2,01 E+05 

DG-N-7 9990,31 1816,42 18164,2 8173,9 350,4 5,56E+05 

DG-N-8 9990,31 1816,42 18164,2 8173,9 350,4 8,22E+05 

DG-N-9 9990,31 1816,42 18164,2 8173,9 350,4 7,19E+05 

DG-N-10 9236,92 1679,44 16794,4 7557,48 338,2 1,55E+06 

DG-N-11 9236,92 1679,44 16794,4 7557,48 338,2 2,05E+06 

DG-N-12 9236,92 1679,44 16794,4 7557,48 338,2 1,45E+06 

DG-N-13 8605,08 1564,56 15645,6 7040,52 326,3 4,03E+06 

DG-N-14 8605,08 1564,56 15645,6 7040,52 326,3 4,36E+06 

DG-N-15 8605,08 1564,56 15645,6 7040,52 326,3 5,03E+06 

DG-N-16 8156,94 1483,08 14830,8 6673,86 315,8 1,55E+07 

DG-N-17 8156,94 1483,08 14830,8 6673,86 315,8 1,82E+07 

DG-N-18 8156,94 1483,08 14830,8 6673,86 315,8 1,93E+07 

 
Based on the obtained values given in Tables 2 and 3, diagrams σ-N were constructed and the 
dynamic strength was determined. Figures 4. and 5. give the obtained values of dynamic 
strength for the exploited and new material. 

  
Figure 4. Diagram σ-N for exploited 

material(E) withR = 0,1 
Figure 5. Diagram σ-N for new material (N) 

withR = 0,1 

 
The obtained values of dynamic strength Rd at approximately 107 cycles are in the range for 
this type of material, i.e.for both samples. Namely, the dynamic strength of medium-strength 
steels for the fabrication of structural members of coupling accessories ranges from 0,7 to 0,8 
of the yield stress. Therefore,  minimum of the dynamic strength of the exploited material 



would be 254,59 MPa (= 0,7 x 363,7 MPa) to 290,96 MPa (= 0,8 x 363,7 MPa) and is still in 
the required range although closer to the lower value.After107 cycles approximately, the test 
resultsfor dynamic strength were 266 MPa for exploited material (E) and 316 MPa for new 
material (N).  
 

3. CONCLUSIONS 

- The suspension lever is an important part of fixing parts of mine installationsexport 
container, whose functionality and durability must be controlled continuously.  

- One of the very important mechanical tests is the determination of the dynamic 
strength of a new suspension levers and a suspension levers in service, since these 
elements are mainly exposed to dynamic loads. 

- The obtained values of dynamic strength Rd at approximately 107 cycles are in the 
range for this type of material, i.e. for both samples. After107 cycles approximately, 
the test resultsfor dynamic strength were 266 MPa for exploited material (E) and 316 
MPa for new material (N). 

- By comparing the test results after fatigue test of a new suspension leversand 
exploited ones the working life of these element can be predicted, taking into account 
the possible presence of failures, especially cracks. Specifically, above mentioned 
tests must be supplemented by tests related to fracture mechanics parameters under 
dynamic loads. 

- It was also established that the fatigue test is very important for these elements, and 
that even after a long period in service suspension lever can have a value of dynamic 
strength within the required limits and remain in use with regular nondestructive 
testing. 
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ABSTRACT 
Surface roughness is the totality of microgeometric irregularities on the surface of an object and it is 

caused by various factors, from which the most important are machining and processing techniques. 

This characteristic of the material is very important, especially in the case of  high-quality materials 

designed for the demanding conditions of exploitation. 

In this work the tests of surface roughness Nimonic 80A were carried out. The tests were performed 

after the different tehnological phases during processing of Nimonic 80A  using Sutronic 10 

instrument. This instrument work on the principle of ultrasound which measures the aritmetic value of 

Ra, i.e. parameter for determining the surface roughness. 

 

1. INTRODUCTION 

The roughness of a particular machined surface is an important measurable characteristic of 

the quality of final products in the metal industry. It is present regardless of the processing 

method used in the production process. All functional surfaces of the product are the result of 

the application of certain production technology. Products with very good surface quality can 

also achieve plastic processing, especially when it comes to cold plastic processing. 

However, processing in the warm or hot state is characterized by a rougher surface, which 

requires additional machining. 

Superalloys, and therefore Nimonic 80 A superalloys, are severely deformable alloys and 

with each technological operation a different surface texture is formed, ie. different surface 

roughness values. Therefore processing is not continuous and after every operation visual 

inspection of the surface is carried out and, if necessary, the roughness is measured to provide 

insight into the state of wear of tools and processing plants.Also, roughness affects the 

mechanical properties of the material, resistance to wear, corrosion, etc. 

This paper presents the measurement of surface roughness in individual stages of the 

technological process of production of Nimonic 80 A by determination of averagearithmetic 

deviation of Ra as the commonly measured roughness parameter. 

 

2. ROUGHNESS MEASURING 

Surface roughness is measured by means of devices for measuring various roughness 

parameters such as: arithmetic deviation Ra, mean height roughness Rz, maximum height of 

roughness, etc. 

The surface roughness is determined by the following methods [1]: 



- direct or contact methods, 

- comparison techniques, 

- a non-contact methods, 

- three-dimensional measurement. 

Roughness measuring devices are used for rapid measurement the depth of roughness on the 

surface of a test specimento show the average roughness depth Rz and the mean roughness 

value Ra in µm.The devices can be both manual and stationary [2]. 

 

2.1. Roughness classes 

The usage of individual roughness parameters are changed over the years. This was due to the 

development of methods and devices for measuring. Vertical roughness parameters were the 

first parameters measured. Among them, Ra  parameter took the dominant role. It is still 

widely used today. Based on this parameter, the surface roughness is classified into 12 

roughness classes, Table 1. The lower value for Ra indicates the finer quality of the treated 

surface. 

Surface roughness is a consequence of the production process and the result of the treatment 

process. Table 1 shows the different treatment methods and their effect on the surface 

roughness [3]. 

 

Table 1. Effect of different treatment methods to the surface roughness [3] 

Surface roughness classes N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12  

Ra [µm] 
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MANUAL PROCESSING  

-Coarse rasping          

-Fine rasping           

CASTING  

- in the sand              

- in the mold           

- pressure casting         

FORGING  

- warm, free              

- top-stamping          

- cold-stamping            

ROLLING  

- warm          

- cold         

SANDBLASTING            

GAS CUTTING            

TURNING  

-harsh         

-fine           

PLANING  

-harsh           

- fine           

MILLING  

- harsh          

- fine           

GRINDING  

- harsh          

- fine          

POLISHING  

- mechanical           

- electric          



Products with very good surface quality can be obtained by forming, especially when it 

comes to processing in the cold state. However, processing in hot and cold condition poses a 

challenge in terms of high surface quality, and products are generally characterized by rough 

surface, or poor surface quality and higher dimensional tolerances. A representative process 

of hot working is free forging, which is performed on forging machines with the help of 

simple tools, usually by repeating the operation of compacting between flat surfaces. The 

expansion and elongation of the material in all horizontal directions is freely between the 

working surfaces of the tool, resulting in parts with significantly larger dimensional 

deviations and rougher surfaces. 

However, compared to other metal processing technologies, forging has no alternative 

because it provides the ability to produce relatively complicated parts with significantly better 

mechanical and structural properties, high strength and dynamic strength. 

Therefore, the functional surfaces of the material previously formed by free forging are 

subsequently processed by cutting technology. The required quality of forgings during free 

forging is ensured by the proper selection of the forging temperature and the degree of 

forging, that is, the degree of deformation as the basic forging parameters [4]. 

 

2.2. Roughness tester 

To measure surface roughness in manufacturing plants, a visual comparative standard called 

the Rugotest is often used, which allows an expert to evaluate surface roughness by 

comparing it with an etalon.  

As part of this work, testing was performed at the Institute "Kemal Kapetanović", using 

Sutronic 10 by Taylor-Hobson, which measures the mean (arithmetic) value of the roughness 

Ra, Figure 1. The device operates on the principle of ultrasound. This is a pocket electronic 

instrument which is easy to handle. The device scans the surface in a few seconds and shows 

the value of the parameter of surface roughness Ra. The measuring range of the device is 40 

µm and the measurement speed is 2 mm/s [4]. 

 

 
Figure 1. Sutronic 10 device for measuring surface roughness 

 

Above mentioned device was used to measure surface roughness on Nimonic 80A superalloy 

samples after the following processing operations: primary forging, planing, re-planing, 

rolling, machining, thermal processing (recrystallization annealing + precipitating annealing) 

and grinding. 

 



3. ROUGHNESS TESTING AFTER TECHNOLOGICAL TREATMENTS 

The surface roughness depends on the production process and subsequent surface treatment 

process. The surface of the finished superalloy product must meet the specified requirements 

of the materials. Also, the surface must be of high quality during the processing of these 

materials becasue all irregularities and surface defects can cause damage and cracks of the 

material that cannot be repaired. 

The technological scheme of experimental production of superalloy rods is given in Table 2.  

 
Table 2. The sequence of technological operations 

Nr.
Technological 

operation 

Description of the operation The final 

cross section 

1.  Primary forging - 

hydraulic press 200 

t with flat tools 

- Preheating at 600 °C 

- Heating at 1050 °C together with the furnace 

- Holding for 20 min 

- Heating to 1170 °C 

- The forging press with flat tools with a degree of 

reduction up to 10% 

square 

44x450 mm 

2.  Planing the surface 

on the planing 

machine 

-Cutting the head  

- Planing the surface from all four sides 

square 

37x380 mm 

3.  I Secondary forging 

in the press 

- Preheat at 600 °C 

- Heating to 1050 °C 

- Held at this temperature for 20 min. 

- Forging on a straight tool press 

square 

35x400 mm 

4.  II Secondary 

hammer forging 

250kg 

- Preheat at 600 ° C 

- Heating to 1050 °C 

- Held at this temperature for 20 min. 

-Forging hammers with the flat tools 

square 

25x550 mm 

 

5. Planing the surface 

on the planing 

machine 

- Planing the surface from all four sides 

square 

20x550 mm 

6. Rolling 

Rolling mill SKET  

Ø 380 mm 

- Heating of rolling bars at temperature 1170 °C 

- Rolling in the temperature interval from 950 °C to 

1150 °C 

- The rolling speed is about 1 m / s. 

Ø15 mm 

 

Standard heat treatment or recrystallization annealing at 1080 °C / 8 hours was performed on 

rolled bars. Mechanical test tubes were made from annealed rods. At the end the precipitating 

annealing (720 °C / 16 h, air cooling) of test tubes was performed. 

The appearance of the semi-finished products after individual technological operations is 

given in Figures 2 to 9. 

 

  
Figure 2. Billets after forging in the press Figure 3. Billets after planing 



  

Figure 4. Rods after hammer forging Figure 5. Rods after planing 

 
 

Figure 6. Rods after rolling Figure 7. Rods after thermal treatment 

 

 

Figure 8. Machined rods 
Figure 9. Tubes for mechanical testing after 

thermal treatment 

 

Surface roughness measurements were performed after all stages of processing and 

machining and results are shown in Table 3. 

 

Table 3. Results of roughness measurements [4] 

Technology 
Average arithmetic value of 

roughness Ra, µm 
Class of roughness 

Primary forging 4,875 N9 

Planing 0,7 N6 

Forging in the press 5,125 N9 

Forging on a hammer 3,05 N6 

Planing 1,25 N7 

Rolling 3,875 N9 

Thermal treatment 

recrystallization annealing 
3,75 N9 

Machining 1,375 N7 

Thermal treatment 

recrystallization annealing 
0,475 N5 



Polishing 0,2 N4 

 

4. CONCLUSIONS 

Surface roughness is a very important measurable characteristic of the quality of final 

products in the metal industry. Surface roughness is a consequence of the manufacturing 

process and the subsequent surface treatment process. Processing in hot and warm conditions 

presents a challenge in terms of the quality of the surface to be treated. It is generally 

characterized by a rougher surface, that is, a poor quality of the treated surface and higher 

dimensional tolerances. 

The surface roughness condition is usually defined only by the parameter Ra. Based on the 

arithmetic mean of Ra, surface roughness is classified into twelve roughness classes. 

The smaller number of classes reflects the finer quality of the surface being worked. 

Discarding products at the end of the technological process, especially those that are 

expensive and poorly deformable slows down and increases the price of the entire production. 

The highest value of roughness was obtained for this superalloy after forging and the lowest 

value after the final polishing, which is in accordance with the literature. 
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ABSTRACT 
In this paper  were investigated the effect of hydrochloric acid concentration and addition of oxidizing 

agents on the rate of general corrosion of copper.For comparison, the corrosion rate in distilled 

water was also tested.Taffel extrapolation method was used for investigation of general corrosion of 

copper. Taffel extrapolation method implies scanning of working electrode potential on the order of ± 

250 mV in relation to its Open Circuit Potential (EOCP), at the speed of 0.5 mVs-1.Investigations of 

corrosion were conducted in the corrosion cell according to Standard ASTM G5[5], on instrument 

potentiostat/galvanostat, Princeton Applied Research, model 263A-2, with the software 

PowerCORR®. Tests were performed at room temperature, 20 ± 1 °C. 

 
 
1. INTRODUCTION 

Copper is characterized by its high electrical and thermal conductivities and good mechanical 
workability. The metal has been widely used as a material in pipelines for domestic and 
industrial water utilities, heat conductors, heat exchangers, in electronic industries, and 
communications as a conductor in electrical power lines [1]. It is classed with silver and gold 
as a noble metal and can be foundin nature in element form. Copper occurs as two natural 
isotopes 63 Cu and 65 Cu.  

In nature, copper is mainly found in the form of sulfide ores (chalcopyrite-CuFeS2, covelin-
CuS, chalcosin-Cu2S and bornite-Cu3FeS3), oxide ores (cuprite-Cu2O) and carbonate ores 
(malachite-CuCO3·Cu (OH)2 and azurite-Cu (OH)2·2CuCO3) [2].Copper has good corrosion 
resistance.It is completely dissolved in nitric acid, as well as in mineral acids of oxidizing 
character, in acidic solutions of chromium salts and in warm concentrated sulfuric acid. 
Copper is stable in dilute nitric and sulfuric acid. Copper is stable in aggressive organic acids 
[2].Corrosionproducts have a negative effect on heat transfer,and cause a 
decrease in the heating efficiency[3]. 
Generally, copper has high resistance to industrial and marine atmospheres, seawater, 
alkalizes and solvents [4]. However, corrosion of copper may still occur in two circumstances 
[4]: 

1. Pitting corrosion of copper in natural water or less aggressive environments. 



2. Corrosion of copper in corrosive media such as acid or alkaline solution, or te 
presenve of strong oxidizing reagent and complexing ions. 

 
Copper is so sensitive to chloride ions, and eventaraces amount of Cl- ions can cause 
corrosion problem [4].At low chloride concentrations, the dissolution of copper occurs 
through formation of CuCl that transforms to the soluble CuCl2

-by reacting with excess 
chloride. While, at high concentrations, cuprous complexes such as CuCl3

2-and CuCl4
3-are 

formed, in addition to the ones with fewer chlorides such as CuCl and CuCl2- [1]. 

In this paper were investigated the effect of hydrochloric acid (HCl) concentration and 
addition of oxidizing agents on the rate of general corrosion of copper.For comparison, the 
corrosion rate in distilled water was also tested. 

 

2. EXPERIMENTAL PART 

Copper of purity 98,1 %was used for testing.The tests were carried out in the following 
solutions:0.1 M HCl; 0.5M HCl; 1M HCl; 0.1 MHCl + 0.1 M H2O2; 0.1 M HCl without O2 
and distilled water. Taffel extrapolation method was used for investigation of general 
corrosion of copper. Taffel extrapolation method implies scanning of working electrode 
potential on the order of ± 250 mV in relation to its Open Circuit Potential (EOCP), at the 
speed of 0.5 mVs-1.Investigations of corrosion were conducted in the corrosion cell according 
to Standard ASTM G5 [5], on instrument potentiostat/galvanostat, Princeton Applied 
Research, model 263A-2, with the software PowerCORR®. Tests were performed at room 
temperature, 20 ± 1 °C. 
 

3. RESULTS AND DISCUSSION 

Figure 1 and Table 1 shows the effect of concentration of HCl solutions on the rate of general 
corrosion of copper. 

 
Figure 1. Tafel curves samplesof copper 

1 – sample treated in 0.1 M HCl; 2 – sample treated in 0.5 M HCl; 3 – sample treated in 1 M HCl; 4 – sample treated in 
distilled water 

 Table 1. The values of open circuit potential and corrosion current density of copper samples treated 

in HCl   

The type of  HCl solutions Eocp(mV) Corrosion current density, icor. (µAcm-2) 



 
 
 
 
 
 
 
 
Oxygen removal from solution of 0.1 M HCl (sample 0.1 M HCl without O2) was made by 
blowing the solution with pure argon 20 minutes.The results shown in Figure 1 and Table 1 
show that the rate of general corrosion of copper generally increases with increasing HCl 
concentration.Table 1 shows that with increasing HCl concentration there is an increase in 
corrosion currentdensity, a key parameter for estimating corrosion rate, except for 0.1 M HCl 
solution.The fact that the corrosion rate of copper increases with increasing HCl 
concentration is also evidenced by the move of the open circuit potential to negative values in 
proportion to the increase in HCl concentration in all three tested samples (Table 1). 
For comparison, Figure 1 and Table 1 also show the corrosion rate of copper in distilled 
water.The corrosion rate of copper is the lowest in distilled water, which was to be expected. 

Table 1 shows that the corrosion rate of copper according to both tested parameters 
(corrosion current densityand open circuit potential) is highest in 1 M HCl.At this condition 
the copper cations go to the solution (Eq. 1) and then react with chloride ions from the 
solution to form cuprous chloride (Eq. 2) on the copper surface. The formed CuCl does not 
give enough protection to the copper surface and transforms to the soluble copper chloride 
complex, CuCl2

- as can be seen from (Eq. 3) [1, 6-12]. 
 

                                                        Cu = Cu+ + e− (fast)                                                          
(1) 

Cu+ + Cl− = CuCl (2)  

                                                        CuCl + Cl- = CuCl2
−                                                         

(3) 
 
According to our previous work [1], if this formed CuCl2

- is adsorbed on the surface, its 
dissolution into the solution will go as follows, 
 
   CuCl2

−
(surface) = CuCl2− 

(solution)                                                 (4) 
 
 
The formed CuCl2

− might further oxidize to cupric ions according to the reaction; 
 
                                                    CuCl2

−
(surface) = Cu2+ + 2Cl- + e-                                                                (5) 

 
The rate of corrosion of copper in HCl should increase with the increase in the addition of 
oxidizing agents, knowing that copper very poorly corrodes in non-oxidizing acids such as 
HCl.Figure 2 and Table 1 show the results of the influence of the addition of H2O2 and O2 

oxidizing agents on the corrosion rate of copper in HCl. 
 
 

0.1 M HCl  - 1 1 4 , 1 1 8  4 , 9 9 4 · 1 0 1  

0.5M HCl - 1 9 9 , 1 6 0  1 , 6 9 · 1 0 1  

1 M HCl - 2 2 5 , 6 2 3  5 , 1 2 5 · 1 0 1  

0.1 M HCl without O2 - 1 2 5 , 7 1 7  2 , 1 2 6 · 1 0 1  

0.1 M HCl + 0.1 M H2O2 2 8 , 2 3 2  2 , 1 7 7 · 1 0 1  

Distilled water - 3 8 , 2 6 3  3 , 7 7 8 · 1 0 - 1  



 
Figure 2. Tafel curves samples of copper 

 
1 – sample treated in 0,1 M HCl without O2; 2 – sample treated in 0,1 M HCl with O2 (sample 0.1 M HCl in table 1); 3 – 

sample treated in 0.1 M HCl + 0.1 M H2O2 

The results expressed by the corrosion current shown in Figure 2 and in Table 1 show that 
with the addition of H2O2 or O2 in HCl, the corrosion rate of copper is increased.Copper 
corrodes poorly in non-oxidizing acids such as HCl because it has a positive reduction 
potential.This is the reason why the addition of oxidizing agents influence the increase of the 
corrosion rate of copper in HCl. 
 
4. CONCLUSION 

Examining the effect of HCl concentration and the addition of oxidizing agents on the rate of 
general corrosion of copper, it was found that by increasing the concentration of HCl as well 
as by adding the oxidizing agents H2O2 or O2, the corrosion rate of copper was increased.The 
highest corrosion current density was recorded in 1M HCl and the lowest in distilled water. 
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ABSTRACT 
The presented investigation work investigates thermal properties of the ultra-high hardness (UHH) 

armour steel. Steel is distinguished with high hardness and strength. It is sold in the quenched or 

tempered state, because achieving planned hardness which has to be between 590 HB and 640 HB.  

In the frame of the investigation work the analysis of thermal properties of the steel was carried out 

on the device Hot Disk TPS 2200, which works according to the method of transient plane source 

(TPS) method. Measurements were carried out according to the standard ISO 22007. In addition to 

thermal properties we measured hardness and analyzed the microstructure of the steel.  

The study aimed  to determine thermal properties at ambient and at elevated temperatures. The 

results have shown that thermal conductivity increases up to the temperature of 400 °C. Analyzed 

steel can be classified as medium thermal conductive steel with an average value of thermal 

conductivity of 27.17 W/mK at ambient temperature. 
 

 

 

 



1. INTRODUCTION 

The selection of the appropriate armoured material is crucial to ensure the adequate safety 

and mobility transport systems. When selecting or developing the appropriate materials for 

the armour it is necessary to achieve the best possible compromise between the required 

mechanical properties of materials, minimizing the density and the final price of the product 

[2].   

With the appropriate production technology, which includes synthesis, hot forming, heat 

treatment, etc. [3] ultra-high hardness low alloy steel of good functional properties at 

affordable prices can be produced. 

By improving the strength and toughness of the steel the required thickness and the weight of 

the steel shell iarereduced. Such steels are competitive to other materials for the armour [4]. 

Steel SWEBOR Armour 600 can be used in most protection applications i.e. civil armoured 

vehicles, CIT-vehicles, police cars, security doors and walls, bank counters, shoot catches, 

etc.. Steel can be used as the base material for protection or as add-on armour for most 

demanding applications. Regardless of higher hardness steel SWEBOR Armour 600 remains 

easy to handle in the workshop with good bending and welding properties regardless of its 

ultra-high hardness [5]. 

The development of steel armour plate is a complex process. Although guidelines are 

indicating the chemical composition, alloying and heat treatment parameters, the correlation 

between mechanical properties and ballistic protection is still unknown. In the initial stage of 

development, it is necessary to define the main purpose of the use of steel, ie resistance to 

penetration of firearms. An appropriate combination of the following mechanical properties 

plays an important role in achieving this property: hardness, yield stress (Rp0.2), tensile 

strength (Rm), Rp0.2 / Rm ratio (plastic deformation ability), impact and fracture toughness 

and elongation (A5). When exposed to missiles, the armor can absorb kinetic energy. This 

means that the projectile can deflect or deform it. There are three ways of absorbing the 

kinetic energy of a missile [3,6]: 

• by elastic deformation of the material, 

• by plastic deformation of the material, and/or 

• by transferring the kinetic energy of the projectile to the target material. 

The total energy absorbed by the projectile is the product of the energy absorbed per unit 

volume and the volume involved in the deformation. 

The response of materials and structures to intense loading is quite complex. Under load 

conditions that cause vacuum stress, the materials behave elastically and Hook's law applies. 

The behavior of the material in plastic deformations involves large deformations along with 

localized heating. The influence of hardness in projectile penetration depends on the 

deformation rate and the thickness of the plate. The modes of failure on the plates can be 

divided into six mechanisms: penetration with brittle fracture, penetration with plastic 

deformation, flexible, radial fracture, penetration with punching of the plug, penetration with 

crushing of material on the back and penetration with twisting (folding) [6]. 
 

2. BASIC MATERIAL PROPERTIES 

Steel SWEBOR Armour 600 is an ultra-high hardness (UHH) armour steel with extreme 

hardness. Advance alloying system with silicon, nickel, chromium, molybdenum and boron 

with carefully managed production from the melt, rolling to heat treatment sequence give the 

steel  the extreme combination of hardness, high strength, weldability and one of  the most 

advanced ballistic performance properties on the World market [5]. 

The basic material properties of the armour steel SWEBOR Armour 600 are still well known. 

The chemical composition of the armour steel SWEBOR Armour 600 is represented in Table 



1, mechanical properties are collected in Table 2, and microstructure is represented in Figure 

1 [5]. 
 

Table 1. Chemical composition of steel SWEBOR Armour  600  
 

Element Mass % 

C 0.40 

Si 0.80 

Mn 0.60 

Cr 1.30 

Ni 3.00 

B 0.004 

P 0.015 

S 0.003 

 

 

Table 2. Mechanical properties of steel SWEBOR Armour  600  
 

Hardness    590 – 640 HB 

Yield strength RP02, 1550 MPa 

Tensile strength Rm   2100 MPa 

Elongation A5   7 % 

Impact toughness (at testing temperature -40 °C) 13 J 

 

 

Figure 1. Martensitic microstructure of steel SWEBOR Armour 600 (SEM). 
 

3. THERMAL PROPERTIES 

In the frame of the presented research one of the most advanced instruments for determining 

thermal properties, Hot Disk TPS 2200, a product of Hot Disk AB company, Sweden (Figure 

2) [7] was used.   



 

Figure 2. Instrument Hot Disk TPS 2200. 
 

The instrument can be used for determining thermal properties of various materials including 

pure metals, alloys, minerals, ceramics, plastics, glasses, powders and viscous liquids with 

thermal conductivity in the range from 0.01 to 500 W/mK, thermal diffusivity from 0.01 to 

300 mm2/s, and heat capacity up to 5 MJ/m3K. Measurements can be performed in a 

temperature interval between -50 °C up to 750 °C. 

 

 

Figure 3. Measuring sensor sandwiched between two halves of a sample during measurement. 
 

The hot disk measuring method is a transient plane source technique (TPS). Based on the 

theory of TPS, the instrument utilizes a sensor element in the shape of a 10 µm thick double 

spiral, made by etching from pure nickel foil. Spiral is mechanically strengthend and 

electrically insulated on both sides by thin polyimide foil (Kapton ®Du Pont) for 

measurements up to 300 °C or mica foil for measurements up to 750 °C.  

Sensor acts both as a precise heat source and resistance thermometer for recording the time 

dependent temperature increase. During measurement of solids, encapsulated Ni-sensor is 

sandwiched between two halves of the sample and constant precise pre-set heating power is 

released by the sensor, followed by 200 resistance recording in a pre-set measuring time, 

from which the relation between time and temperature change is established. Based on time 

dependent temperature increase of the sensor, the thermal properties of the tested material are 

calculated [8] 
 

4. EXPERIMENTAL WORK 

Measurements and analysis of thermal properties of testing samples from the steel SWEBOR 

Armour 600 (40 x 40 x 10 mm) were performed by standard ISO 22007-2 [9] in the 

Laboratory for Thermotechnical Measurements, Faculty of Natural Sciences and 

Engineering, University of Ljubljana. In Figure 4 are presented results of thermal properties 

measurements with the instrument Hot Disk TP 2200. 



 

Figure 3. Results of thermal properties measurements. 

In Table 3 are presented thermal conductivity and temperature conductivity of steel 

SWEBOR Armour 600 at ambient temperature (approx. 23 oC), and elevated temperatures 

(300 and 400 oC). 

Table 3. Thermal conductivity and temperature conductivity 

Temperature 23 oC 300 oC 400 oC 

Thermal conductivity 27.17 W/mK 33.18 W/mK 36.37 W/mK 

Temperature conductivity 7,55 mm2/s 8.51 mm2/s 8.87 mm2/s 

 

4. CONCLUSIONS 

Steels from the group SWEBOR Armour are distinguished by good mechanical properties 

and excellent armour properties even at small thicknesses.  

The mechanical properties of steel are relatively well known, while data on thermal 

properties were not available, so in the frame of this work its thermal properties were 

determined. 

Measurements of thermal properties were performed by with the standard ISO 22007-2 at 

ambient and evaluated temperatures with the instrument Hot Disk TPS 2200. 

The results have shown that thermal conductivity increases up to the temperature of 400 °C. 

Analyzed steel can be classified as medium thermal conductive steel with an average value of 

thermal conductivity of 27.17 W/mK at ambient temperature, and  36.37 W/mK at 400 oC. 
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ABSTRACT 
Some specific aspects in the improvement processes related to I-beams production, especially related 

to the conversion of classical to the universal rolling mills stands are presented in this paper. One of 

practical solutions in the a.m. conversion is described in some more details, as well as some of better 

designs in the variety of I-beams, concerned with parallel flanged ones. So called INP I-beams have 

tapered flanges v.s. parallel flanges concerned with parallel flanged I-beams, which are very difficult 

to be produced on classical rolling mills stands, but much easier and better to be produced on so 

called universal rolling stands. Since the universal stands are expensive and is very difficult to fix 

(incorporate) them at the existing rolling mills with classical rolling stands, then a conversion of 

classical to the universal rolling mills stands is the cheapest satisfactory solution. One of the a.m. 

solutions is presented in this paper as well.       

 

 

INTRODUCTION 

I-beams are commonly made of structural steel but may also be formed from aluminium or 

other materials, although in this paper, only steel made I-beams will be treated. A common 

type of I-beam is the rolled steel joist (RSJ or INP, namely I-beam normal type, as it is 

common from German practice and standards) – sometimes incorrectly rendered as 

reinforced steel joist. American, British and European standards also specify Universal 

Beams (UBs) and Universal Columns (UCs). These sections have parallel flanges, as opposed 

to the varying thickness of RSJ-INP flanges. Parallel flanges are easier to connect to and do 

away with the need for tapering washers. UCs have equal or near-equal width and depth and 

are more suited to being oriented vertically to carry axial load such as columns in multi-

storey construction, while UBs are significantly deeper than they are wide are more suited to 
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carrying bending load such as beam elements in floors. But parallel flanged I-beams are 

difficult to be produced at the classical rolling stands, and such a production is nowadays 

obsolete. For that requirement, it is necessary to have the universal rolling stands, or to make 

a conversion of the classical rolling stands to the universal ones.  

 

1. THEORETICAL APPROACH TO THE IMPROVEMENTS RELATED TO THE 

PARALLED FLANGED I-BEAMS AND A CONVERSION OF CLASSICAL TO THE 

UNIVERSAL ROLL STANDS   

The following standards define the shape and tolerances of I-beam steel sections. DIN 1025 

[4] is DIN standard which defines the dimensions, masses and sectional properties of hot 

rolled I-beams. The standard is divided in 5 parts:  

• DIN 1025-1: Hot rolled I-sections - Part 1: Narrow flange I-sections, I-series - 

Dimensions, masses, sectional properties 

• DIN 1025-2: Hot rolled I-beams - Part 2: Wide flange I-beams, IPB-series; 

dimensions, masses, sectional properties 

• DIN 1025-3: Hot rolled I-beams; wide flange I-beams, light pattern, IPBl-series; 

dimensions, masses, sectional properties 

• DIN 1025-4: Hot rolled I-beams; wide flange I-beams heavy pattern, IPBv-series; 

dimensions, masses, sectional properties 

• DIN 1025-5: Hot rolled I-beams; medium flange I-beams, IPE-series; dimensions, 

masses, sectional properties 

Corresponding Euro-norms are: 

• EN 10024, Hot rolled taper flange I sections – Tolerances on shape and dimensions. 

• EN 10034, Structural steel I and H sections – Tolerances on shape and dimensions. 

• EN 10162, Cold rolled steel sections – Technical delivery conditions – Dimensional 

and cross-sectional tolerances 

Other: 

• ASTM A6, American Standard Beams [6] 

• BS 4-1, British Standard Beams [7] 

• AS/NZS 3679.1 – Australia and New Zealand standard [8]  

The best view to understand the advantages of parallel flanged v.s. taper flanged I-beams is 

presented at Figure 1.   

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

b a 

Figure 1. The layout of joining by the rivets (above) and by the screws (below) 

for INP (tapered) I-beams-a) and for parallel flanges I-beams-b) [2] 
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In both cases of joining, by rivets and by screws, it is easy to understand better facilitation of 

parallel flanged I-beams. Actually it is the same in case of joining by the welds, sins any 

inserts are not needed, the process of joining is faster and is more simple, what is all very 

important especially in big construction works, like in the shipbuilding, bridges, industrial 

and other high buildings. 

 

As it was mentioned in the INTRODUCTION, parallel flanged I-beams are difficult to be 

produced at the classical rolling stands, and such a production is nowadays obsolete, although 

in some developing countries it is still in process. For that purpose, the finishing pass, in such 

a roll pass design, needs to be done like it is presented in the Figure 2. Such a design is more 

difficult for machining, but as a top of it, the wearing of these passes-rolls is very high and re-

machining is quickly needed, but after 2-3 re-machining, it is also necessary to provide new 

rolls. These disadvantages are avoided by using the universal rolling stands (which are very 

expensive), or by a conversion of the classical rolling stands to the universal ones.  

 

 

 

 

 

 

 

 

 

 

 

Typical 9-passes roll pass design for rolling INP or W (wide flange) I-beams with tapered 

flanges is presented at Figure 3. (on classical rolling mills-stands)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

Figure 2. Design of the open finishing pass-a) and closed one-b) for rolling parallel flanges 

I-beams on classical rolling mills-stands [2] 
 

Figure 3. Typical 9-passes roll pass design for rolling INP or W (wide flange) I-

beams with tapered flanges on classical rolling mills-stands [1] 
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Typical 14-passes roll pass design for rolling parallel flanges I-beams with parallel flanges is 

presented at Figure 4.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparing these two roll pass designs it is easy to understand that the use of the universal 

stands is a great technological advance, but they are much more expensive, and it is difficult 

to incorporate them at the existing (layout) of the rolling mills.    

 

2. PRACTICAL APPROACH TO THE IMPROVEMENTS RELATED TO THE 

PARALLED FLANGED I-BEAMS AND A CONVERSION OF CLASSICAL TO 

UNIVERSAL ROLL STANDS   

As it was mentioned in the heading 1. as well as it is easy to understand  from the Figure 4. 

that the use of the universal stands is a great technological advantage, but they are much more 

expensive than the classical ones, and it is difficult to incorporate them at the existing 

(layout) of the rolling mills. That is why the improvements related to the paralleled flanged I-

beams and a conversion of the classical to the universal roll stands were taking so much time 

and efforts, although especially  in the developing countries, that process still takes place.  

 

From 1936 – 1990 there were around the globe, 8 registered patents [2] in that field, and the 

first author of this article also had registered its own patent application No. 729/90 in 1990 at 

Federal Patent Bureau of (former) SFRJ in Belgrade. That patent application is still pending... 

 

According to that, it is possible, under certain pre-conditions, to make a conversion of the 

classical two-high or three-high rolling stands to the universal ones, and accordingly to get 

the universal pass or passes on them. That is shown at the Figure 5. (one universal pass at 

two-high rolling stand), Figure 6. (two universal passes at three-high rolling stand) and 

Figure 7. (three universal passes at three-high rolling stand). A certain part of the machinery 

needed for that conversion is presented at the Figure 8.  

 

 

Figure 4. Typical 14-passes roll pass design for rolling parallel flanges I-

beams with parallel flanges [3]   
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Figure 8. Certain part of the machinery needed for the conversion of the classical rolling 

stands to the universal ones [5]        
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

A certain part of the machinery needed for that conversion is presented at the Figure 8. and it 

is specified part by part, according to Figure 8. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5. One universal pass at two-high rolling stand [2] 
 

Figure 6. Two universal passes at three-high rolling stand [2] 
 

Figure 7. Three universal passes at three-high rolling stand [2] 
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This original technical solution presented at Figure 8. for the conversion of the classical, to 

the universal rolling stand, with idle vertical rolls, is concerned with a two-high classical 

rolling stand, at a medium section rolling mill, having the ratio L/D>more, or at least equal to 

1.8 (almost 2), where L is horizontal rolls barrel length, and D is the diameter of horizontal 

rolls.        

The equipment (a part of the machinery) needed for that conversion of the classical two-high 

rolling stands to the universal ones, according to the symbols at Figure 8. is consisted of: 

1. Bearing beam 

2. Lower bearing segment for vertical rolls 

3. Upper bearing segment for vertical rolls 

4. Bedding and fixing of vertical rolls 

5. Bolt for fixing bearing segments 2 and 3 

6. Vertical roll (idle) 

7. Horizontal roll (driven) 

8. Inner support for bearing segments 2 and 3 

9. Outer support for bearing segments 2 and 3  

10. Base spacer plate 

11. Additional spacer plate 

12. Grips made of shaped plate for holding the spacer plates 10 and 11, as well as 

inner and outer supports 

13. Entry guide 

14. Delivery guide  

 

 

3. CONCLUSIONS 

The use of the universal stands in rolling mills technology, in I-beams rolling, was or is a 

great technological advantage, especially in parallel flange I-beams rolling, v.s. the use of the 

classical rolling stands, for the same purpose. But they are much more expensive than the 

classical rolling stands, and it is difficult to incorporate them at the existing (layout) of the 

rolling mills. That is why the improvements related to the production process of parallel 

flange I-beams and a conversion of the classical to the universal rolling stands, were taking so 

much time and efforts, although especially  in the developing countries, that process still 

takes place. There are several patents in this field, but none of them is in the universal use-

application regarding the requirement for them, namely on every rolling mill-stand. The 

original solution presented in this paper, is suitable for the application on medium section 

rolling mills, although it could work on heavy section rolling mills.     
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ABSTRACT 
In this paper, we have introduced new contemporary materials for heat harvesting, based on 

thermoelectric effect (or Seebeck effect): rear earth mono-pnictides and graphene. Measure of 

effectiveness for transformation of heat to electricity is represented with zT factor, which measure 

heat harvesting potential. zT factor is related with heat and electric conductivity coefficients. For 

better understanding of these processes, it is necessary to comprehend all mechanisms of electron and 

phonon scattering in thermoelectric materials. Theory of electron and hole (or carriers) scattering 

was introduced trough modified Boltzman transport equation, and theory predicted results are in a 

good agreement with experimental data. 

 
 
1. INTRODUCTION 

Thermoelectric effect is phenomena characteristic for some materials that are capable for 
getting electricity directly from heat. When we place thermoelectric material in some heat 
flux, where on different sides of thermoelectric exist different temperatures – then on those 
sides appear electric potential difference. The effect exhibit many materials, but most 
common are semiconductors (Bi2Re3, PbTe, SiGe) doped with various admixtures to amplify 
effect. The converting heat to electricity efficiency is expressed with dimensionless zT factor 
[1]: 

2

,
S T

zT
ρκ

=
      (1) 



La 

 

 
 

X 

 

Where ρ  and κ  are coefficients of electric resistivity and thermal conductivity, respectively; 
S – Seebeck constant (characteristic of material); T – temperature.  
From the equation (1) one can see that materials with high zT factor must conduct the electric 
current well, but at the same time to conduct heat poorly. These requirements are opposite in 
most materials and for better understanding we must analyze mechanisms of heat and electric 
conductivity, i.e. electron and phonon transport trough crystals. Owing to this, thermal 

coefficient have two components: e phκ κ κ= +
. Although phonons have greater significance 

in heat capacity, for the transport phenomena electrons are of much greater importance [2]. 
The analysis of transport processes in conducting crystals is usually analyzed by solving the 
Boltzmann transport equation in the approximation of the relaxation time. If these processes 
are analyzed micro-theoretically, for example by applying Green's methods [3], then again, 
relaxation times occur as inevitable quantities  and without them transport coefficients of 
interest cannot be determined. The relaxation times can be determined depending on the 
different sizes, e.g. energy (wave vector), concentration of the (quasi)particles involved in 
transport processes, temperatures, etc. The dependence of the relaxation time on temperature 
is especially important, since the desired transport coefficients are determined as a function of 
temperature. This is significant because of the relatively simple experimentally measurement 
of these coefficients and the comparison of their values and behavior with predictions of 
theoretical mechanisms. 
 
2. NEW THERMOELECTRIC MATERIALS: GRAPHENE  

AND RARE EARTH MONO-PNICTIDES  

Graphene is true 2D material [4], made of one-layer carbon atoms, mutually interconnected 
in hexagonal structure, with thickness of just one carbon atom (Fig 1a). Graphite with 
thickness of 1 mm contain about 3 million layers of graphene. Graphene have unique 
properties: it is optically transparent, but also so dense that smallest gas atoms could not get 
through; this is the thinnest but strongest known material; with very high electrical 
conductivity (even better than Cu). The last physical property is the most interesting 
regarding thermoelectric effect. 
The next contemporary materials of interest with thermoelectric potential are lanthanum 
compounds [5], with general formula LaX, where X=P, As, Sb and Bi (Fig 1b), and the most 
potential among them is LaP. Although researchers have shown these materials are still far 
below the characteristics of PbTe (where zT≈2.2) it is considered that with fine-tuning of 
charge carriers concentration and increase of temperatures – they could achieve higher values 
of zT factor.  
 

a      b 
Figure 1. a) graphene; b) lanthanum mono-pnictides LaX 

 



The key role for specific and high electric conductivity is 2D structurally shape, which is 
obviously evident in graphene, but also exist (and one can see and imagine various planar 
structures) in mono-pnictides. Concentration of charge carriers play significant role on zT 
factor, and that is experimentally proved and represented on Fig.2.  

 

Figure 2. zT factor dependence from temperature for various concentration of charge carriers [5] 

It is considered that electrons have planar character of movement when they find themselves 
in homogenous electric filed or in temperature gradient.  Significance for understanding 
electron transport processes laying in transport coefficient and knowledge of electron 
scattering. We will first introduce how are electrical and heat conductance calculated for the 
2D planar structures using Boltzmann equation, and then various mechanisms for electron 
scattering processes are given.  
 
3. APPLICATION OF BOLTZMANN EQUATION  

Final values of transport coefficient are consequence of imperfection of crystal structure. 
Without imperfection in ideal crystals, electric conductivity will be infinite. In equilibrium 
states (without influence of any physical interaction), electrons in graphene have Fermi-Dirac 
distribution 0 ( , )FD Ff f ε ε≡ , where ε is electron energy and Fε is Fermi level energy. In any 

physical field or temperature gradient function of electron distribution changes and depend 
from coordinate and energy (or wave vector) of electron. New function ( , )f r k

rr
 is find by 

solving Boltzmann transport equation in time relaxation approximation. For the stationary 
case, Boltzmann equation become [6]: 

colr k
r f k f I⋅∇ + ⋅∇ =rr

rr &&            (2) 

where colI  is so-called collision integral, and could be expressed through time relaxation as: 

0 1
col

( ) ( )

f f f
I

k kτ τ
−

= − = −r r .     (3) 

Time of relaxation is time measured from the moment of perturbation on system (when 
electron is scattered) to the moment of re-established equilibrium state. This time period is 
very short 10–12 – 10–14 s. Assumptions for usage of time relaxation approximation are that 
|��| ≪ |��|   

and that change of electron energy within one act of scattering very small 
compared with Bk T , ( Bk is Boltzman constant) . Other conditions to implement this 

approximation into kinetic processes are [7,8]: 
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• Wavelength of electron is much smaller when compared with electron mean free path 
�	 ≪ � 

• Uncertainty of electron energy is small compared with electron mean energy ђ 
�	⁄ ≪	 � ̅
• Change of electron energy in external field (E) and at distance of de Broglie wavelength 

(λ) is much smaller from electron mean energy 	≪ 	 �	� 	≅ 	 ��� . 
Electrical conductivity of graphene could be written as [9,10]: 

     
2 2

0

0

( ) ( )
2

F fe v
n dσ ε τ ε ε

ε

∞ ∂ 
= − ∂ ∫ ,      (4) 

where ( )τ ε  is relaxation time; ( )n ε is electron concentration; 

1-

0 e 1Bk Tf

ε µ −
 

= +  
 

is Fermi-Dirac 

function of distribution; µ is electron chemical potential. Here ( )τ ε  is overall time of 
relaxation, which is according Matthiessen's rule [11]: 

1 1

i iτ τ
=∑ ,                  (5) 

where index “i” refers to different mechanisms of electron scattering. Similarly to the 
equation (4), we could calculate heat conductivity coefficient of graphene [12]: 

max

min

2
22

1
( ) ( )

4
e 1

s

B

s

B

k T

s s s s

z B
k T

e v
d

L k T u

ω
ω

ω
ω

κ ω τ ω ω ω
π

=
 

−  
 

∫

h

h

h ,     (6) 

where ( , , )s LA TA ZA∈  refers to phonon polarization branch; zL  - graphene thickness; sω - 

frequency of phonon polarization branch; v and u – are group and phase speed of phonon 
respectively; ( )sτ ω - phonon relaxation time. 

As one can see from equations (4) and (6) transport coefficients depend on relaxation times 
of elementary excitations. Graphene is usually strongly bounded to substrate and mobility of 
electron will depend from charged impurities (generally in SiO2) and (always present on T >0 
temperatures) phonon sub-system. All these processes determine relaxation times and in final 
transport coefficients whose determine electrical and heat conduction properties.  
   
4. RELAXATION TIMES OF ELECTRON SCATTERING   

Processes of electron flow through 2D crystalline structures such are graphene are followed 
by various scattering mechanisms. We will in this paper explain and analyze several 
scattering mechanisms [13,14]: 

• Scattering on neutral impurities. 
For this process relaxation time of electron could be defined as [8]: 

( )

2 2
0 0
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ε
τ ε

= =
h

h h
.             (7) 

• Scattering on charged impurities. 
Mechanism for the scattering processes on charged impurities depends on the type of the 
potential of the impurity. In the case of long-range Coulomb potential relaxation time is 
[15,16]: 
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but for the scattering processes on the charged impurities with screening potential, relaxation 
times is [16]: 
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• Scattering on vacancies. 
We assume that vacancy (empty space in crystalline lattice) have spherical shape. Relaxation 
time is [17,18]: 
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• Scattering on phonons. 
The main difference in scattering processes between impurities and phonons is that number 
of impurities is constant value, and number of phonons is constantly changing. In theory of 
scattering of electrons on phonons, matrix element of scattering is different and relaxation 
time highly depend on temperature [19]. For the �	 ≪ 	���, where 2 /BG p F BT v k k= h  is 

Bloch-Gruneisen temperature (on the temperature above BGT  phonons are degenerate system 

of quasi-particles), relaxation time is: 
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and for the �	 ≫ 	��� relaxation time become: 
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5. THERMOELECTRIC FORCE 

Thermoelectric force is defined with all above defined transport coefficients and 
corresponding relaxation times.  
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where µ  is chemical potential, ( , )x Tτ - relaxation time with x ε µ= −  and dispersion law 

F
v kε = h . We have take into account all mechanisms of relaxation times. For particular 

numerical calculation of thermoelectric force ( equation 13) and for numerical calculation we 
have used available values od parameters in [20,21]. Results are graphicaly showed on Fig.3.  
One can see from the above graph that thermoelectric force arise with the temperature, and 
this result is with good agreement with experimental data [10,22]. 

 



 

Figure 3. Thermoelectric force dependence from temperature for calculated all scattering processes 

6. CONCLUSIONS 

In this paper are presented results of research of thermoelectric properties of rare-earth mono-
pnictides and monolayer graphene. These materials show exceptional efficiency in 
transformation of heat to electric energy, which make them perspective for heat waste 
harvesting (or recovery of heat). 
Although heat transport include electron and phonon mechanism, we have concluded that 
electron transport processes are much more important for thermoelectric properties from 
phonon mechanism and narrowed our research to electron scattering in graphene (or similar 
2D crystalline structure). We have used Boltzman transport equation in time relaxation 
approximation and showed how scattering processes and mechanisms influence onto 
relaxation time and consequently onto electrical and heat conductivity coefficients. We have 
calculated relaxation times for scattering on charged and neutral impurities, on vacancies and 
phonons. All these processes, along with values of charge carrier’s concentrations, 
significantly influence on zT factor and finally on thermoelectric force. We have obtained that 
those parameters increase with temperature, which is in agreement with the available 
experimental data. 
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ABSTRACT 
This paper presents an experimental study to evaluate the possibility of CEM IV 42,5N producing by 

increasing the specific cement surface from 3180 to 3850 cm2/g. In this paper, fly ash is used as a 

cement admixture because fly ash possesses both hydraulic and pozzolanic properties. If one part of 

the clinker, as a major cement admixture, is replaced with a certain amount of fly ash, the pre-

existing deposit of fly ash is reduced, which can eventually give cheaper cement. Also, using more fly 

ash would reduce the emmision of CO2 into the atmosphere. Of course, in order to produce such 

pozzolanic cement, the requirements of EN 197-1 must be satisfied. Test results show that by 

increasing the specific surface of cement, the compressive strength of cement which meets the 

requirements for 42.5N class cement is also increased. 

 

1. INTRODUCTION 

The worldwide aspiration of cement producers is to reduce CO2 emissions into the 

atmosphere. By reducing the clinker content and using fly ash in cement production, it creates 

the possibility of reducing CO2 emissions during production. If the content of clinker in 

cement is reduced, the amount of natural resources required for clinker production will also 

be reduced, and thus the ecological preservation will be positively affected. Also, using more 

fly ash to produce cement opens up the possibility of producing cheaper cement because fly 

ash is a much cheaper material than clinker. 

 

Pozzolanic cement is obtained by grinding Portland cement clinker, gypsum and pozzolan 

whose content varies from 11-55%. According to EN 197-1, pozzolanic cements belong to 

the fourth group of cements (CEM IV) and there are two classes of pozzolanic cement, which 

are [1]: 

                 - CEM IV / A containing 11-35% of pozzolan or fly ash, 

                 - CEM IV / B containing 36-55% of pozzolan or fly ash. 

 

The constituents discussed in this paper are: 
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- clinker produced in the Kakanj cementplant, 

- fly ash of Kakanj thermal power plant. 
 

2. EXPERIMETAL 

2.1. Materials and method 

Clinker is produced by the sintering process of a precisely specified mixture of raw meal. 

Clinker is a hydraulic material that is largely composed of four major minerals that give it 

some reactivity, namely alit (C3S), belite (C2S), tricalcium aluminate (C3A) and tetracalcium 

alumoferite (C4AF). 

 

Fly ash is a silica-alumina material capable of reacting with Ca(OH)2 at room temperature 

and thereby forming compounds having cementic properties. Fly ash consists of fine, 

spherical particles with a fineness similar to that of cement. With these granulometric 

properties, fly ash is capable to reduce the standard cement consistency and improving the 

workability of the cement composite. Depending on the type of coal, fly ash has different 

chemical composition and different properties. 

Bituminous coal ash and anthracite fly ash is pozzolanic (EN 197-1 Type V, ASTM Class F), 

while fly ash generated by the combustion of sub-bituminous coal and lignite is both 

pozzolanic and hydraulic due to its high CaO content (EN 197-1, Type W, ASTM Class C). 

Both types of fly ash contain significant amounts of the amorphous phase. Each type of fly 

ash can have particles of different morphology, different particle size distribution, and glassy 

phase. There are other forms of fly ash separation based on carbon content, reactivity or 

solubility of SiO2 or pozzolanic activity. The fly ash mentioned in this paper belongs to the 

group of calcium fly ash (class W) according to EN 197-1 [2]. 

 

2.2. Test results 

The chemical analysis of clinker and fly ash is given in Table 1, while the mineralogical 

composition is determined by diffractometer and is given in Table 2. In order for technogenic 

industrial waste to be used for cement production, it must meet certain requirements 

according to European standard EN 197- 1 (Table 3) [1]. 

 

 
Table 1. Chemical composition of clinker and fly ash 

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Kloridi 

 % % % % % % % % % 

Clinker 20,46 6,19 3,06 65,81 1,62 1,28 0,11 0,61 0,008 
      Fly ash  45,32 19,34 10,7 16,59 2,45 1,12 0,35 1,43  0,018 

 
Table 2. Mineralogical composition of clinker and fly ash 

 Clinker Fly ash 

Alite (C3S) 63,0 1,24 

Belite (C2S) 14,47 8,67 

C3A 10,67  

C4AF 9,75  

Sl.CaO 0,98 1,00 

Periclas (MgO) 0,14  

Quartz (SiO2) 0,05  

Arcanite (K2SO4) 1,62  

Portlandit 

((Ca(OH)2) 
 1,97 
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Anyhdrite (CaSO4)  1,43 

Mullite (Al6Si2O13)  1,34 

Calcite  0,73 

Hematite (Fe2O3)  1,05 

Magnetite (Fe3O4)  0,90 

Amorphous phase  75,25 

 
Table 3. Requirements for constituents according to EN 197-1 [1] 

 
Requirements EN 

197-1 
Clinker Fly ash 

Reactive CaO >10,0 mas. %  14,65 

Reactive SiO2 >25,0 mas. %  40,05 

Wet sieving 10<x<30 mas.%  28,0 

Activity index  ≥75 %  87,52 

Expansion ≤ 10 mm  1,00 

CaO+MgO+SiO2 ≥66,6 mas. % 87,89  

CaO/SiO2 >2,0 3,22  

MgO <5,0 mas.% 1,62  

Loss on ignition <9,0 mas.%  0,01 

 

The aim of the work was to prepare the existing CEM IV/B - W 32,5N existing pozzolanic 

cement, which is currently being produced in the Kakanj cement plant, to be prepared on a 

higher specific surface area in order to be able to satisfy the requirements for CEM II/B - W 

42,5N. Also, the composition of the constituents remained the same (55% clinker, 41% fly 

ash, 4% gypsum). Table 43 gives the physical-mechanical properties for CEM IV/B - W 

32.5N and CEM IV/B - W 42.5N cements. The specific gravity of the samples is 2.98 g / 

cm3. Also, in the same table are given the physical-mechanical properties for CEM II/B - W 

42,5N produced in the Kakanj cement plant. 

 
Table 4. Physical-mechanical properties of cements 
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1  2  3  7  28  1 2  3  7  28  

  

CEM 

IV/B-W 

42,5N 

0,2 3850 27,0 215 275 2,3 3,6 4,3 6,1 8,2 10,6 21,1 27,5 35,8 48,0 

CEM 

IV/B-W 

32,5N 

1,5 3180 26,2 260 310 1,2 2,0 2,5 3,9 6,6 5,0 9,5 13,9 21,4 39,4 

CEM 

II/B-W 

42,5N 

1,5 3080 26,6 230 275 1,9 2,9 3,9 5,8 8,0 8,3 17,6 21,5 29,0 51,9 
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3.  DISCUSION 

Test results have shown that material treated as industrial waste can be a useful material for 

the production of CEM IV / B - W 42,5N cement. Chemical analysis of fly ash (Table 3.) 

shows that according to EN 197-1, fly ash of the Kakanj thermal power plant belongs to 

calcium fly ash because its content of reactive CaO more than 10 wt. % (14.65) and reactive 

SiO2 content greater than 25% (40,05). The specific ash surface is 2130 cm2/g and the 

specific mass is 2,70 g / cm3. The loss of ignition of ash is 0.01, which is within the limits 

prescribed by EN 197-1 (max. 9% by weight). A high content of the amorphous phase in the 

ash is desirable because the amorphous phase contains reactive alumina-silicates, which 

makes the ash a very valuable pozzolanic material, while the crystalline phases are poorly 

reactive at normal temperatures. In fly ash, the content of the amorphous phase in this work is 

75,25%. Also, the clinker produced in the Kakanj cement plant satisfied all the requirements 

of EN 197-1 (Table 3). 

 

4. CONCLUSIONS 

Increasing the specific surface area of cement can considerably contribute to improving the 

physical and mechanical properties of cement production. As fly ash satisfied all the 

requirements of EN 197-1, it can be stated with certainty that with increasing the fineness of 

CEM IV/B - W 32,5N cement, a compressive strength is obtained which satisfies the 

requirements for CEM II/B - W 42,5N cement according to standard EN 197-1 at 2 days 21,1 

MPa (condition ≥ 10,0 MPa) and at 28 days 48,0 MPa (condition ≥42,5 MPa). The use of fly 

ash for the production of CEM IV / B - W 42,5N cement produces a more environmentally 

friendly cement, since in this case the need to produce more clinker is reduced and thus much 

less CO2 and other gases are released into the atmosphere during clinker production. In this 

case there would be huge financial savings because according to EN 197-1, CEM II/B - W 

42,5N can contain as much as 21-35% fly ash and CEM IV/B - W 42,5N can contain as much 

as 36-55% fly ash, and fly ash as a component is much cheaper than clinker. An additional 

benefit would be the less use of natural resources, which would greatly affect the natural 

environment, and on the other hand would increase the consumption of fly ash and reduce the 

already existing deposition of this material. 
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ABSTRACT 
RDF (Refuse derived fuels) is an alternative fuel that has recently been used in the cement industry as 

a rotary kiln fuel.Generally, RDF is a mixture of different materials which have a certain energy 

value such as paper, textiles, rubber, plastics, household waste, etc.The quality of RDF varies 

depending on the source from whichmentionedalternative fuel is obtained. Exactly the quality of RDF 

has an extremely large impact on the reactivity of cement clinker, which again ultimately has an 

impact on the quality of the final product, ie cement. In this regard, the use of RDF as an alternative 

fuel must be treated with extreme caution because the variations in the RDF quality will affectonthe 

quality of the cement clinker. When it comes to the quality of RDF, we primarily refer to the calorific 

value of the RDF, however beside mentioned parametershould also pay attention to other parameters 

such as chlorine, sulfur, mercury, moisture, ash, etc., which also have a crucial effect on the reactivity 

of the clinker. This paper presents the results of a clinker/cement quality examinationin the case of 

using of RDF and for the case where RDF was not used. 
 

 

1. INTRODUCTION 

 

In recent years, sustainable development and natural resources protection have become global 

issues. Thecement industry, which is known to consume a large quantity of fuels, raw 

materials and energy, has integrated thesetopics into its development policy by promoting 

industrial wastes as raw materials and fuels as a replacementfor virgin materials used during 

the manufacturing process.  

The increasing use of alternative fuels and materials along with the need to reduce the clinker 

factor pose keychallenges for the cement producer. Maximizing the reactivity of the produced 

clinker is one of the key levers inovercoming these challenges. 

Due to the use of alternative fuels and/or raw materials, the quantity of trace metals/minor 

elements incorporatedin the clinker has significantly increased. While the content of the main 
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phases alite, belite, aluminate and ferritephase in a Portland cement clinker depend primarily 

on concentration of the main components CaO, SiO2,Al2O3 and Fe2O3. Minor components 

and trace metals such as MgO, alkalis, SO3, ZnO, TiO2 etc. may alsoinfluence clinker 

formation during the burning process and the subsequent hydration process of cement. 

Thus they could have an influence on clinker and cement quality, for example improvement 

of the burningprocess and/or strength development. However, if present in higher amounts 

they may also have a harmfulimpact on both the cement quality and the production process. 

 

Clinker reactivitycan be primarily defined as the contribution of all the clinker phases after 

hydration toward the compressive strength development, especially at early age. 

 

The fostering of clinker reactivity depends, however, on the main process factors, and on the 

fuels and raw materials characteristics and preparation. As a consequence, a deep evaluation 

of the clinker is required in order to understand the possible weaknesses of the chain of 

production.  

The assessment of clinker reactivity is based on the equipment and methods, which are 

carried out every day at cement plants, which makes it easier for the plant management to 

control the variation in the quality of the cement produced. 

 

By controlling the individual factors in the process and understanding theirimpact, not only 

the clinker reactivity and therefore the strength development can be enhanced.Identifying 

improvement potential and optimizing the clinker reactivity highly contribute to 

thedevelopment of the whole process aiming towards: 

 

� The increased use of alternative fuels, raw materials and cementitious materials 

� The reduction of the clinker - cement ratio with consequent reduction of CO2 

emissions 

� Thermal and electrical energy savings 

� Cement quality enhancement, improving therefore the plant competitiveness in the 

marketthrough higher flexibility by allowing production of different types and classes 

of cement. 

 

Clinker reactivity is a consequence of the suitability of the whole process, the raw meal fine 

grindingand homogenization, the dosing/feeding into the kiln, the burning conditions, and the 

clinker precoolingand cooling, fuel influence etc. 

 

 

 

The main parameters, which impact clinker reactivity have been identified as the following:  

 

1. Alite content  

2. Alite morphology  

3. Aluminate reactivity  

4. Minor constituents  

5. Mineralizers  

6. Alite modifications  

 

The relationship of various factors, which contribute to each of the parameters, have been 

categorized and depicted according to the Ishikawa diagram, see Figure 1. 
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Figure 1. Factors contributing to clinker reactivity 

 

 

2. EXPERIMENTAL TECHNIQUES 

 

A simple and more specific method to compare and evaluate the clinker reactivity is to grind 

up cement clinker together with the optimum calcium sulfate addition (consisting of Gypsum 

– consider Gypsum is not dehydrated in a laboratory mill, or if it is, the released water will 

react with the clinker phases – Bassanite, Anhydrite or a mix) in a laboratory mill to a 

fineness of ±4000 cm2/g (or alternatively to a sieve residue on 45 µm of 5%) and to determine 

the standard mortar compressive strength development according to the standard cement 

testing. 

 

For this research two cement samples were prepared with same clinker and gypsum content 

while the clinker is produced with different fuel composition. Both cements were prepared 

according to quidance concerning clinker reactivity determination where one cement is 

prepared with clinker without addition of RDF (refuse derived fuel) as a fuel while the 

second cement is prepared with clinker with 20% of RDF as a fuel. 

As RDF in this research was used mixture of textille, car shredded residues and paper wich 

chemical and technical analyses presented in the table 1.  

In the table 2. are presented results of physical and mechanical testings of cements which are 

prepared with and without addition of RDF for clinker production. During the preparation the 

target value for specific surface (Blain) was ~ 4100 cm2/g while beside compressive strength 

we folloved tensile strength as well. 

In the table 3. is shown mineralogical composition of two prepared clinkers (with and without 

RDF) and checked the main mineralogical parameters/minerals(C3S, C2S, C3A, C4AF) and 

other minerals which are present in clinkers. 

 

3. RESULTS AND DISCUSION 

 
Table 1. Chemical composition and technical properties of RDF 

Name 
Moisture 

(%) 

C 

(%) 

H 

(%) 

N 

(%) 

S 

(%) 

Cl 

(%) 

Hg 

(mg/Kg) 

Ash 

(%) 

Combustible 

matter (%) 

Lower 

calorific 

Upper 

calorific 
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value 

(KJ/Kg) 

value 

(KJ/Kg) 

RDF 17,5 62,4 9,48 0,69 0,28 1,52 0,0078 7,64 74,86 26824 29263 

 

From the table 1. it can be seen that used of RDF has a quite high calorific value for 

alternative fuels which in combination with basic fuel (coal) allows clinker to be burned 

without any problems. Itis important to mention that content of chlorine is increased and 

could cause blocking of hot meal in the preheater zone. 

Moisture is really important parameter which has a big impact on clinker burning process and 

should be as less as possible. In this case content of 17,5 % it is not too high. 

 

 
Table 2. Physical and mechanical properties of cements 

Clinker reactivity test 
 

C
lin

k
er (%

) 

G
ip

sy
m

 (%
) 

R
D

F
 (%

) 

Specific C
o

n
sisten

cy
 %

 

Seting 

time 
Strength Mpa  

Weight Surface 
In

itial 

F
in

al 

Tensile (days) Compressive (days)  

g/cm3 cm2/g 1  2  7  28  1  2  7  28  

 

 

96 4   3,11 4080 24,60 120 150 3,0 5,7 7,5 8,3 16,4 31,5 49,6 67,3  

96 4 20 3,11 4200 24,30 130 160  3,0 5,5 5,9 6,9 13,1 27,5 48,3 64,2  

 

 

Generally,results of physical-mechanical testings are very similar for both cement samples 

and can`t see any great deviations in values. From the Table 2. it can be noticedthat there is a 

imperceptible difference in compressive strength specially after 28 days. This difference can 

be because of addition of RDF but it can be also result of kiln process management and other 

influencing factors as well. 

 
Table 3. Mineralogical composition of clinker without and with RDF 

Mineral 
Clinker with 

RDF 

Clinker without 

RDF 

Alite (C3S) 57,31 55,08 

Belite (C2S) 20,68 22,56 

C3A 7,27 6,84 

C4AF 12,04 12,82 

Free.CaO 1,79 0,95 

Portlandit ((Ca(OH)2) 0,08 0,08 

 

As we have similar results for cements regarding physical-mechanicalpropertiesso the 

mineralogical composition for both clinkers is about the same with a small difference in free 

CaO. Management of kiln process could be the reason why the free CaO values are different. 

 

 

4. CONCLUSION 

 

From the results presented it can be consluded that: 
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- For the process conditions in which this study was conducted the quality of fuel 

(RDF) has no significant impact on quality of produced clinker and cement.This 

doesn`t mean that RDF`s quality has no impact in different process conditions. 

- At similar value of spacific surface (Blain) for both prepared cement samples we have 

got the setting time and tensile/compressive strengths values with insignificant 

differences. 

- By proper control and kiln process management is possible to producegood clinker 

quality with RDF used as a substitute for fuels in amount of 20% by the fuel mass. 
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ABSTRACT 
The paper examined the changes in properties of conventional castables composed of a mixture of 

calcium-aluminate cement and chamotte caused by changes in the particle size distribution. 

Properties of castable with 20 % cement and „as received“ chamotte were compared with 

castableofparticle size distribution adapted to the calculated distribution using the Andreasen 

equation. Porosity, water absorption, density and strength of samplesafter three-day curing and 

samples fired at 1100 °C were examined. It was found that samples with adjustedparticle size 

distribution gave better results than those prepared with „as received“particle size distribution, 

especially regarding strength.  

 

1. INTRODUCTION  

Castable or refractory concrete isatype of monolithic refractories which can be molded or can 

be given any shape as per requirement.These are dry mix hydraulic compositions of graded 

refractory aggregates with a suitable bonding material (most commonly cement). By addition 

of the prescribed quantity of water to these compositions, a wet concrete-like mass is 

produced which forms useful castables. At room temperature a hydraulic bond develops due 

to reaction of cement with water, but when it is fired at a certain high temperature ceramic 

bond is developed.Conventional refractory castables contain 15 – 30% of calcium-alumina 

cement.  

 

Calcium aluminate cements are the most important hydraulic binder used in castables. 

Castables with these binders develops strength very rapid, and maximal strength is obtained 6 

- 24 hours after casting. In addition to the fact that cement in castables has the function of a 

binder, it is consisted of fineparticles and thus affects the rheological properties of fresh 

concrete mix by providing a long enough time required consistency for concrete installation. 

Nevertheless, the main role of cement is to create hydrated cement phases that provide the 

strength of castable. Cement also can take part in high temperature reactions. The role of the 

cement in the context of particle size distribution is merely as a finely ground fraction [1,2]. 

 

Chamotte is fireclay fired at 1000 - 1200 °C which contains 35 – 50 % Al2O3, while other 

oxides are impurities whose quantity depends on the purity of the raw materials. The higher 

the content of Al2O3, the better the refractory properties of the chamotte. The main minerals in 



chamotte structure are mullite (which provides high refractory properties) and cristobalite. 

Chamotte as an aggregate is most commonly used in conventional refractory castables [1]. 

 

Conventional castables show that their physical, mechanical and thermal properties depend on 

the density of components packing in concrete mix specially on filler content. Particle size 

distribution has become an effective tool in manufacturing of dense castables[2-5]. There are 

certain theories on particle packing which may be used to determinethe optimum particle size 

distribution. One of the mostcommonly used is the Andreassentheory expressedthrough 

equation: 

 

���� = ���	


.  (1) 

 

where is: 

CPFT - Cumulative Percent Finer Than  

d -particle size 

D -maximum particle size 

q - distribution coefficient (q-value). 

 

For castableswith maximum particle size 4mm it was foundthat vibra flow is constant when 

the q-value islower than 0.30, and good free flow is obtainedwhen the q-value is lower than 

0.25 [4]. 

 

A q-value of 0.28 was selected in this paper because examined castable is vibrating type. 

 

2. EXPERIMENTAL 

 

2.1. Materials and methods 

The raw materials used were refractory cement containing 50% alumina REFRO 50, CIMSA 

and recycled chamotte. Chamotte was obtained from previously fired bricks that were 

crushed, ground and sieved. Atomic absorption spectrometry (AAS) is used for determination 

of chemical composition of chamotte. The analysis was run on Perkin Elmer instrument. In 

order to determine the grain size distribution of „as received“ chamottethe procedure of dry 

sieving was used. The sieves 5 mm, 4 mm, 2 mm, 1 mm, 0,5 mm, 0,3 mm, 0,15 mm and 

0,075 was applied. The sieving was performed on sieve shaker for 10 minutes. 

 

Dry castable mixture was consist of 80% „as received“ chamotte and 20% cement. In 

actualparticle size distribution of mixture cement was considered as fraction -75 µm.The 

target particle size distribution of mixture for q = 0.28 was calculated using the Andreasen 

equation.By comparing the actual and the target particle size distribution a deficit of 6 % 

fraction – 75 µm was identified. In order toobtain the target grain size distributionin the 

simplest way possible, 6% of chamotte fraction+1 mm was milleduntil all particles pass 

sievewith diameter 75 µm.In this way, anadjusted particle size distribution was obtained. 

 

Two batches of samples were prepared. The first batch contained samples with „as received“ 

chamotte and the second batchsamples with partially milled chamotte. Both types of 

aggregatewere mixed with 20 % cement and water. The water/cement ratio was 0.5 in both 

batches.The mixed batches were casted into cubes of 70 mm side length using a vibrating 

table for 3 minutes at a frequency of 50 Hz and 1 mm amplitude. The samples were left in the 

molds for 24 hours, and then demolded and placed in a container with water. After 3 days of 

curing in water the cubes were dried in oven at a temperature of 105 ± 5 ºС until reached 



constant mass. A half of the samples were tested under these conditions and a half were fired 

at 1100 °C and then tested. The heating rate below 1000 °C was 10 °C/min and over 1000 °C 

5 °C/min. 

Dried and fired samples were tested for water absorption, bulk density and apparent 

porosity.For each test, the average measurements of two samples were calculated.The samples 

for each test were weighed to get the dry mass. The samples were immersed in water for 1 

hour to 1/3 of height, 1 hour to 2/3 of height and completely immersed until constant mass 

was achieved.The calculation of water absorption, apparent density and apparent porosity is 

performed as follows: 

 

U�	 =	�����
��

	 ∙ 100	   (2) 

 

γ = 	 ��
�����

∙ ρ�                     (3) 

 

P� =	�����
�����

∙ 100	                (4) 

 

where is: 

m1 – mass of dry sample [g] 

m2 - mass of sample saturated with water in water (hydrostatic weighing) [g] 

m3 - mass of sample saturated with water in air [g] 

γ	– apparent density [g/cm3] 

ρv – water density [g/cm3]  

Uv – water absorption [%] 

Pp – apparent porosity [%]. 

 

 

After determination of water absorption, bulk density and apparent porosity samples were 

dried. Each sample was placed between two plates of the compression strength tester. This 

was followed by the application of an axial uniform load. The load at which destruction of the 

sampleoccurs was noted, and strengthwas calculated according to equation: 

 

�� =	��                (5) 

 

where is: 

σc – cold crushing strength [MPa] 

W – maximum load [N] 

A – gross area [mm2]. 

 

3. RESULTS AND DISCUSSION  

 

3.1. Characteristics of raw materials 

Table 1 shows the AAS results related to the chemical analysis of the chamotte. The physical 

properties and chemical composition of cement are summarized in Table 2. 
 

Table 1. The chemical composition of the chamotte 

Component SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O 

Chemical composition (wt. %) 57.3 37.6 1.82 0.01 0.20 1.03 0.15 



 

Table 2. Properties of calcium aluminate cement [6] 

Characteristic Value 

Blaine fineness  ≥ 3000 cm2/g 

Thermal resistance  1450°C 

Specific gravity ≤ 3,0 g/cm3 

Initial set time > 120 min 

Final set time > 150 min 

Compressive strength after 6h ≥ 18 MPa 

Compressive strength after 24h ≥ 60 MPa 

Chemical composition 

Al203 ≥ 49.0 % 

CaO ≤ 40.0 % 

SiO2 ≤ 6.0 % 

Fe2O3 ≤ 3.0 % 

TiO2 ≤ 4.0 % 

MgO ≤ 1.0 % 

 

3.2. Particle size distribution 

Figure 1 shows particle size distributions for first and second batch as well as target curve.It 

can be seen that the grain size distribution of second (adjusted) batch is more closely to target 

curve than first batch. 

 

 

 
 

Figure 1. Particle size distribution of mixturein the first and second batch and target particle size 

distribution 

3.3. Properties of castables 

Table 3 shows bulk density, apparent porosity, water absorption and cold crushing strength of 

the castables with different grain size distribution. 
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Table 3. The results for tested castables 

Thermal treatment 

Property of castable 
Bulk density  

γ[g/cm3] 
Apparent porosity 

Pp[%] 
Water absorption 

Uv[%] 
Cold crashing strength 

σp[MPa] 
I II I II I II I II 

Dried 2.09 2.14 14.2 13.2 6.8 6.2 48 60 

Fired at 1100 °C 1.98 2.05 22.2 20.0 11.1 9.7 42 51 

I – first batch, II – second batch 

 

3.3.1. Effect of particle size distribution on bulk density 

Table 3 and Figure 2 show the relations between bulk density and particle size distribution for 

dried and fired castables. It can be seen that the bulk density increases withchange in particle 

size distribution which ultimately was the point. Second batch contains more fine grains that 

fill voids and thus increase the density. The increase in density is evident in both dried and 

firedsamples. For dried samples this increase is 2.4% and for fired samples 3.5%. 

 

 

 
 

Figure 2. Effect of particle size distribution and thermal treatment on bulk density 

 

3.3.2. Effect of particle size distribution on apparent porosity 

Table 3 and Figure 3 show the effect of particle size distribution on apparent porosity for 

dried and fired castables. Apparent porosity decreases with change in particle size 

distribution. Porosity of dried samples is less than 20% indicating that used chamotte is not 

too much porous because porous chamotte gives a porosity of 25 – 30 % [7]. Increasing the 

density decreases the porosity. For the dried samples the decrease in apparent porosity isabout 

7% and for the fired samples is more pronounced and is about 10%. Increasing porosity in 

fired samples occurs because the hydraulic bond is destroyed upon heating and new mineral 

phases are formed. During this change the open porosity increases [8].  
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Figure 3. Effect of particle size distribution and thermal treatment on apparent porosity 

 

3.3.3. Effect of particle size distribution on water absorption 

Table 3 and Figure 4, which show the relations between water absorption and particle size 

distribution, point that castables from second batch have lower water absorption in both dried 

and fired state. For dried samples decreaseis 9% and for fired samples even 14%. 

 

 

 
 

Figure 4. Effect of particle size distribution and thermal treatment on water absorption 

 

3.3.4. Effect of particle size distribution on cold crushing strength 

Table 3 and Figure 5 show the effect of particle size distribution on cold crushing strength for 

dried and fired castables. Cement provides strength of castable at room temperature, but at the 

temperatures preceding sintering, irreversible destructive processes occur in the cement – a 

liquid low-soluble phase is created, hence fired samples have less strength than dried once 

[5,9,10]. Cold crushing strengthincreases with change in particle size distribution. For dried 

samples theincrease in cold crushing strength isabout 25% and for fired samples is about 

21.5%. 
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Figure 5. Effect of particle size distribution and thermal treatment on cold crushing strength 

 

4. CONCLUSION 

Conventional refractory castable is still widely used. Most of them use chamotte as aggregate 

and calcium-aluminate cement in the amount of about 20% as binder. Particle size distribution 

affects almost all properties of castable. In this paper it is shown that a small intervention on 

the particle size distribution, that is, by increasing the fine fraction by 6% at the expense of 

coarse fractions, can improve the properties of castable. Improvements are evident in both 

dried and fired specimens. The greatest positive effect is on the compressive strength, 

especially in dried specimens. 
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ABSTRACT 
Particle size distribution measurements were performed on ground granulated blastfurnace slag by 

laser diffraction with the powder dispersed in distilled water with sodium hexametaphosphate used as 

dispersing agent, as well as in pure distilled water and propan-2-ol. Two samples of slag with Blaine 

fineness 4700 cm2/g and5500 cm2/g were tested.The results showed significant differences between 

results obtained by using different dispersants. Percentiles dv10 and dv50 are significantly lower 

when propan-2-ol or pure water were used instead of water with SHMP as dispersing agent. 

1. INTRODUCTION 

Supplementary cementitious materials (SCMs), such as ground granulated blastfurnace slag 

(GGBS), fly ash, microsilica, etc. are generally used to produce a sustainable concrete. 

Alongside their chemical properties, fineness and particle size distribution (PSD) of SCMs 

are the most important factors for their performance in concrete [1]. The size distribution of 

cement and SCMs is typically very broad and spanning over two or three decades, from the 

submicrometer range to 100 µm. In the dried state particles are usually highly 

agglomeratedand for that reason they must bedispersed in order to differentiate between 

weakly bound agglomerates and primary units [2].Wet and dry sieving, various sedimentation 

techniques, Blaine and BET methods are traditionally used for fineness evaluation.Majority 

of these techniques are slow, subjected to operator influences and give low 

reproducibility.Recently, laser diffraction emerged as one of the most common techniques for 

particle size analysis. It is based on the general principle that the angle of laser light 



diffracted by a particle corresponds to the size of the particle. Large particles scatter light at 

small angles relative to the laser beam and small particles scatter light at large angles. 

Samples usually contain particles of different sizes, so light diffraction results in a specific 

diffraction pattern.By analyzing such a pattern according to Mie’s diffusion theory of 

light,the exact particle size distribution of the sample can be deduced.There are two 

dispersion techniques for laser diffraction, wet and dry dispersion. In the case of wet 

dispersion, the particles are dispersed in a suitable liquid, with the processes of wetting and 

shear during stirring causing deagglomeration. Also, energy is imparted to the system using 

ultrasonication which disperses agglomerates to the primary particle size of the material. The 

measurements results are influenced by variations in surface chemistry of thepowders, solids 

concentration, the nature of the medium, and theamount of mechanical energy expended to 

break up agglomerates [2,3,4].ISO 13320-1 is a reference for the theory and general operation 

of a laser particle-size analyzer [5]. Required optical parameters(the refractive index and the 

absorption index) for supplementary cementitious materials analysis are presented by Yewel 

et al. [6].The objective of this paper is to provide comparative results of GGBS particle size 

distribution (PSD) tests obtained by laser diffraction in different liquids. 

 

2. MATERIALS AND METHODS 

This study includes analyses of GGBS produced in ArcelorMittal Zenica. Two GGBS 

samples of different fineness were prepared by grinding in laboratory ball mill. Specific 

surface area (SSA) of the samples was 4700 and 5500 cm2/g, respectively, and it was 

determined by automatic Blaine permeabilimeter according to EN 196-6. The chemical 

analysis of the GGBS obtained by X-ray fluorescence (XRF) is shown in Table 1.  

Table 1. Chemical composition of GGBS 
Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI 

% weight 43,33 8,08 0,43 41,59 4,18 1,44 0,10 0,96 0,8 

 

The PSD of the samples was analyzed according to ISO 13320. The Malvern Mastersizer 

2000 with Hydro 2000G dispersion unit was used for wet analysis. Distilled water and 

dispersing agent sodium hexametaphsophate (SHMP) are proposed for GGBS dispersion in 

the reference manual [7]. In addition, GGBS samples were dispersed in distilled water 

without dispersing agent, as well as inpropan-2-ol. Samples were premixed in liquids and 

ultrasonicated for 3 minutes to deagglomerate particle clusters.  

The GGBS optical parameters are: 

• refractive index n=1,62 and 

• absorption coefficient k=1,00 [4].  

 

The optical parameters of dispersants are: 

• refractive index of water 1,330 and 

• refractive index of propan-2-ol 1,390 [4]. 



 

The optical system uses two laser light sources: a He-Ne laser (633 nm) and a solid state 

diode laser with an unspecified wavelength in the blue spectrum.  

 

 

3. RESULTS AND ANALYSIS 

The results of laser diffraction analysis with different dispersants are presented in Table 2, as 

well as in Figure 1 and Figure 2. The volume weighted percentiles are:  

• dv10 – the particle diameter below which 10 % of the sample volume exist, 

• dv50 – the particle diameter below which 50 % of the sample volume exist and 

• dv90 – the particle diameter below which 90 % of the sample volume exist. 

 

Table 2.  Blaine fineness and volume weighted percentiles for GGBS samples 
Blaine 

fineness 

Dispersant dv10 

(µm) 

dv50 

(µm) 

dv90 

(µm) 

4700 cm2/g 

Water 0,95 8,36 40,49 

Water  + NHMP 1,36 10,28 34,35 

Propan-2-ol 1,37 8,24 31,84 

5500 cm2/g 

Water 0,79 6,38 29,27 

Water  + NHMP 1,07 9,21 40,05 

Propan-2-ol 0,97 6,74 37,31 

 

 

Figure 1. Volume weighted percentiles of GGBS (SSA = 4700 cm2/g) 
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Figure 2. Volume weighted percentiles of GGBS (SSA = 5500 cm2/g) 

 

Percentiles dv10 and dv50 are significantly higher when water with SHMP was used as a 

dispersant, while percentiles dv90 show certain inconsistency. Figure 3 shows PSD frequency 

curves of GGBS with SSA= 4700 cm2/g and Figure 4 shows PSD frequency curves of GGBS 

with SSA= 5500 cm2/g.  

 

 

 Water 

 Water +SHMP 

 Propan-2-ol 

 

Figure 3. PSDfrequency curves of GGBS (SSA=4700 cm2/g) 
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Figure 4. PSD frequency curves of GGBS (SSA=5500 cm2/g) 

 

Frequency curves shown in Figure 3 and Figure 4 enable a more preciseidentification ofthe 

differences between the results of measurements influenced by dispersant used. All curves 

shown in Figure 3 presents a major peak at 20-40 µm, while the green curve (propan-2-ol) 

have a second peak at 3-6 µm. The green curve (propan-2-ol) shown in Figure 4 has a peak 

shifted to the lower particle sizes compared to the blue (water) and red curve (water + 

SHMP). The blue curves shown  in Figure 3 and Figure 4 indicate that more particles below 2 

µm are present in both GGBS samples dispersed in water. The green curve shown in Figure 4 

has semi-disconnected peak at 200-600 µm, which can only be explained by reagglomeration 

of particles during ultrasonication. 

 

4. CONCLUSION 

The analysis presented indicated that PSD results obtained by laser diffraction method are 

strongly influenced by the choice of dispersant. It is of major importance that powders should 

be adequately dispersed prior to testing since misleading results are obtained if agglomeration 

of particles takes place. By percentile analyzing it can be concluded that the values of dv10 

and dv50 are significantly lower when propan-2-ol or water without dispersant were used 

instead of water with SHMP as dispersing agent.  Also, GGBS with SSA= 5500 cm2/g has 

tendency to reagglomerate in propan-2-ol. 
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ABSTRACT 
This paper presents an experimental investigation into the effect of nanosilica addition to porosity 

and capillary absorption of concrete. Three concrete mixtures 0%, 2%, and 4% nanosilicaby weight 

of cementweretested.The procedure described in ASTM C642-06 was used to determine the total 

volume of permeable voids.Water absorption and the rate of water absorption (sorptivity) was tested 

in accordance with ASTM C1585-13. The initial and secondary rate of absorption was calculated for 

each mix. Also, concrete compressive strength at 28 days was determined. Testresults indicated that 

the incorporation of nanosilicainconcrete resulted inadecreased volume of permeable voids, total 

water absorption and rate of water absorption, and increased compressive strength at 28 days. 

 

1. INTRODUCTION  

Concreteisthemostwidelyusedconstructionmaterialin the world and is applied indifferent 

environmental conditions.However, after its exposure to some harsh environments, concrete 

can deteriorate and thesubsequent corrosion of reinforcing steel may occur.The process of 

water penetration into concrete is veryimportant for its durability [1]. Water acts as the 

medium by which aggressive agents ingress into the material.Twoprincipal mechanisms 

control the permeation of water within concrete – permeability and absorption [2]. 

Permeability is an indicator that represents steady flow in response to an imposed water 

pressure gradient. However, in reality, concrete is rarely fully saturated, since concrete 

structures are being exposed to wind and sun. The capillary absorption of water 

isthedominant factor in the ingress of aggressive substances into unsaturated concrete [3]. For 

that reason, sorptivity, which is a parameter that characterizes the tendency ofconcrete to 

absorb and transmit water by capillarymechanism, is more appropriate than permeability to 

evaluate concrete durability potential. The rate of water absorptionbyconcrete capillary 

suction can provide useful information related to the pore structureand durability of concrete.  



Sorptivity test is relatively simple and quick test to measure the material property that 

characterizes the tendency to absorb and transmit water by capillaritywhen no pressure of 

water exists. It is measured as the rate of uptake of water [5]. 

Minimizing sorptivity is important to reduce the ingress of potentially harmful agents into 

concrete. It is known thattheaddition of 5-10 % microsilica (by weight of Portland cement), 

decreases sorptivityofPortlandcementcomposites [6-9].Recently, particular attention has been 

given to nanosilica, which hasnoticeably higher reactivity than microsilica. Nanosilica is 

typically prepared by the neutralization of sodium silicate solutions with acidwheresilica 

monomers are allowed to condense to colloidal particles and aggregates. Nanosilica is 

commercially available in both powder and colloidal forms. Compared with microsilica, 

nanosilica affects the properties of concrete owing to its superior reactivity and very small 

particle size.The addition of nanosilica can influence the properties of cement-based materials 

in three ways: the nucleation effect which accelerates the hydration of cement; the filling 

effect, which strengthens the microstructure of the material; and the pozzolanic activity, 

which produces additional C–S–H gel, improving the mechanical properties and durability of 

concrete [10]. Literature survey showed that onlyfewstudies have been conducted to evaluate 

the influence of colloidalnanosilica on concrete sorptivity,a very important indicator of 

durability of concrete structures.Therefore, this study was undertaken to investigate the effect 

of 2 and 4 % nanosilica addition on the concrete porosity, sorptivity, and compressive 

strength at 28 days. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

Ordinary Portland cement type CEM I 52.5 N was used in this study. A commercial slurry of 

colloidal nanosilica (Levasil CB22 by Nouryion Chemicals) containing 30% solids and has a 

density of 1.3 g/cm3was used.The surface area of nanosilica is 220 m2/g and the average 

particle size is 12 nm [12].Crushed limestone with a maximum particle size of 16 mm and 

complying with the requirements of EN 12620-1 [13] was used as aggregate in the concrete 

mixes. A polycarboxylate-based high-range water-reducing admixture(HRWRA) and air-

entraining concrete admixture formulated from modified naturally occurring and synthetic 

surfactants, both conforming to EN 934-2 [14]were used.  

 

2.2. Mix proportions 

Proportions of the reference mix and the mixes containing2% and 4% nanosilica (nS) by 

weight of cement are listed in Table 3. As nanosilica was introduced into mixes in the form of 

a slurry, the same water-binder ratio in each mix is obtainedbyreducing the added water by 

amount contained in the nanosilica slurry. 

Table 3. Mix proportions of the concrete  

Material 0% nS 2% nS 4% nS 

Cement (kg/m3) 400 392 384 

Nanosilica (kg/m3) - 8 16 

Agreggate (kg/m3) 0-4 mm  885 885 885 

4-8 mm  355 355 355 



8-16 mm  530 530 530 

Water (kg/m3) 176 176 176 

HRWRA (kg/m3) 3,2 3,2 3,2 

Air entraining agent (kg/m3) 0,4 0,4 0,4 

 

 

2.3. Mixing procedure 

First, the fine and coarseaggregateswere added to the mixer, followed by dry-mixing with 

cement for 120 s. Then, nanosilica slurry and around 75% of the total amount of water are 

slowly added and mixed for another 120 s. Finally, the remaining mixing water and additives 

(HRWRA and Air entraining agent) were added into the mixer, during the consecutive 

mixing for 180 s. The whole mixing time was 7 min for all the batches. 

 
2.4. Test methods 

After mixing, slump test wascarriedouton each mix in accordance withEN 12350-2 [15]. For 

testing hardened concrete properties cubic samples 100×100×100 mm were prepared. All 

specimens had been demoulded after 24 hours and then stored in water at a temperature of 20 

°C until tests were conducted. At the curing age of 28 days, water sorptivity was measured 

(ASTM C1585-13), as well as density, permeable voids and water absorption (ASTM C642-

06)and compressive strength (EN 12390-3) [16, 17, 18]. 

ASTM C642-06was used to determine the total amount of water absorption and volume of 

permeable voids. The samples at age 28 days were placed in an oven at a temperature of 105° C 

for 48 hours and the mass of each dried sample wasmeasured.After that, the saturated mass of 

samples was determined by immersing them in the water at 20°C for 72 hours.Finally,the 

saturated mass by using immersion in boiling water was determined. Samples were covered by 

tap water and boiled for 5 hours.Thewater absorption and volume of voids were calculated 

using massof dried samples, immersed apparent massofsamples, and immersed and boiled 

saturated mass valuesof samples. 

The rate of absorption (sorptivity)of water was obtained by using procedure described in 

ASTM C1585-13. The schematic procedure of the test is shown in Fig. 1. The test was 

conducted on the specimens of 100×100×50 mm size after 28 days of curing. This test 

method consistsofpreconditioningsamples, followed byexposing the bottom surface of the 

sample to liquid water andmeasuring the increase in mass resulting from water absorption. 

The samples were preconditioned using an oven able to maintain a temperature of 50±2°C 

and a desiccator. The relative humidity is controlled in the desiccator at 80±0.5 % by a 

saturated solution of potassium bromide.All surfaces of the specimen except top and bottom 

were sealed to prevent moisture ingress. Only the bottom surface of thesample was left 

exposed for water penetration. The samples were placed over the water and the level of the 

water was maintained at 2 ± 1 mm. The change in weight after the certain intervals was 

recorded and the normalized absorbed fluid volume (i) was calculatedas: 

� =
��

�� ∙ �	
 

 



where mt is the change in specimen mass at time t, a is the area of the specimen exposed to 

the fluid, and q is the density of the absorbed fluid water.Then, the calculated absorption 

value at each time is plotted against the square root of time (t1/2) to investigate the slope of its 

linear trend, sorptivity. This index is determined in two stages; initial and secondary 

absorption due to the absorption time.  

 
 

Figure 1. Schematic of the procedure in accordance to ASTM C 1585-13 

 

3. RESULTS AND DISCUSSION  

The slump of fresh concrete mixes versus the amount of nanosilica is presented in Fig. 2. The 

data illustrates the direct relation between the nanosilica amount and the workability of fresh 

concrete: with the addition of nanosilica, the slump of fresh decreases linearly. The slump 

reduction is explained by the fact thatthe specific surface area of silica particles is larger than 

that of cement, and it absorbs more water. 

 
Figure 2.Slump of concrete mixes at different nS additions 

 

Porosity (volume of permeable voids)and water absorption of hardened concreteare presented 

in Fig. 3 and Fig. 4, respectively. It can be seen that with the addition of nanosilica, both 

volume of permeable pores and water absorption of concrete decreases. 
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Figure 3. Volume of permeable pores of concrete at different nS additions 

 

 

 
Figure 4. Water absorption of concrete at different nS additions 

 

 

After samples were conditioned for 18 days (3 days in a desiccator and 15 days in a sealed 

container), testing was performed in accordance with ASTM C1585-13, with results provided 

in Figure 5. In addition, Figure 6 shows the calculated initial sorptivityand secondary 

sorptivity from these tests. 
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Figure 5. Cumulative water absorption of concrete at different nS additions 

 

 

It can be seen from Fig. 5 and Fig.6 that sorptivity values decreased with the inclusion of 

nanosilica as cement replacement. 

 

 

 
 

Figure 6. Water absorption coefficient of concrete at different nS additions 

 

The average compressive strength of the tested mixturesat 28days are given in Fig. 7.The 

results show that the addition of nanosilica is beneficial to the compressive strength of 

concrete. Compressive strength at 28 days of nanosilicamodified concrete increases for 9,6% 

at 2% nanosilica, and for 13,7% at 4% nanosilica.  
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Figure 7. Compressive strength at 28 days of concrete at different nS additions 

 

Theprobable explanation of porosity and sorptivity decreasing and compressive strength 

increasing is the positive effect of nanosilica on cement hydration. It is well known, due to 

the nucleation effect of nanosilica, the formation of C–S–H phase is no longer limited on the 

grain surface alone.For that reason, the hydration degree of cement is higher and more pores 

(the week points in the structure of concrete) can be filled by the newly generated C–S–H 

phase [19].  

 

 

4. CONCLUSION 

 

The following conclusionsare drawn from the study: 

• The addition of nanosilica to cementitious mixes produces a remarkable reduction of 

the mix workability.  

• Volume of permeable pores and water absorption of concrete decreases with 

nanosilica addition, as well as initial and secondary sorptivity. 

• At 2% nanosilica addition, volume of permeable pores is reduced for 5,8%, water 

absorption for 5,5%, initial sorptivity for 0,1%, and secondary sorptivity for 39,3%. 

• At 4% nanosilica addition, volume of permeable pores is reduced for 7,6%, water 

absorption for 8,5%, initial sorptivity for 22,6 %, and secondary sorptivityfor 45,3%. 

• Compressive strength at 28 days of nanosilicamodified concrete increases for 9,6% at 

2% nanosilica, and for 13,7% at 4% nanosilica. 
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ABSTRACT 
In this paper, the influence of Na2SiO3 /NaOH ratio on the compressive strength of fly ash - based 

geopolymers was tested. The fly ash from thermal power plant Stanari near Doboj, BiH is used.The 

ratio of alkali activator to fly ash (AA / FA ratio) was constant in all samples and it was 0.8. A 12M 

NaOH solution was used. The heat treatment temperatures of the samples were 60, 70 and 80 ° C. 

The samples are made of fly ash and alkali activators, without the addition of aggregates, so they are 

geopolymer pastes. The compressive strengths after 1, 7 and 28 days from the thermal treatmentwere 

tested. The obtained values of compressive strengths, especially after 1 and 7 days, are far above the 

compressive strengths of cement. 
 
 
1. INTRODUCTION 

After water, concrete is the second most used material in the world, and cement is one of the 
components in concrete. However, cement production requires large amounts of raw material, 
mainly limestone and clay. During cement production, carbon dioxide is emitted into the 
atmosphere. During the production of 1 ton of cement, approximately 1 ton of CO2 is emitted 
into the atmosphere. If we take that the world production of cement is about 4.18 billion tons, 
then it can be seen that during the production of cement, the same amount of CO2 is released 
into the atmosphere. From the world's total annual CO2 emissions, 5% is accounted for by 
cement production.[1] 
Based on the above, due to the increase in concrete consumption, there is an increase in 
cement production, which results in increased environmental pollution and global warming. 
In addition to all greenhouse gases, carbon dioxide causes 65% of global warming. 
Over the past 20 years, geopolymers, also known as mineral polymers or inorganic polymers, 
have attracted much attention as a promising new form of inorganic polymer material that 



could be used as a replacement for conventional or ordinary Portland cement (OPC). The 
development of geopolymer cement is an important step towards the production of 
environmentally friendly cements. 

Geopolymers are inorganic polymers with a chemical composition similar to natural 
zeolite materials, but their structure is amorphous.The name of geopolymer was proposed by 
Joseph Davidovitsin 1978. According to Davidovits, geopolymers are inorganic, solid stable 
polymeric materials which are transform, polymerize and hardening at low temperatures, in 
the presence of acidic or alkaline activators. 
Geopolymerization involves a heterogeneous chemical reaction between aluminosilicate 
oxides and solutions of alkali metal silicates and hydroxides under highly alkaline conditions 
and moderate temperatures to give amorphous to polycrystalline polymer structures, 
consisting of Si-O-Al and Si-O-Si bonds.[2] 
In this regard, as the technology of geopolymer synthesis is based on the alkalization of the 
source material containing mainly silicon (Si) and aluminum (Al) in amorphous form, the 
similarity of some fly ash to natural aluminosilicates (due to the presence of SiO2 and 
Al2O3in the ash) has encouraged geopolymerization as a potential technology for cement 
production with specific characteristics. 
Fly ash (LP) is a waste material generated in coal-fired thermal power plants, which is 
separated from waste gases by means of electrostatic and bag filter devices. The testing work 
of Thermal Power PlantStanari started at the beginning of 2016. This is the first TPP that 
combusts crushed coal, not pulverized coal. In this TPP, coal is burned in a fluidizing layer at 
a lower temperature (850 to 870 ° C), from the temperature of the furnace for pulverized coal. 
Fly ash is collected on a bag filter and then deposited in a fly ash silo.[5] 
The most commonly used alkaline component in geopolymerization is a combination of 
sodium hydroxide (NaOH) or potassium hydroxide (KOH) and sodium silicate or potassium 
silicate. The type and concentration of the alkaline solution affects the dissolution of the fly 
ash. 
Studies conducted by Bakri, Kamarudin et al. (2011) found that 12 M NaOHsolution gives 
the highest compressive strength. This result is consistent with previous studies where 12 M 
NaOHsolution gave better results than NaOH solutions of higher concentration. According to 
the findings from such research, a lower polymerization rate is obtained due to the high 
concentration of NaOH, which results in a decrease in strength. In contrast, other studies have 
found that increasing the molarity of NaOH also increases the compressive strength of 
geopolymers.[3] 
In alkalizing fly ash, an elevated temperature is necessary for a reaction to occur at all. 
Mixtures with fly ash (as raw material) have a high activation energy, so in order for the 
reaction to start at all, this energy needs to be brought to the system in the form of heat. The 
geopolymerization reaction itself is exothermic, which is why heat is released during 
bonding, which can cause water to evaporate from the system. Water loss during the early 
stages of the reaction will result in poor mechanical properties, and therefore samples must be 
stored in hermetically sealed containers / molds. 
The geopolymerization process involves a significantly rapid chemical reaction under 
alkaline conditions on Si-Al minerals resulting in three-dimensional polymer chains and a 
ring structure consisting of Si-O-Al-O bonds. 
According to J. Davidovits, the mechanism of geopolymerization consists of the following 
steps: 
1. Alkalization of raw materials 
2. Depolymerization of aluminosilicates 
3. Formation of oligo-sialate in gel 
4. Polycondensation (growth of molecules) 



5. Reticulation (networking or networking) 
6. Hardening of geopolymers. 
 
These processes generally take place simultaneously. Aluminate and silicate products are 
formed by dissolving solid aluminosilicate material through the process of alkaline hydrolysis 
with the addition of water. After dissolution, aluminosilicate products are formed, and a 
mixture of silicates, aluminates and aluminosilicates is formed. At high pH, the 
aluminosilicate dissolves rapidly and a supersaturated aluminosilicate solution is formed, 
leading to the formation of a geopolymer gel. During this process, water is released. After the 
gelling process, the system is further rearranged and reorganized with the formation of 
aluminosilicate structures characteristic of geopolymers. 
 
2. MATERIALS AND METHODS 

 

In this paper, the influence of the Na2SiO3 / NaOH ratio on the compressive strength of fly 
ash - based geopolymers from thermal power plant Stanariwasinvestigated.The fly ash from 
TPP Stanari, BiH, 12M NaOH solution and commercially water glass are used as material. 
The chemical analysis of the fly ash TPPStanari is shown in Table 1, and its granulometric 
composition is shown in Figure 1. 
 

Table 1. Chemical composition of fly ash from TPP Stanari, B&H[5] 

Component SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O CO2 SO3 LOI 
Content(%) 48,38 23,49 7,51 11,48 2,76 0,117 0,69 1,79 0,09 2,15 1,543 

 

 
Figure 1.Granulometric composition of fly ash[5] 

 

From Figure 1 it can be seen that particles of fly ash range from 1 to 100 microns. The 
most of particles is about 50 microns in size. 

12 M NaOHsolution was made in the Laboratory for Analytical Chemistry of the 
Metallurgical and Technology Faculty in Zenica. 



Commercially water glass is used in the examination whose characteristics are shown 
in Table 2. 
 

Table 2. Characteristics of commercially water glass 

Characteristics Values  
SiO2(%) 25,0 – 27,5 
Na2O (%) 11,5 – 12,5 
Al2O3 + Fe2O3(%) Max 0,3 
Fe (%) Max 0,02 
Density (g/cm3) 1,40 – 1,45 
Insoluble substances in water Max 0,15 
Module (SiO2/ Na2O) 2,0 – 2,4 

 
For the preparation of the samples, the ratio AA / FA = 0.8 was used, while the 

Na2SiO3 / NaOH ratio was 2, 2,5 and 3. The samples were manually blended and vibrated on 
a vibrating table for 10 minutes. The binding process is exothermic so the samples must be 
hermetically closed. After 24 h, the samples were taken out of the mold and wrapped in nylon 
bags, as shown in Figure 2. The wrapped samples were kept in the oven for 24 hours at 
activation temperatures of 60, 70 and 80 0C. 

 
 

 

 
 

Figure 2. Prepared of samples 

 
After temperature activation, the samples were taken out from the bags and kept at 

room temperature. The compressive strength of the samples was tested after 1, 7 and 28 days 
after thermally treated.  

 



 

Figure 3.Geopolymer samples that have undergone heat treatment 

 
3. RESULTS AND DISCUSSION 

As already mentioned in the test, the ratio AA / FA = 0.8 was used, while the ratio 
Na2SiO3 / NaOH was 2, 2.5 and 3. The prepared samples were marked as shown in Table 
3. 
 

Table 3. Marks of prepared samples 

Sample 
mark 

AA/FA 
ratio 

Na2SiO3 / 
NaOH 
ratio 

Treatment 
temperature 

A60 0,8 2 60 °C 
A70 0,8 2 70 °C 
A80 0,8 2 80 °C 
B60 0,8 2,5 60 °C 
B70 0,8 2,5 70 °C 
B80 0,8 2,5 80 °C 
C60 0,8 3 60 °C 
C70 0,8 3 70 °C 
C80 0,8 3 80 °C 

 
The compressive strength of the samples was tested after 1, 7 and 28 days, and the values of 
compressive strengths are shown in Table 4. 
 

Table 4.Compressive strengths of samples tested after 1, 7 and 28 days prepared at ratio AA / 

FA = 0.8 and Na2SiO3 / NaOH ratio = 2, 2.5 and 3 

Uzorak 
Pritisna čvrstoća (MPa) 

1 dan 7 dana 28 dana 
A60 25.85 29.3 29.4 
A70 28.9 31.45 32.4 
A80 22.95 26.95 30.1 
B60 23.0 31.4 34.55 
B70 33.5 31.35 40.7 
B80 27.8 27.25 38.25 
C60 21.1 56.6 34.4 
C70 23.9 49.65 51.6 
C80 18.6 46.6 38.8 



The dependence of compressive strength after 1 day on the test temperature and the Na2SiO3 / 
NaOH ratio is shown in Figure 4. 

 

Figure 4.Dependence of compressive strength after 1 day on test temperature and Na2SiO3 / 

NaOH ratio 

 

It can be seen from Figure 4 that the compressive strength is highest in samples treated at a 
temperature of 70 ° C. The highest compressive strength after 1 day has a sample with a ratio 
of Na2SiO3 / NaOH= 2.5 which was thermally treated at a temperature of 70 ° C which is 
33.5 MPa. In samples treated at 60 ° C, the compressive strength decreases after 1 day with 
increasing Na2SiO3 / NaOHratio. The compressive strength of samples treated at 
temperatures of 70 and 80 ° C show the highest compressive strength at the ratio Na2SiO3 / 
NaOH= 2.5. It can also be concluded that all tested samples have high compressive strengths 
after 1 day ranging from 18.6 to 33.5 MPa. 
 
Figure 5 shows the compressive strengths of the samples tested after 7 days depending on 
theNa2SiO3 / NaOHratio and temperature. 
 

 
Figure 5. Dependence of compressive strength of samples after 7 days on test 

temperature and Na2SiO3 / NaOH ratio 
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From Figure 5 it can be seen that the compressive strengths of the samples tested after 7 days 
increase with increasing Na2SiO3 / NaOHratio. The highest value of compressive strength has 
a sample that was treated at a temperature of 80 ° C and whose ratio is Na2SiO3 / NaOH = 3 
and is 56.6 MPa. If samples with the ratio Na2SiO3 / NaOH = 3 are observed, it can be 
noticed that with increasing temperature of thermal treatment, the compressive strength 
decreases. It can also be concluded that all tested samples have high compressive strengths 
ranging from 26.96 to 56.6 MPa. 
 

Figure 6 shows the dependence of the compressive strength of the samples after 28 days on 
temperature andNa2SiO3 / NaOH ratio. 
 

 
Figure 6. Dependence of compressive strength of samples after 28 days on temperature 

and Na2SiO3 / NaOHratio 

 

It can be seen from Figure 6 that the compressive strength of the samples increase with 
increasing Na2SiO3 / NaOH ratio and at a temperature of 70 ° C. Samples treated at a 
temperature of 70 ° C have the highest value of compressive strength. A sample treated at 70 
° C and having a Na2SiO3 / NaOH = 3 ratio has a compressive strength after 28 days of 51.6 
MPa. It can also be concluded that all tested samples have high compressive strengths 
ranging from 29.4 to 51.6 MPa. 
 
4. CONCLUSIONS 

 
Based on the obtained results, the following can be concluded: 
• The highest compressive strength of the samples tested after 1 day has a sample with the 
ratio Na2SiO3 / NaOH= 2.5 which was thermally treated at a temperature of 70 ° C which is 
33.5 MPa. 
• The highest value of compressive strength of samples tested after 7 days has a sample that 
was treated at a temperature of 80 ° C and whose ratio is Na2SiO3 / NaOH = 3 and is 56.6 
MPa. 
• The highest value of compressive strength of samples tested after 28 days has a sample that 
was treated at a temperature of 70 ° C and whose ratio is Na2SiO3 / NaOH= 3 and is 51.6 
MPa. 
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• The optimal temperature of thermal treatment of fly ash-based geopolymers from TPP 
Stanari is 70 ° C. 
• The optimal ratio of Na2SiO3 / NaOH, with a ratio of AA / FA of 0.8, for geopolymers 
based on fly ash of TPP Stanari is 3. 
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ABSTRACT 
In order to reduce the harmful effects of exhaust gases on the environment, as of January 1, 2017, at 

all stations for technical inspection of vehicles, during the regular technical inspection of vehicles, the 

contents of motor vehicle exhausts are also carried out - EKO test. According to the Rulebook on 

Exhaust Gas Testing of Motor Vehicles (ECO Test) at Vehicle Technical Inspection Stations, ECO 

Test of Motor Vehicles, until December 31st2019 was obliged to do so, but from January 1st , 2020 it 

became eliminatory. This means that during this transitional period, each owner had the opportunity 

to remedy the deficiencies in his vehicle and bring the amount of harmful exhaust gases to permitted 

condition. However, how many vehicles will remain unacceptable to the environment and therefore 

defective remains to be seen in the coming period. 

 

1. INTRODUCTION 

The ECO test cannot be considered as a special novelty. The exhaust gases were tested even 

before the introduction of the ECO test. The novelty is that the introduction of the ECO test 

aims to intensify the criteria so that the test itself is carried out in accordance with European 

directives, all with the aim of protecting our planet, that is, reducing global pollution. 

According to the Law on Fundamentals of Road Traffic Safety in Bosnia and Herzegovina 

[1]and the Rulebook on Technical Inspections of Vehicles[2]each station of technical 

inspection of motor vehicles was obliged, even before the introduction of the ECO test, to 

have devices for testing the composition of exhaust gases. Also, the application and 

correctness of these devices were mandatory, so testing was done as an integral part of the 

vehicle technical inspection. 

This means that until January 1st, 2009, the exhaust data were only recorded as part of a 

regular technical inspection of vehicles. With the adoption of the Rulebook on Amendments 

to the Rulebook on Technical Inspections [2]the measurement of exhaust gas started to be 

charged separately (KM 5.00) and recorded in more details. An overview of the number of 

exhaust gas measurements carried out during the technical inspection of vehicles from 

January 2009 to the end of 2016 is shown in Table 1. 



Table 1. Number of exhaust gas measurements performed in the period from January 1st, 2009 to 

December 31st, 2016. 

YEAR NUMBER OF EXHAUST GAS MEASURES 

PERFORMED 

2009. 362.856 

2010. 512.115 

2011. 512.656 

2012. 518.156 

2013. 530.799 

2014. 549.732 

2015. 573.171 

2016. 594.348 

 

On December 14th, 2016, at the level of the Federation of Bosnia and Herzegovina, was 

passedthe Rulebook on Exhaust Gas Testing of Motor Vehicles (ECO Test) at the Stations for 

Technical Inspection of vehicles. [3]This Ordinance entered into force on January 1st, 2017. 

Above mentioned Rulebook predicts two periods (Article 2): 

• transitional period from January 1st, 2017 to December 31st, 2019 - when the ECO test was 

obligatory, but the results of the ECO test had no effect on the vehicle's passability at the 

technical inspection. 

• the period from January 1st, 2020, when the ECO test becomes eliminatory, that is, a vehicle 

which, even after a repeated ECO test, does not meet the requirements, will not be able to 

undergo a technical inspection and therefore registration of such a motor vehicle will not be 

possible. 

 

2. ECO TEST AS OBLIGATORY 

The period of three years left before the introduction of the eliminatory ECO test was aimed 

at adapting to the new requirements, that is, the owners could also rectify the defects on their 

vehicles and harmonize them with the European requirements. 

Article 3 of the Regulation on the Exhaust Gas Testing of Motor Vehicles (ECO Test) at the 

Stations for Technical Inspection of vehicles [3]provides that exhaust gas testing is 

mandatory for the following categories of motor vehicles: 

• Passenger cars (M1), 

• Buses (M2 and M3), 

• Freight motor vehicles (N1, N2 and N3). 

 

By way of derogation from the provisions of paragraph (1) of this Article, an ECO test 

shallnot be conducted if: 

a) a motor vehicle is equipped with a two-stroke gasoline engine, 

b) a motor vehicle is equipped with a gasoline engine manufactured before 1970, 

c) a motor vehicle is equipped with a petrol engine and  if its design speed does not exceed               

50 km / h, 

d) a motor vehicle is equipped with a diesel engine manufactured before 1980, 

e) a vehicle is equipped with a diesel engine and its design speed does not exceed 30 km / h, 

f) a motor vehicle is equipped with an alternative source of energy such as a vehicle powered 

by electricity, a hybrid vehicle, a hydrogen or fuel cell vehicle. 

In the case of vehicles powered by alternative propellant (CNG, LPG), when conducting the 

ECO test, the fuel  which gives a less favorable emission is used and the results of the 

exhaust gas test thus obtained are entered into the appropriate information system database. 



The same Rulebook, in Article 1, stipulates that the ECO test shall be carried out only with 

regular technical inspection for the annual registration of motor vehicles. 

Each technical inspection of motor vehicles is recorded in the aTEST information system, 

which means that every ECO test is also recorded. In the aTEST information system, in the 

transitional period, when the ECO test was only mandatory, the following data were recorded 

in Table 2: 

 
Table 2. Number of ECO tests in the period from January 1st, 2017 to December 31st, 2019 

YEAR NUMBER OF ECO TESTS 

2017. [4] 593.726 

2018. [5] 616.174 

2019. [6] 636.228 

 

3. ECO TEST AS ELIMINATORY 

The Rulebook on Exhaust Gas Testing of Motor Vehicles (ECO Test) at the Stations for 

Technical Inspection of Vehicles[3]provides that the test must be carried out and the data 

recorded, but it also provides for a transitional period that, from January 2020, 

environmentally unacceptable road motor vehicles will be excluded from the traffic unless 

they eliminate the deficiencies, i.e. the technical inspection has become eliminatory. 

From January 1st, 2020 each motor vehicle must meet the limit values in accordance with 

European Directives 3002/26 / EC, which are prescribed by Article 158 of the Regulation on 

the dimensions, total mass and axle load of vehicles, the devices and equipment that vehicles 

must have and the essential conditions that road traffic devices and equipment must fulfil [7]. 

Otherwise, the vehicle will be returned to correct the defects and if it does not eliminate the 

defects within 10 working days, the specified vehicle will not be able to undergo technical 

inspection and therefore will not be able to register [3].It should be noted here that in May 

2019 a new Rulebook on the technical inspection of vehicles [2]was passed, which provided a 

30-day deadline for correcting defects, but with a transitional period of one year from the 

entry into force of the Rulebook.  Accordingly, the Regulation on the Exhaust Gas Testing of 

Motor Vehicles (ECO Test) at the Vehicle Inspection Stations [3]should be amended. 

All measured and calculated results of each individual ECO test are printed on the exhaust 

gas analyzer printer and transcribed into a single information system for processing data from 

the ECO tests. The information system itself evaluates whether a vehicle undergoes an ECO 

test, based on the numerical test values entered, without the possibility of subsequent 

intervention by the controller or another person at the vehicle technical inspection station. 

Data on the total number of ECO tests performed in the first quarter of 2020 are given in 

Table 3. 

 
Table 3. Number of ECO tests in the period from January 1st, 2020 to March  31st, 2020 

MJESEC/2020. BROJ EKO TESTOVA 

JANUARY 38.871 

FEBRUARY 39.548 

MARCH 46.597 

Total: 125.016 

 

4.  WHAT WILL THE ELIMINATORY ECO TEST OF ROAD MOTOR VEHICLES 

BRING TO US  

Although a short observation period, the first three months of 2020, in which the ECO 

eliminatory test was applied, the data obtained [8]may nevertheless be an indication of the 



state, or direction, of the Federation of Bosnia and Herzegovina when it comes to vehicle 

exhaust gases. 

Of the total number of ECO tests performed on motor vehicles (125.016), in the first quarter 

of 2020, 2.448 malfunctions were observed, as shown in Table 4. 

 
Table 4. Exhaust system malfunction for the first three months of 2020 

 
 

The number of malfunctions was the same asthe number of vehicles (2.448), which means 

that each vehicle has one malfunction when it comes to the exhaust system. This also means 

that all of these vehicles had to be re-examined within 10 days. But it also means that the 

controllers, when inspecting a motor vehicle and performing the ECO test, out of a possible 8 

malfunctions, selected only one in all 2.448 vehicles. This is a piece of information that could 

be discussed separately, because the negligent attitude of workers at the motor vehicle 

inspection stations does not record all exhaust system faults, but only one of them, which 

makes the statistics themselves poor and not accurate enough. 

All of these vehicles within 10 working days had to retake the ECO test on the same technical 

inspection station of the vehicle where they found the exhaust system malfunction.  

After repeated ECO tests of 2.448 motor vehicles, 14 of them or 0.572% did not satisfy, 

which means that these vehicles could not pass the technical inspection and therefore could 

not even be registered. 
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According to Article 11 of the Regulation on the Exhaust Gas Testing of Motor Vehicles 

(ECO Test) at the Stations for Technical Inspection of Vehicles [4]if the ECO test is found to 

be defective and the defect cannot be remedied at the Technical Inspection Station, repeated 

ECO test must be done within ten working days, at the same station and on the same device 

that showed the malfunction. 

The system allows the technical inspection to be completed only if the vehicle meets certain 

criteria. Based on this, it was reported that 14 vehicles, after repeated technical inspection, 

were defective, that is, did not meet the criteria of the ECO test. 

Although it is a small number of vehicles, the fact that environmentally defective vehicles are 

out of traffic is important, because every step is important to preserve the planet. 

 

5. CONCLUSION 

The eliminatory ECO test is a novelty that is slowly approaching the Federation of Bosnia 

and Herzegovina, and therefore Bosnia and Herzegovina itself, to the standards set by the 

European Union, at least when it comes to environmental protection, above all air. Taking 

into account the fact that [8]the average age of passenger motor vehicles in the Federation of 

Bosnia and Herzegovina is 16,13years, for  M2 buses it is 14,47 years, for M3 it is 16,67 

years, for trucks it is 15,09 (N1 category = 12 , 16, N2 category =18.39 and N3 category = 

14.72 years) then it can be concluded that the citizens took advantage of the transition period 

and remedied the defects on the vehicles. 

Inspection authorities competent for control of the operation of the motor vehicle inspection 

stations should influence the inspection (controllers) workers, that is, the inspectors of the 

technical safety of the vehicles, in order to record all malfunctions on the vehicles. In this 

way, the information system itself would have more relevant and purposeful data. Another 

solution might be a better - automatic download of data from the measuring devices. 

When talking about given data, it should be taken into account that the observation period is 

very short, only three months, but still sufficient to see in which direction we are going when 

it comes to eliminatory ECO test. After three months, 14 vehicles were completely excluded 

from traffic and 2.434 deficiencies eliminated on the exhaust systems are not some 

impressive data, but they are nevertheless indications of progress and attempts to comply 

with European standards and to try to protect the air and therefore the environment. 
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ABSTRACT 

In this paper, the results of changes in pH and conductivity values of the solutions during the 

rinsing of the adsorbent, as well as during the adsorption of copper ions were presented. Prior to the 

adsorption experiments, the sunflower heads were rinsed with 200 cm3 of distilled water in ten equal 

portions (20 cm3 each). After each water volume passes through the layer of the adsorbent, the pH 

and conductivity value of filtrate was measured.After the rinsing, the same adsorbent was then used 

for the adsorption experiments.As an aqueous phase, synthetic solutions of Cu2+ ions were used, with 

an initial concentration of 0.2 g dm-3. The obtained results show that from the beginning of rinsing the 

adsorbent, the pH value of rinsed water increases, reaching a constant value after passing 100 cm3 of 

water, and remains constant with further rinsing. It is assumed that an increase in pH value, during 

rinsing, occurs due to a transfer of H+ ions from the aqueous phase to the molecular structure of 

adsorbent to be exchanged there with alkali and alkaline earth metal ions.As for conductivity change 

during the rinsing of the adsorbent, it can be seen thata sudden increase in the aqueous phase 

conductivity occurs just after the first two portions of water passed through a bed of the adsorbent, 

reaching the peak around the volume of 0.05 dm3, it drops down rapidly. After V > 0.05 dm3 the 

conductivity of leachate continues to decrease but now more and more slowly, tending to achieve the 

initial conductivity of distilled water used for rinsing.Thisincrease in the conductivity of the rinsed 

solution occurs most likely due to increasing in the concentration of alkali and alkalineearth metal 

ions in the solution, which are being transferred from the structure of the adsorbent into the solution 

during the rinsing. With further rinsing, the conductivity decreases, as a result of the decrease in the 

concentration of alkali and alkaline earth metal ions in the solution due to the dilution of the solution. 

During the adsorption of copper ions, quite a different behavior in changing of the pH and 

conductivity value in relation to the pH and conductivity change when rinsing the adsorbent with 

distilled waterwas noticed. The pH value rapidly drops downat the very beginning of the process, 

reaching a constant value in the next 30 minutes, and remains unchangeable with further process 

time.A very quick decrease in the initial pH occurs due to the releasing of H+ ions in the aqueous 

phase as a result of the deprotonation of functional groups existing in the molecular structure of 

adsorbent, where they are exchanged with copper ions.As for change of the conductivity of the 

solution, during the adsorption of copper ions, it can be seen that conductivity increasesat the very 



beginning of the process, reaching a constant value after 30 minutes. This increase can be attributed 

to the increase in the concentration of alkali and alkalineearth metal ions in the solution, which are 

exchanged with copper ions during the adsorption process. 

 

1.INTRODUCTION 
 
 Rapid urbanization and industrialization of the world have led to an increased amount 

of disposed of heavy metals into the environment, via untreated industrial effluents [1]. 

 Various sources of heavy metal pollutants are recognized today: electroplating, metal 

surface coating treatments, battery production plants, mining, metallurgy, textile, pigments, 

plastic manufacturing industries, etc. Heavy metal removal from industrial wastewaters is of 

great importance, because of their toxic impact on the environment, and also human health 

[2]. 

 A number of conventional technologies have already been developed, and are being 

used, for the removal of heavy metals from industrial wastewaters. Some of them are: 

coagulation/flocculation, ion-exchange, precipitation, solvent extraction, electrochemical 

processes, and membrane technology [3]. 

 The search for new technologies in the field of wastewater treatment has, in recent 

years, turned its attention to biosorption. Biosorption is a process in which natural materials 

(biosorbents) are used for the adsorption of heavy metals from water solutions. The 

biosorption process involves two phases, a solid phase, which is the biosorbent, and a liquid 

phase, which is the solvent (normally water) containing a dissolved species (usually heavy 

metal ions, or industrial dyes) to be adsorbed. The sorbent is attracted and bound to the 

sorbate by different mechanisms, due to its higher affinity towards the sorbate species. The 

process continues until the equilibrium between the amount of solid-bound sorbate species 

and its portion remaining in the solution is established[4]. 

 Biomass which has the ability to adsorb metal ions from water solutions is considered 

as a biosorbent. Cellulose, hemicellulose, and lignin usually make up the structure of these 

materials. These components consist of functional groups, which are capable of binding metal 

ions into their structure [5]. 

 Compared to the conventional methods of wastewater treatment, the advantages of the 

biosorption process are reflected in:its effectiveness in reducing the concentration of heavy 

metal ions to a very low level and the use of inexpensive materials as sorbents, low operating 

costs, minimization of the volume of chemical and/or biological sludge [6].Biosorption 

processes are particularly suitable for the treatment of wastewater streams containing more 

dilute solutions of heavy metals, or when a very low concentration of heavy metals is 

required in an exit stream prior to its releasing into a recipient. 

 In this paper, sunflower heads are used as a biosorbent for copper ions adsorption 

from aqueous solutions. The pH and conductivity values were monitored during the rinsing of 

the sunflower heads, as well as during the adsorption process. 

 

 
 
2. MATERIALS AND METHODS 
 
 The sunflower heads were firstly ground and then sieved through a set of laboratory 

sieves, and the fraction -1+0.4 was used for further adsorption experiments. 

 Prior to the adsorption experiments, biosorbent samples were rinsed with 200 cm3 of 

distilled water, in ten equal portions (20 cm3 each). After each water volume passes through 

the layer of the biosorbent, the pH and conductivity value of filtrate was measured. 



 The adsorpction of copper ions were performed by bringin into contact 0.5 g of 

sunflower heads with 50 cm3 of a syntheticsolutions of Cu2+ ionswith an initial concentration 

of 0.2 g dm-3.After a certain contact time, the suspension was filtered and the filtrate was 

analysed on the residual metal ion content. During the adsorption, change of the solution pH 

and conductivity values with time was also monitored. 

 

 
 

Figure 1. Sunflower head sample 

 

 
3. RESULTS AND DISCUSSION 
3.1. Change of the initial pH value of rinsed water 
 

It has been observed that rinsing the biosorbent with distilled water causes the change 

of rinsed water pH as it is shown in Figure 2. It can be seen in Fig. 2 that from the beginning 

of rinsing the adsorbent, the pH value of rinsed water increases, reaching a constant value 

after passing 100 cm3 of water, and remains constant with further rinsing. It is assumed that 

an increase in pH value, during rinsing, occurs due to a transfer of H+ ions from the aqueous 

phase to the molecular structure of adsorbent to be exchanged there with alkali and alkaline 

earth metal ions. 

Based on the change in pH value, the concentration of H+ions that have been transferred from 

the aqueous phase to the biosorbent was 0.00080 mmol H+ g−1 of biosorbent, and it 

corresponds to the adsorption percentage of H+ ions about 97 %. 



 
 

Figure 2. The pH value change during the rinsing of the sunflower heads with distilled water 

 

3.2. Change of the conductivity value of rinsed water 
 

As for conductivity change during the rinsing of the adsorbent, it can be seen in 

Figure 3 that a sudden increase in the aqueous phase conductivity occurs just after the first 

two portions of water passed through a bed of the adsorbent, reaching the peak around the 

volume of 0.05 dm3. After V > 0.05 dm3 the conductivity of leachate starts to decrease, 

tending to achieve the initial conductivity of distilled water used for rinsing. This increase in 

the conductivity of the rinsed solution occurs most likely due to increasing in the 

concentration of alkali and alkaline earth metal ions in the solution, which are being 

transferred from the structure of the adsorbent into the solution during the rinsing. With 

further rinsing, the conductivity decreases, as a result of the decrease in the concentration of 

alkali and alkaline earth metal ions in the solution due to the dilution of the solution. 

 
 

Figure 3. Change in conductivity during the rinsing of the sunflower heads with distilled water 

 



3.3. Change of the pH valueof solution with time during the adsorption of copper ions 
 

During the adsorption of copper ions, quite a different behavior in changing of the pH 

value in relation to the pH change when rinsing the adsorbent with distilled water was 

noticed. As can be seen in Figure 4, the pH value rapidly drops down at the very beginning of 

the process, reaching a constant value in the next 30 minutes, and remains unchangeable with 

further process time. A very quick decrease in the initial pH occurs due to the releasing of H+ 

ions in the aqueous phase as a result of the deprotonation of functional groups existing in the 

molecular structure of adsorbent, where they are exchanged with copper ions. 

 
 

Figure 4. Change of the pH value of solution with time during the adsorption of copper ions 

 

 
3.4. Change of the conductivity value of solution with time during the adsorption of 
copper ions 
 

 Change of the conductivity value of solution with time during the adsorption of 

copper ionsis given in Figure 5. It can be seen that conductivity increases at the very 

beginning of the process, reaching a constant value after 30 minutes. This increase can be 

attributed to the increase in the concentration of alkali and alkaline earth metal ions in the 

solution, which are exchanged with copper ions during the adsorption process. 



 
 

Figure 5. Change of the conductivity value of solution with time during the adsorption of copper ions 

 
 
4. CONCLUSIONS 
 
 1. From the beginning of rinsing the adsorbent the pH value of rinsed water 

increasesdue to a transfer of H+ ions from the aqueous phase to the molecular structure of 

adsorbent to be exchanged there with alkali and alkaline earth metal ions. 

 2.As for conductivity change during the rinsing of the adsorbent, it can be seen that a 

sudden increase in the aqueous phase conductivity occurs just after the first two portions of 

water passed through a bed of the adsorbent, reaching the peak around the volume of 0.05 

dm3. After V > 0.05 dm3 the conductivity of leachate starts to decrease, tending to achieve the 

initial conductivity of distilled water used for rinsing. This increase in the conductivity of the 

rinsed solution occurs most likely due to increasing in the concentration of alkali and alkaline 

earth metal ions in the solution, which are being transferred from the structure of the 

adsorbent into the solution during the rinsing. With further rinsing, the conductivity 

decreases, as a result of the decrease in the concentration of alkali and alkaline earth metal 

ions in the solution due to the dilution of the solution. 

 3. During the adsorption of copper ions, the pH value rapidly drops down at the very 

beginning of the process, reaching a constant value in the next 30 minutes, and remains 

unchangeable with further process time. A very quick decrease in the initial pH occurs due to 

the releasing of H+ ions in the aqueous phase as a result of the deprotonation of functional 

groups existing in the molecular structure of adsorbent, where they are exchanged with 

copper ions. 

 4. The change in the conductivity of the solution during the adsorption of copper ions 

was also noted to be different from the conductivity change during the rinsing of the 

adsorbent.  

The conductivity increases at the very beginning of the process, reaching a constant value 

after 30 minutes. This increase can be attributed to the increase in the concentration of alkali 

and alkaline earth metal ions in the solution, which are exchanged with copper ions during 

the adsorption process. 
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ABSTRACT  
Mostly used food packing are: paper, cartoon, plastics, glass, metals and multilayer materials.      The 

plastics and paper/cartoon make about 70% of all food packing. These two have the biggest migration 

potential. The use of plastics is regulated by specific EU rules, but it is not yet the same about the use 

of paper packing. In order to ensure health assurance for the consumers, it is needed often to make an 

evaluation of the migration of the contaminants from paper/cartoon packing, especially in case of 

recycled papers, because of the fact that a  recycled paper could contain many different contaminants, 

what is not the case regarding the originally produced paper. Migrating contaminants could originate 

from basic paper packing, but also from the components added  in phase of forming, as well as from 

graphic finalisation trough the glue, paints, lacking etc. In this article is presented an overview of the 

typical contaminants from paper/cartoon packing, as well as their toxicological profile.                          
 
1. INTRODUCTION 
Paper/cartoon and the plastics represent more than 70% of all food packing [1]. Paper/cartoon 
is so called primary packing. Any of them is in direct contact with a food, and can be used as 
the ordinary, graphically non-treated, polymer impregnated (like polyethylene, polypropylene 
etc), laminated by polymer or metallic films (for example by Al) and graphically treated by 
print paints [2]. Some examples of paper packing applications are the flour/sugar bags bakery 
products, pop-corn, packing for cheese, butter, chocolate, pots and caps for liquid food, thee, 
coffee, cartoon boxes for freeze food, fast food, cereals, cartoon brick-pack milk and juice 
packing, composite snack-spices jars [3].  Paper based materials can be in a contact with a 
food trough some other cases, like liquid food paper filtering, baking in a special baking 
paper [2].             
In spite of a wide use of paper materials and contacts with a food, nowadays, there are big 
differences about precise info on chemical composition of different paper materials and the 
a.m. contacts, as well as a lack of the info on migration potential and toxicological effects of 
their components.  
 



Paper is a thin material produced by pressing together moist fibres of cellulose pulp, 
sedimented from water suspension and drying them into flexible sheets. According to Castle, 
a paper is porous material, the plastics are transitive materials, but a metal and glass are non-
transitive ones. Generally speaking, as a material is stronger, as more non-transitive it is, as 
lower diffusion trough it is, as lower migration is expected from contact surface/s. A 
migration goes relatively easy trough porous materials, because they have moist fibres 
characterized by air channels and inter-space of low molecular mass. Porous materials can 
have the migration from both, surface and inner contacts [4]. The papers and cartoons have 
the highest migration, until non-porous materials have generaly lower migration than porous 
ones [5].  The migrations of the contaminants from the papers/cartoons to a food could go by 
the mechanisms of diffusion, air-migration and by so called reflex or set-off migration [6]. So 
called secondary and terciary (transport-type) packings are not in a direct contact with a food, 
but some studies indicated air-migration to a food, by the processes of the evaporation and 
condensation [7].              
 
 EU legal framework defines two types of the a.m. migrations – global or total and specific 
migrations. Global migrations are total migrations of all (each and every) migrating materials 
form the packing to a food. Specific migration is the migration of every migrant separately 
[8].  Nowadays, there are no harmonized EU rules and regulations concerned with the papers 
(original and recycled) for direct contact with a food, printing paints, lacquerings and glues 
for a food packings. Anyhow these materials need to fulfill general requirements of the act 
1935/2004, article 3, and accordingly its should not release the constituents from a food, up to 
a harmful level for the the human health, or up to unacceptable change in a chemical 
composition, neither organoleptic properties of a food [9]. Some EU states established their 
national standards, defining the rules and regulations about human health assurance, and also 
declaring potential contaminants and their limitations (from the papers and cartoons). These 
un-unified national standards cause a lot of problems to the producers and traders in the paper 
and cartoon industry in EU [10].  Mostly used a.m. national standard is the one issued by 
Federal German Directorate for Risk Assessment [2].  
 

        
2. TIPICAL CONTAMINANTS FROM PAPER/CARTOON PACKING 
Migrating constituents  can get out from basic packing material, as weel as from the glues, 
printing paints or lackering-shaping, and that is why all possible migrants from the packings 
to a food and their limiting parameters (ADI, TDI, SML i QMA1) [11], should be taken into 
consideration. For a proper assesment of the a.m. tocsic migrants on human health, it is 
primary needed to define their genotocsic impact, which could be exposed on human tissue 
like mutogen, teratogen and cancerogen [12]. The contacts between the packing materials and 
a food are identified as the main source of potential chemical degradation [13].      
   
 
 
Recycled paper/cartoon is more produced than the originally produced one, and it means a 
higher health risk for the consumers [14]. Some studies confirmed a migration (in the 
papers/cartoons) of NIAS constituents (non intentially added supstances) with mutogen or 
endocrine disruptor (ED) effects [15]. NIAS could be created as by products of chemical 
reactions in production or recycling process between the constituents and impurities, or in 
disintegration of the additives [16].  Some NIAS are foreseeable and well researched, but 

 

1  ADI-Acceptable Daily Intake;  TDI- Tolerable Daily Intake ; SML -Specific migration limit; QMA -
Maximum quantity allowed 



some other ones are not, what causes a sort of higher risk [17].  The studies about a paper 
packing published in a last decade, identified a large spectrum of migrating constituents, as 
follows: perfluorated compounds like 3-chloro-1, 2-propandiol, then mineral oils like 
photoinniciators, phenols, phthalate, methyl-naphthalene, residuals etc [2].          
 
2.1. Poly- and perfluorated alkyl substances  
Poly- and perfluorated alcyl supstances (PFAS) are the cchemicals, which do not exist in the 
nature and they are consisted of at least three Fluor and/or fluorated C-group [18]. PFAS are 
firstly peoduced about the end of 1940-ies [19], and there is an estimation that there are at 
least 4.700 PFAS on global market. Small bags for the muffins, micro/wave pop-corn, 
packing for butter and chocolate are the examples containing PFAS [20].  Addition of PFSA 
(for example F-surfactants) to the raw materials or as a lacquering, makes a paper oil or fat 
resistant. Migration of F-covalent bonded chemicals in covalent bonded lacquering is 
significantly lower than in a pulp. Some of PFS (Poly-and perfluorated surfactants) as the 
perfluorated-octan acid and dialcalated polifluoroalcyl phosphate tenzids (diPAPS) are 
categorized as the toxic agents and there is a doubt that they act as the endocrine disruptors 
(ED). Alternative chemicals which occurred on the market, like the polifluoroalcyl phosphate 
tenzids (PAPS), also show the effects of ED [21]. 
                 
The studies of the consumers protection groupes “Safer chemicals, healthy family and a 
future without toxic matters” from 2018, discovered that two of five paper packings from the 
american big food shops contain an increased level of Fluor. The very same situation is with 
11 % of the backery and ice-cream products. It is indicated that PFAS causes reproductive, 
liver, kidney and immunology problems on lab-tested animals. That could be connected with 
a low natality and tyroide problems [22].      
 
2.2. Chloral-compounds  
A lot of polichloral dibenzo-p-dioxins and polichlor dibenzofurans, all of them namely 
dioxins, are used in paper packing production. Majority of the studies indicate that the 
dioxins are highly toxic, but the most toxic is the isomer 2,3,7,8-tetrachlorodibenzo-p-dioxin.  
Chlorophenol, which is highly concentrated used in the cartoon production (but in recycling 
mode), is actually precursor for the Chloroanisol formation. The fungi which exist in a fibre 
type cartoon participate in a methylation of Chlorophenol. At the other hand, the 
Chloroanisol from the packing migrates through a layer of polyethylene in a food (like candid 
fruits) and causes a fungizidation of a food [23]. There is the ban on use of many plastic one-
use products according to EU Regulation 2019/904, starting from 2021, including plastic 
straws and the alternative was a paper straw production. But Swiss researchers reported from 
national testing-experience, that paper straws are contaminated by Chloropropanols, mineral 
oils and photoinniciators. Out of 12 tested paper straws, 7 of them (58 %) had an increased 
concentration of dichloropropanol and/or 3-monochloropropan-1,2-diola, two straws (17 %) 
were contaminated by mineral oils, two of them (17%) had the migration of the 
photoinnitiators, and six of them (50 %) had an impact on the taste of a drink. 
Chloropropanols can be cancerous and can be formed during the papers production [24].               

  
2.3.  Printing paints   
More than 5.000 different ingradients are used in printing paints production and only 
minority of them European Food Safety Authority, EFSA has researched and declared 
specified migration levels. Some important components of UV paints are: pigments, 
oligomers (epoxi acrylats, polyeter acrylats, uretan-acrylats); monomers (di-, tri-, 
tetrafunctional acrylats); photoinniciators (benzophenon derivates, alfa-hydroxy keton, amin-



synergists); polymer photoinniciators; additives (wax, silicon oils, stabiliyators). The 
dilutants on offset paints are: mineral oils, vegetable oils (lane, soya-bean, wood oils), the 
esters of fat acids [25].        
 
2.3.1. Photoinniciators 
Many  photoinniciators are not, or are partly compaunded in printing paints, but because of 
low molecular mass they migrate in a food. Majority of the photoinniciators are not 
researched toxicologically [25,26]. The paints and lacquering for UV drying, usualy contain 
5-10 % of the photoinniciators.   
Most oftenly used photoinniciator is benzophenon (BP). It is used as well like an agent for a 
humidization of the pigments and for better viscosity of a paint. It is present in a recycled 
paper as well. BP migration can occur through an open structure of paper/cartoon to a food, 
and the studies about its toxicology indicate that it can act as a cancerogen  [27, 23].  
Nevertheless, the studies of BP’s ED effect are not consistent. Some studies recognise ER, 
but at the other hand the other studies recognized low activity in ER research and a 
significant antiandogenic activity in some other testing [21].      
 
IsopropylThioXanton (ITX) is a photoinniciator , which is used in UV paint and it’s always 
mixed with cophotoinniciator (mostly EHDAB or 2-ethylhexyl-4- dimethylaminobenzoat). 
Italian authority for food safety discovered in 2005 a migration of ITX (i EHDAB) to UHT 
baby milk, packed in the cartoon laminated by plastic folia. ITX level was from 120-445 ppb 
in baby (over 12 months) milk – in one sample of the aromatized milk, ITX was found 600 
ppb. Very similar situation was with chocolate cocoa, milky products from Austria and 
Germany, and in pomegranate/ananas juice, produced in Italy. NESTLE banned the 
distribution of these product and asked the provider of that packing not to use ITX any more, 
which accepted and declared that [28].       
 
 2.3.2. Heavy metals 
Heavy metals exist in the printing paints. English Association of Printing Paints Producers 
declared that heavy metals as Titanium, Chromium, Molybdenum and Iron are used as the 
pigments in printing paints, until Cobalt and Manganese are used as the driers, Titanium 
oxide  is used for so called pearl pigmenting [26].  The pigments based on Zinc and Cadmium 
give a sort of fluorescent property to a paper and at the same time increase the strength of of 
some lacquering on on a paper surface [29].    
 
Yellow and green paints for the papers have the compounds like Led-chromate, Led-sulphate 
and Led-oxide. Cupper is the ingredient of blue and green paint. Led is usually used in white 
paints, but also in red, yellow and green ones [29].         
 
Heavy metals are harmful regarding human health. Led is carcinogen, is harmful for the 
lungs, for immune system and especially for the children nervous system. Cadmium is 
carcinogen and is easy to be sediment in the lungs, kidneys, heart, as well as poisons the 
bones and lymphatic system. Six-valence Chromium is harmful to the skin, liver, kidneys and 
lungs, causing different diseases like lungs carcinoma, perforation in nose, dermatitis etc. 
Overdosing of Cupper can cause diaries, kidney problems, blood and nervous system 
malfunctioning [31].         
 
2.3.3. Mineral oils 
Carbon-hydrates from mineral oils (MOH) are complex mixture of Carbon-hydrates from raw 
mineral oils [32]. MOH are divided in two groups: saturated Carbon-hydrates from MOSH 



and aromatic Carbon-hydrates from MOAH. MOSH are alkaline and alkyl-subsidized 
cikloalkans, until MOAH are poly-aromatic alkyl-subsidized Carbon-hydrates. MOAH can 
be cancerogen and mutagen and they enter in contact with a food through the additives, 
paints, processing equipment or by using recycled paper [33]. Two studies from 2010, carried 
out by Swiss researchers confirmed that primary sources of MOH are the paints and recycled 
paper/cartoon, due to low quality of recycling process. In such a way MOH enter a food; it 
takes a few days trough cartoon, or a few weeks-months trough polyethylene (PE). It is 
accepted that MOAH have cancerogen effect because of its structure, which is similar to 
polycyclic aromatic Carbon-hydrates. That is why MOAH is to be avoided. High fat content 
as well as high temperatures during where-housing or distribution, can enhance a migration 
of MOH in a food [32]. After MOH identification in New Year chocolates in 2012, German 
Federal Institute for Risk Assessment (BFR) warned that some aromatic Carbon-hydrates 
could be cancerogen. In the a.m. case a chocolate was in touch with a cartoon, without any 
barrier in between, and MOH easily migrated through a cartoon [34]. EFSA has an estimation 
that the humans get daily from 0,03 – 0,3 mg MOSH per kg of body mass, and the children 
even more. At the other hand, the elderly get 0.005 – 0,06 mg MOAH per kg of body mass. 
EFSA considers that as a critical level, because of their mutogen and cancerogen potential. In 
spite of it, still there no in EU rules any official limitation in MOSH and MOAH migration, 
or the limitations in content of the a.m. compounds in the paints [33].              
 
2.3.4. Phthalates  
Phthalates are most often group of compounds in printing paints, glues and lacquering for 
food packing. They are always present in recycled paper/cartoon. They can be used as well as 
the paper softeners [35]. Di- butyl-phthalate (DBP) i di (2-ethylhexsil) phthalate (DEHP) are 
mostly used phthalates in the paper/cartoon packing. Phthalates migrate through the 
paper/cartoon packing and contaminate a food. DBP and DEHP show some ED effects on the 
mousses, causing more problems to the females than to males. Metabolitates DEHP and the 
other phthalates are found in the urine both, elderly and children [36].  There are also some 
proofs that the phthalates decrease the activity of lipids metabolism [37,21].         
 
2.4. Phenols  
The use of phenols in the paper/cartoon industry  vary from bisphenol A (BPA), which is 
used in a termic paper, up to the pentachlorophenol, as a biocide in the paper production. 
Oktilphenol, 4-nonilphenol and 4-terc-oktilphenol are used in polymer resin, which are used 
in a preparation of the paints, and nonilphenol is a part of some paints based on epoxy resins,  
glues etc. BPA is also found in recycled paper [38,39]. BPA is thoroughly researched because 
of a number of the toxicological effects ED [21].     

 
2.5.  Glues 
The glues in paper-carton packing are often of complex composition comprising glue 
components and modification components, like glue, solidifier, inhibitor, dilutor, 
plastificator, flexibiliator, antioxidant, surface layer and humidization agent [40].  
 
The researcher Aznar with its team analyzed 45 paper/cartoon glue market samples (29 
different formulation), and their lamination with plastic films, detecting four components in 
these glues, being on top of toxic list according to Kramer [41].  
 
2.6.  Dispersators 
During the recycling, majority of the papers/cartoons undergo deinking of the paints, glues 
and the other contaminants. It is highly probably that some chemicals (like Na-hydroxide, 



Na- silicate or H-peroxide in a combination with a dispersion matter like stearin acid) for a 
deinking, will remain in the fibres of recycled papers and will come to a food [42].       
 
2.7.  Dimensioning matters   
Dimensioning matters for a paper, like abietic acid (AA) i dehydro-abietic acid (DHAA) are 
added to enhance the absorption and/or fragility of paper fibres and to increase printing 
properties. Derivates AA are also used in the lacquering and glues for the papers/cartoons. 
Some studies identified the resin acids AA and DHAA in the packing of recycled 
paper/cartoons as genotoxic [41,21].            
 
2.8.  Nitrozamins 
Nitrozamins are genotoxic cancerogen matters which could be found in a food. They come to 
a food from the papers and waxed cartoons. N-nitrosomorpholine and  morpholine migrate in 
a longer period of time, from the a.m. matters to a food [23].  
   
2.9.  Methyl-naftalen  
Kellogg Company withdrew in 2010 about  28 millions cereal boxes because of an increased 
level of  methyl-naftalen, which got out from the paper boxes to a food. The exact negative  
effects of the consumption in the a.m. case are not defined, but many consumers were 
complaining about it and had some health problems [43].     
 
3. RISK FROM RECYLED PAPER/CARTOON  
In the year 2017 more than 71% of the paper and cartoon were recycled in Europe. Cellulose 
fibres could be recycled up to seven times, before they become too short for that use [17]. 
Paper and cartoon which are produced partly or totally from recycled fibres, are already in 
use  in Europe. That is very characteristic in fast food industry of many European countries. 
Recycled paper is mostly used in direct contact with dry food, like flour, cereals, rice, 
spaghetti, eggs, fruits and vegetables [10]. The list of ponential migrants from the 
paper/cartoon containing recycled fibres is much longer, than in the case of originaly 
produced ones. Besides of all migrants from the originaly produced papers, the additives also 
come on the a.m. list , and they are used to be added in a process of the recycling, but 
especially NIAS matters. Recycling process can bring even several unknown NIAS 
compounds in the packing. For example in a mixture of the papers for recycling. It could be 
paper packing used for a food packing, and after an use a consumer put some uneatible items 
in it and some migrants from these items enter in a paper. During the recycling process the 
a.m. migrants will enter newly produced food packing [44]. Recycled papers are a source of 
known NIAS, among them are often present phthalates, paint components, photoinniciators 
and mineral oils [35,26,45]. NIAS components in the paints could emerge from the raw 
materials for the paints, from drying and solidifying process, from the interaction with the 
other components of a packing or from mutual contamination in a production or in use of a 
paint [17].      
 
Multilayered recycled papers/cartoons have above of recycled fibres layer, another layer of 
original primary fibres which is in touch with a food. Such a packing have the advantage that 
the original (clean) primary fibres layer is in touch with a food, but still it does not fully 
prevent possible contaminants migration from the recycled paper fibres layer. In that case it is 
advisable to use an Al-folia or a polymer film as a safety barrier. It is still in process of 
research if a polyethylene film is an adequate barrier for evaporating components from the 
recycled papers/cartoons, since it is known that polyethylene is transparent for some 
evaporating compounds [21]. Although a recycled cartoon is used for secondary or terciary 



food packing, which is not in direct contact with a food, still it is possible a migration of 
evaporating compounds or an air migration through a transparent primary packing [33].          
    
4. MIGRATION INFLUENCING FACTORS    
There are several migration influencing factors like: type of contact (direct or indirect), type 
of food, packing material properties, concentration and characteristic of the migrants, time 
and temperature of a contact. Direct contact, bigger contact area, longer time and higher 
temperature make a bigger potential of a migration. The migrations are more intensive in case 
of liquid or semi-liquid food, as well as with fat-food. Higher concentration of the migrants 
will increase a migration level. Migrant constituents of high molar mass have a lower 
migration level, than the ones of lower molar mass. The migrants with a complex type of 
configuration (spherical oriented molecules, side-chained molecules) have a lower migration 
level. Migration from a paper is much faster than a migration from a plastic. There is a higher 
level of a migration from thin packing, than from a thick one. Porous structure of a paper, 
more additives in production/recycling and NIAS components (all of them) increase 
migration potential [5,6,23].             
 
5. CONCLUSIONS 
The papers and cartoons have an important application role in a food industry and it will be 
increased further. Paper packing which will be in direct contact with a food, need to be 
produced in accordance with a high hygienic standard and should not chemically react with a 
food, neither release any chemical substances and influence a food properties. Migration 
potential from these packing is high. That is why at least EU should prescribe a sort of 
harmonized legal framework for the papers/cartoons regarding the limits in a specific 
contaminants migration, from these packing, as well as for the paints and glues used in that 
packing production industry. There is a trend of substitution of one-use plastic packing by 
paper ones and that is additional reason for the a.m. EU action, as well as an increased level 
of a paper recycling.          
 
 
6. REFERENCES 

[1]   ALL4PACK Packaging: Market And Challenges In 2016, www.all4pack.com (26.12.2019) 
[2]   Vápenka L., Vavrouš A., Votavová L., Kejlová K., Dobiáš J., Sosnovcová J.: Contaminants in 

the     
        paper-based food packaging materials used in the Czech Republic, Journal of Food and Nutrition  
        Research Vol. 55, No. 4, pp. 361–373, (2016),  
[3]   Kirwan M. J.: Paper and paperboard packaging, In Food Packaging Technology, editors: Coles, 

R.   
        McDowell, D. Kirwan, M.J., Blackwell Publishing, CRC Press. p 242, 2003, 
[4]   Castle L.: Chemical migration in food: an overview; Chemical Migration and Food Contact   
        Materials, Barnes K. A., Sinclair, C. R., Watson, D. H. Ed: Woodhead Publishing Limited,   
        Cambridge, England, 2007,   
[5]   Poças, M. F., Oliveira J. C., Pereira J. R., Brandsch R., Hogg T.: Modelling migration from paper   
        into a food simulant. Food Control, 22, pp. 303–312, 2011, 
[6]    Muhamedbegović B., Jašić M., Šubarić D., Iličković Z., Uzunović F., Ćehajić A.: Interactions 

food   
         metal packaging, Zbornik radova  Međunarodni znanstveno-stručni skup 17. Ružičkini dani    
         Vukovar, Hrvatska, 19. – 21. rujna 2018.,  
[7]    Jickells S.: Chemical migration from secondary packaging into foods, In Chemical migration 

and   



         food contact materials, Ed. Karen A. Barnes, C. Richard Sinclair & D.H. Watson, CRC Press 
2007, 

[8]    Uredba (EU)1935/2004    
[9]     Guazzotti V., Giussani B., Piergiovanni L., Limbo S.: Screening for Chemicals in Paper and 

Board 
         Packaging for Food Use: Chemometric Approach and Estimation of Migration,Packag. Technol.   
         Sci. 28, 385–395. 2015, 
[10]  Jamnički S.: Evaluacija prikladnosti različitih klasa recikliranih papira za izradu zdravstveno     
         ispravne prehrambene ambalaže, Doktorski rad, Grafički fakultet Zagreb, 2011, 
[11]  BRC, Campden BRI Migration Guideline.  August 2015  
[12]  Marinković N., Vitale K., Afri I., Janev Holcer N.: Hazardous Medical Waste Management, 

Arhiv        
         za higijenu rada i toksikologiju, 56 :21-32, 2005, 
[13]  Geueke B., Wagner C.C., Muncke J.: Food contact substances and chemicals of concern: a  

  comparison of inventories. Food Addit Contam A. 31(8):1438–50, 2014, 
[14]  Binderup M.L. et al.: Toxicity testing and chemical analyses of recycled fibre-based paper for   
         food contact, Food Addit and Contam, Vol 19, 13–28, 2002, 
15]    Rosenmai A.K. et al.: Fluorochemicals used in food packaging inhibit male sex hormone 
synthesis.     
         Toxicology and applied pharmacology, 266(1), pp.132–42, 2013,  
[16]  Muncke J.: Chemical Migration from Food Packaging to Food, Reference Module in Food  
         Sciences, http://dx.doi.org/10.1016/B978-0-08-100596-5.03311-4, 2016,______ 
[17]  Pieke E. N.: Identification and risk assessment of unknown contaminants migrating from  
         Food Contact Materials. Kgs. Lyngby, Denmark: Technical University of Denmark, 2016. 
[18]  Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, de Voogt P, Jensen AA, Kannan K, 
Scott  
         A Mabury PJ, van Leeuwenk SPJ: Perfluoroalkyl and Polyfluoroalkyl Substances in the  
         Environment: Terminology, Classification, and Origins. Integrated Environmental Assessment   
         and Management 7(4):513–541. 2011, 
[19]  Lindstrom AB, Strynar MJ, Libelo EL.: Polyfluorinated compounds: past, present, and future.  

  Environ Sci Technol 45(19):7954 –7961, 2011, 
[20]  Susmann H.P. et al. : Dietary Habits Related to Food Packaging and Population Exposure to   
         PFASs,” Environmental Health Perspectives. DOI: 10.1289/EHP409, 2019, 
[21]  Bengtström L. :Chemical identification of contaminants in paper and board food contact   
         materials, PhD Thesis, Technical University of Denmark, 2014, 
[22]  Fox E.G.: Food packaging is full of toxic chemicals – here's how it could affect your health      
         www.theguardian.com, 2019, (23.01.2020) 
[23]  Arvanitoyannis I. S. & Kotsanopoulos K. V.: Migration Phenomenon in Food Packaging. Food– 
         Package Interactions, Mechanisms, Types of Migrants, Testing and Relative Legislation Food  
         Bioprocess Technol 7:21–36, 2014, 
[24]  Boucher J.: Contamination found in paper straws, www.foodpackagingforum, 2019,  
         (23.01.2020.) 
[25]  Sutter .J, Dudler V., Meuwly R.: Packaging Materials 8: Printing Inks for Food Packaging  
         Composition and Properties of Printing Inks, ILSI Europe Report Series., 2011, 
[26]  Abdullahi N.: Hazard chemicals in some food packaging materials Annals. Food Science and  
         Technology, Vol. 15, Issue 1, 2014, 
[27]   Anderson W.A.C., & Castle L.: Benzophenone in cartonboard packaging materials and the 
factors  
         that influence its migration into food. Food Addit. and Cont., Vol. 20, No. 6, 607–618, 2003, 
[28]  Robertson G.L.:Food Packaging: Principles and Practice, 3rd Edition, CRC Press, pp. 633, 2016, 
[29]  Conti M. E.: Heavy metals in food packagings, In: Mineral Components in Food, J. Nriagu and 
P.  
         Szefer (eds.), CRC Press, Boca Raton, FL, USA, pp. 339-362, 2007, 
[30]   Mertoglu-Elmas , G.: The effect of colorants on the content of heavy metals in recycled 
corrugated  



         board papers, BioRes. 12(2), 2690-2698, 2017, 
[31]  Zhong, W.S., Ren T., Li-Jiao Z.: Determination of Pb (Lead), Cd (Cadmium), Cr (Chromium),    
         Cu (Copper), and Ni (Nickel) in Chinese tea with high-resolution continuum source graphite   
         furnace atomic absorption spectrometry, Journal of Food and Drug Analysis 24, 2016, 
[32]  Fengler R: Mineral oil migration in packaging materials; Does recycled packaging contaminate   
         fast foods? Article in Verpackungs - Rundschau · Fraunhofer Institute for Process Engineering    
         and Packaging IVV, 2017,  
[33]  Jamnicki Hanzer S.: Deinking possibilities in the reduction of mineral oil hydrocarbons from   
         recovered paper grades Cellulose Chemistry and Technology 49(7-8):677-684, 2015,  
[34]  BfR, Mineral oils are undesirable in chocolate and other types of food, Berlin, Nov 2012. 

  https://www.bfr.bund.de, (22.02.2020.) 
[35]  Pivnenko K., Eriksson E., & Astrup T. F.: Waste paper for recycling: Overview and 
identification  
         of potentially critical substances. Waste Management, 45, 2015, 
[36]  Frederiksen H., Jørgensen N. & Andersson A.M. :Correlations between phthalate metabolites in   
         urine, serum, and seminal plasma from young Danish men determined by isotope dilution liquid   
         chromatography tandem mass spectrometry. J of Analytical Toxicology, 34(7), pp.400–10, 
2010, 
[37]  Johnson K.J. et al.,: Species-specific dibutyl phthalate fetal testis endocrine disruption correlates   
         with inhibition of SREBP2-dependent gene expression pathways. Toxicological sciences: an   
         official Journal of the Society of Toxicology, 120(2), pp.460–74, 2011, 
[38]   Triantafyllou V.I., Akrida-Demertzi K. & Demertzis P.G.,: Migration studies from recycled 
paper  
         packaging materials: development of an analytical method for rapid testing. Analytica Chimica   
         Acta, 467(1-2), pp.253–260. 2002, 
[39]  Suciu N. A., Tiberto F., Vasileiadis S. Lamastra L. Trevisan M.: Recycled paper–paperboard for  
         food contact materials: Contaminants suspected and migration into foods and food simulant, 
Food  
         Chemistry, Vol 141, Issue 4, 15, Pages 4146-4151, 2013,  
[40]  Canellas, E. et al.,: New UPLC coupled to mass spectrometry approaches for screening of  
         nonvolatile compounds as potential migrants from adhesives used in food packaging materials.  
         Analytica chimica acta, 666(1-2), pp.62–9, 2010, 
[41]  Aznar, M. et al.: Composition of the adhesives used in food packaging multilayer materials and  
         migration studies from packaging to food. Journal of Materials Chemistry, 21(12), p.4358, 2011, 
[42]  Hubbe M.A., Venditti R.A. & Rojas O.J.: What happens to cellulosic fibers during papermaking   
         and recycling? a review. , 2, pp.739–788, 2007, 
[43]  Claudio L.: Our Food: Packaging & Public Health, J. List Environ Health Perspectv.120(6),   
         2012, 
[44]  Barthélémy E., Spyropoulos D., Milana M.R., Pfaff K., Gontard N., Lampi E., Castle L.: Safety  
         evaluation of mechanical recycling processes used to produce polyethylene terephthalate (PET)   
         intended for food contact applications. Food Addit. Contam. Part A 31, 490–497. 2014, 
[45]  Biedermann M. & Grob K.: Assurance of safety of recycled paperboard for food packaging 
         through comprehensive analysis of potential migrants is unrealistic. Journal of chromatography,    
         A, 1293, pp.107–19, 2013. 
  



XIII Scientific/expert symposium with international participation 
”METALLIC AND NONMETALLIC MATERIALS“ Zenica, BiH, 27thMay 2021 

 
 

THE QUALITY OF THE PULP WASHING PRODUCED BY THE 
SULPHATE PROCESS IN THE CELLULOSE AND PAPER FACTORY 

"NATRON HAYAT", MAGLAJ 
 

 
Azra Halilović, Ilhan Bušatlić, Šefkija Botonjić, Amna Karić 
University of Zenica, Faculty of Metallurgy and Technology 

Zenica 
 
 
Keywords: cellulose, washing, regeneration, alkali loss 
 
ABSTRACT 
The process of the pulp washing  is very important both economically and environmentally, since the 

quality of cellulose washing is directly related to the efficiency of chemical regeneration and the 

quality of the wastewater generated. The purpose of the cellulose fiber washing process is to 

economically remove the maximum of soluble organic and soluble inorganic substances with a 

minimum of fresh and recycled water. The filtrate formed during the washing of the pulp contains the 

lost che 

micals during the cooking process and is sent to the regeneration system where the necessary active 

alkalis are extracted for cooking the pulp and the residual organic matter is burned in an alkaline 

boiler to obtain the energy required. Poorly washed pulp will carry with it a considerable amount of 

active alkali, which will end up in the wastewater after the process of thickening the cellulose mass 

and separating the filtrate. The aim of this paper was to examine the influence of process parameters 

on the pulp washing quality and determine the quality of the pulp washing in the cellulose and paper 

factory, Natron Hayat, Maglaj. 
 
1. INTRODUCTION 

The pulp after cooking is a suspension of fibers in a waste liquor containing 4-6 m3 of alkali 
per tonne of air-dried pulp. In addition to waste liquor, the pulp contains pieces of uncured 
wood, knots, bark parts, mechanical admixtures, as well as a good deal of shredded fiber. In 
order for the pulp to be of good quality and to serve its purpose, it must be separated from the 
impurities and then washed with residual alkali. The impurities present not only spoil the 
appearance of the technical pulp, but complicate its further processing. 

The purpose of cellulose washing is to remove the maximum amount of black liquor and 
unwanted solutes by using minimum amount of water. The more alkali that goes with the 
cellulose fiber, the less steam and heat will be produced by the process of evaporation and 
burning of the alkali. The loss of organic matter of the black liquor in the washing process 
reduces the organic matter required to produce steam in the alkaline boiler, which will then 
end up in the wastewater. Also, it will adversely affect the alkali regeneration process, since it 
will be necessary to add new quantities of alkali to the system to make up for losses, and the 
lost alkalis, along with other impurities that remain in the pulp will end up partly in the 
wastewater and affect their quality.There are several ways of washing cellulose mass, and 
Figure 1 shows a schematic representation of the process of separation and washing of 
cellulose mass in the factory "Natron Hayat,  Maglaj. 
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The loss of alkali calculated as Na2SO4 normally ranges from 10-12 kg/t of air-dry (a.d.) 
cellulose [3]. The regeneration process of the chemical is carried out by evaporating the rare 
black liquor that is extracted from the cooker and injected into the combustion chamber of the 
boiler via sprinklers. A reduction reaction takes place in an alkaline boiler [3]: 

Na�SO� + 2C → Na�S + 2CO�																																																																																															(1) 
The organic matter is burned, the heat used for steam production is released, some of which is 
used for energy production, the other part is used in other parts of the plant, and the recovered 
alkalis from the boiler furnace are discharged into a special container of solvent solution 
where they are mixed with the waste caustic liqour and a green liqour is formed. Then the 
green liquor is taken to the process of caustification, where a caustification reaction takes 
place [2]: 

																														Ca(OH)� + Na�CO� → CaCO� + 2NaOH																																																			(2) 
After that, the decantation process, separation of white liquor from CaCO3, takes place. The 
resulting CaCO3 is introduced into a rotary kiln, whereby the calcination process takes place. 
The resulting CaO is further used for the caustification reaction. 
 
2. EXPERIMENTAL PART 
 
The experiment flow consisted of the following steps: 
 
1. Monitoring process parameters to determine their influence on the quality of pulp 

washing. For a period of six months for each working day from 07:00 to 15:00: 
 
• the speed of the dosing wheel that leaks the feedstock was monitored, and based on 

the number of the dosing wheel rotation, the capacity of the produced pulp (C.P.P.) 
for that day, expressed as tonnes of produced cellulose/day, wascalculated: 
 

		C. P. P. = 	 rotation	number	of	dosing	wheel ∙ 60 ∙ 24 ∙ 0,31 ∙ 0,145 ∙ 0,48
0,9 -tonnesday /																	(3)	 

 
2. White liqour samples were taken. The white liquor is used for cooking wood raw material 

and .the formation of cellulose fibers. For the sulphate process it consists of NaOH and 
Na2S. The content of active alkali (concentrations) by volumetric (titration) method 
(expressed as g/dm3NaOH) was analyzed in white liquor and cellulose samples were 
taken after the cooking process. Kappa number was also analyzed. Kappa number is an 
indicator of the content of lignin in the pulp or an indicator of the hardness of the pulp. 
 

3. Testing the parameters that define the quality of the washed pulp. For six months every 
working day at 09:00 and at 13:00 h, after the pulp washing process, samples of washed 
pulp were taken and: 
• cellulose mass concentration (%)  was analyzed 
• alkali loss was determined in three ways: 
• loss of alkali calculated as kg Na2SO4 / t a.d. cellulose - residual alkali in the pulp, 
• loss of alkali calculated as kg Na2SO4 / t a.d. cellulose - residual alkali in the filtrate 

obtained by squeezing the cellulose mass and 
• loss of alkali in mass determined and calculated as g/dm3 Na+. 



After the washing process, the washed cellulose mass is thickened by means of presses, and 
the resulting filtrate is actually wastewater that goes into the wastewater collection channel 
leading to the wastewater treatment plant. 
 
4. Testing the parameters that define the quality of the generated wastewate. For a period of 

six months, samples of waste water generated after pressing the washed cellulose mass 
(filtrate) were taken every working day and the following parameters were analyzed: 
• loss of alkali in wastewater expressed as g/dm3 Na +, 
• electrical conductivity, 
• pH value, 
• chemical oxygen demand, COD, 
• biological oxygen demand, BOD5. 

 
Wastewater generated after washing and pressing the pulp together with wastewater from 
other parts of the factory is collected and sent through the sewage canal to the wastewater 
treatment plant. 
 
2.1. Analyzed parameters and test methods 
 
All parameters were analyzed according to the internal methods of the Natron Hayat factory, 
Maglaj [1]. The sampling site and the pulp sample after the Kamyr cooker for analysis and 
determination of the Kappa number are shown in Figure 2. 
 

 
Figure 2. Sampling site and the pulp sample [1] 

The sample of washed cellulose is taken from vacuum filter no. 3, from the last stage of 
washing and is removed with a shovel and placed in a container. The sampling site and the 
washed cellulose sample for analysis are shown in Figure 3. 

 

Figure 3. Sampling site and washed cellulose sample [1] 

 

 



The sampling point of the filtrate, the wastewater that is generated after pressing the washed 
cellulose mass and the collecting duct, are shown in Figure 4. 

 
Figure 4. Wastewater effluent resulting from the pressing of washed cellulose [1] 

 

3. RESULTS AND DISCUSSION 

Table 1 shows the average values of the process parameters for each month during the 
observed period. 

Table 1. Average values of process parameters for each month in the observed period[1] 

Month 
Kappa 

number 

Active alkali 

(g/dm3 NaOH) 

Production 

 (t/dan) 

october 42,452 130,505 286,589 
november 41,878 132,191 282,771 
december 42,479 129,596 274,597 
january 41,014 130,409 269,856 
february 42,900 130,174 260,601 

april 45,445 126,896 285,128 
 
Table 2 shows the average values of the pulp washing quality control parameters. 

Table 2. Average values of pulp washing quality control parameters for each month during  

the observation period for the number of samples taken [1] 

 Parameters determined for the pulp sample from vacuum 

filter no. 3 

Month 
Cellulose mass concentration 

(%) 
AL1 AL2 

october 11,839 16,371 0,180 
november 11,380 17,139 0,168 
december 11,038 19,754 0,277 
january 11,180 18,461 0,242 
february 10,959 16,127 0,122 

april 11,579 16,617 0,156 
Legend: AL1 - alkali loss in cellulose mass (kg Na2SO4/t a.d. cellulose) - internal method; AL2 - alkali 

loss in cellulose mass (g /dm3 Na + ions) - SCAN 37:98 

 



Table 3 shows the average values of wastewater quality control parameters generated after pressing 
the washed pulp for each month. 

Table 3. Average values of  wastewater quality control parameters which is obtained after  

pressing the washed cellulose mass, and which enters the wastewater channel 

 Wastewater parameters which, after pressing the washed cellulose 

mass, enters the wastewater channel 

Month AL3 
Electrocondutivity 

(µS/cm) 
pH 

COD 

(mg/dm3 O2) 

BOD5 

(mg/dm3 O2) 

october 0,107 591,103 8,654 2604,235 211,500 
november 0,107 639,595 8,541 2493,355 305,833 
december 0,156 767,575 8,343 2158,629 337,667 
january 0,116 615,077 8,208 1522,750 328,625 
february 0,094 530,125 8,713 1659,529 300,571 

april 0,106 600,226 8,660 1452,903 109,000 
Legend: AL3- Loss of alkali in the filtrate (wastewater generated after pressing the washed cellulose) 

(g/ dm3 Na+ ions) - SCAN 37:98 

It can be seen from Figure 5 that the Kappa number was within the permitted limits of 40 ± 3, except 
for the month of april when it was 45,445. Production in april amounted to 285,128 t/day and was 
higher than in other months, while the content of active alkali in white liquor for this month was the 
lowest, amounting to 126,896 g/dm3 NaOH. Thus, due to the increased production, and as production 
is directly proportional to the speed of the metering wheel more raw material was leaked into the 
Kamyr cooker, and due to the reduced content of active alkalis in the cooking liquid (white liquor), 
the raw material could not be cooked well. As a result, the Kappa number was increased and a hard 
cooked pulp was obtained. 
 

 

Figure 5. Correlation between production capacity, active alkali content and Kappa number [1] 

It can be seen from Figure 6 that the lowest alkali loss was for the months of october, 
february and april and amounted to about 16 kg of Na2SO4/t a.d. cellulose. The month of april 
is characterized by very high production, but also the highest Kappa number. This means that 
the mass is not sufficiently cooked, which is hard (higher lignin content), these active alkalis 
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in the white lye did not sufficiently enter the pores of the cellulose chips, and when washing 
it was necessary to remove all residual bumps and residual alkalis in the the masses due to 
insufficient cooking are not large, so they are easily removed when washing and better 
washed pulp is obtained. The highest loss of alkali in the pulpwas in december and amounted 
about 19,754 Na2SO4/ta.d.cellulose. February had the lowest production capacity, but 
consequently the loss of alkali was low and the Kappa number was within the permitted 
limits. 

 
Figure 6.  Correlation between production capacity, alkali los in the pulp and Kappa number[1] 

It can be concluded that Kappa number and production capacity have an influence on the 
alkali loss in the mass, but to determine exactly to what extent other process parameters need 
to be analyzed. 

COD, BOD5, conductivity and pH were analyzed to determine the quality of wastewater 
generated after pressing the pulp, and thus the quality of the pulp washing. 

Figure 7 presents a diagram showing the dependence of the alkali loss in the washed cellulose 
mass and the alkali loss in the wastewater that is generated after pressing and concentrating 
the pulp. 

 
Figure 7. Effect of of alkali loss in the mass on the loss of alkali in wastewater [1] 

It can be seen from Figure 7 that the highest alkali loss of 0,277 g/dm3 Na+ in the washed 
cellulose mass corresponds to the highest alkali loss in the generated filtrate of 0,156 g/dm3 
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Na+. Also, the lowest alkali loss in washed cellulose of 0,122 g/dm3 Na+ corresponds to the 
lowest alkali loss in the generated filtrate of 0,094 g/dm3Na+. 

Figure 8 shows the effect of alkali loss in the washed cellulose on the electroconductivity of 
the generated wastewater. 

 
Figure 8. Effect of alkali loss in washed cellulose on the electroconductivity of the generated 

wastewater [1] 

Figure 8 shows that the lowest alkali loss in the washed pulp of 16,127 kg Na2SO4/ta.d. 

cellulose corresponds to the lowest electroconductivity of 530,125 µS/cm. Also, the highest 
alkali loss of 19,754 kg Na2SO4/ta.d celullose corresponds a maximum conductivity of 
767,575 µS/cm. 

Figure 9 shows the effect of alkali loss in the resulting wastewater on the electrical 
conductivity of the resulting wastewater (filtrate). 

 
Figure 9. Effect of alkali loss in the filtrate on the electrical conductivity of that filtrate [1] 

It can be observed from figure 9 that the maximum conductivity value is 767,575 µS/cm and 
corresponds to a maximum alkali loss in the generated wastewater that amounts 0,156 g/dm3 

Na+, while the minimum conductivity value is 530,125 µS/cm and corresponds to a minimum 
alkali loss of ,094 g/dm3 Na+. 

The pH value of the generated wastewater (filtrate) after pressing the washed cellulose ranges 
from 8,2 to 8,7 because it is an alkaline production process, so it is expected that this pH is in 
the base region. 

Washing quality is evaluated on the basis of the alkali loss parameter. If the washing is bad 
the loss of alkali in the washed mass will be higher. It has been shown that with an increase in 
the loss of alkali in the washed mass, the loss of alkali in the filtrate, ie the wastewater that is 
generated after pressingthe washed mass, increases, which ultimately affects the quality of 
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the wastewater. With increasing alkali loss in the resulting wastewater, the conductivity of 
that water increases. 

The quality of generated wastewater after pressing the washed pulp generated was also 
determined analyzingCOD and BOD5 parameters. These two parameters of the generated 
wastewater can also indicate the quality of washing, since worse washing means increased 
COD and BOD5 because organic and inorganic matter will be left behind in the mass and 
increase their values. It has been proven that if the alkali loss in the filtrate is increased then 
both COD and BOD5 are increased because this means that the cellulose is poorly washed 
and more organic matter will be left behind. 

Based on the analyzes carried out in the defined research period, the characteristic high and 
low values of COD of the generated wastewater and the corresponding values of alkali loss 
were observed (Table 4). 

Table4. Characteristic values of COD and alkali loss in the resulting wastewater [1] 

COD of generated 
wastewater (mg/dm3 O2) 

Alkali loss in generated wastewater 
 (g/dm3 Na+) 

4105 0,1279 
3184 0,109 
848 0,0768 

4835 0,1861 
4720 0,1477 
912 0,0814 

 
Figure 9 .Correlation between alkali loss in filtrate and COD of filtrate [1] 

It can be seen from figure 9 that due to the low values of alkali loss in the resulting 
wastewater (filtrate), COD values will be low and due to the very high values of alkali loss 
COD values will be high. If washing is very bad, which means higher alkali loss in the 
resulting wastewater, there will also be a lot of residual organic matter due to poor washing, 
which is why COD value is elevated. 

From Table 3 it can be seen that the water generated after pressing the washed cellulose is 
heavily loaded with organic pollution because they have very high values of COD and BOD5. 
If the washing is not done well, organic matter will be left behind in the water and this will 
cause an increase in COD and BOD5 values. 

Figure 10 shows BOD5 and alkali loss values in the resulting wastewater. From the figure 10 
it can be seen that the maximum value of BOD5 was in the month of december and in the 
month of december there was also a maximum alkali loss. The minimum BOD5 value was in 
april, and the alkali loss was then 0,106 g/dm3. Based on this, it can be seen that the worse the 
mass is washed, the greater the loss of alkali in the wastewater  is and also it is  higher 
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theBOD5value of the wastewater, since poor washing means a higher content of organic 
residues. 

 
Figure 10. Average values of loss of alkali and BOD5 of the resulting filtrate for each month in the 

observed period [1] 

4. CONCLUSION 

Based on the performed examinationand the obtained results, it can be concluded that the 
process parameters - production capacity, content of active alkalis in white liquor and kappa 
number affect the process of washing cellulose mass. The quality of washing expressed 
through the loss of alkali in the pulp and in the resulting wastewater after pressing the washed 
pulp is very good. The organic load of the wastewater generated is high and is directly related 
to the washing of the pulp. It can also be concluded that poor washing of the pulp means an 
increase in the loss of alkali in the washed mass, which causes an increase in the loss of alkali 
in the filtrate after pressing the washed pulp. Bad washing also causes an increase in the 
organic loading of the filtrate. All of the above will ultimately have an adverse effect on the 
chemical regeneration process and the wastewater treatment process. 
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