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Comparison of Analytical and Numerical Methods for Computing 
Temperature Distribution in a Steel Sheet During Laser Welding 

Rafał Banak, Hubert Danielewski, Agnieszka Domagała 
Kielce University of Technology, Faculty of Machine Design and Operation, The Centre for Laser 

Technologies of Metals, Department of Industrial Laser Systems, Al. Tysiąclecia Państwa Polskiego 7,  
25-314 Kielce, Republic of Poland, {rbanak, hdanielewski}@tu.kielce.pl, a_domagala@onet.eu 

Abstract. The aim of the present work is validation of efficiency of  analytical and numerical model used to 
describe moving heat source. Analytical solution of equation of moving line heat source was computed in 
Mathcad. Three-dimensional finite element model was built and numerical simulation was performed in 
ANSYS. Experimental welding was performed on S235JR steel with 6 kW Trumpf TruFlow 6000 CW CO2 
laser with argon as a shield gas. Temperature at surface of processed steel sheet was measured with Optris 
CT XL 3MH3 pyrometer. A comparison of analytical and numerical model of moving heat source has been 
made. 

Keywords: Laser processing, Finite element method, numeric simulation, temperature distributions. 

1. Introduction 

Laser welding is widely used as a competitive method to traditional arc and MIG/MAG 
processing. Due to low heat application during laser welding there are only minor changes in 
material microstructure and low thermal distortions in heat affected zones. 

The mathematical modeling of laser processing is very important to estimate the progress of 
thermo-mechanical changes in processed material. Conduction of heat, which is occurring in solids 
during laser treatment, is difficult to describe. Crucial problem is to describe phase-change and 
keyhole phenomenon. A non-linear thermo-physical properties changes are also quite difficult to 
describe. There are many numerical and analytical solutions for temperature distribution in that 
process. Many different simplifications and assumptions have been made to attain these solutions. 

In [1] the equation of moving source of heat has been proposed. If heat transfers through 
radiation and convection are ignored, then that model could be a sufficient approximation for 
temperature distribution during laser processing. This analytical solution could also be applied to  
a number of similar processes where heat flow is known. 

In recent years, numerical simulation of the welding process has been a major topic in  
a number of papers. While the analytical methods can often be difficult to solve for more 
complicated models, numerical solutions can handle them, but they often require specialized 
software. 

Number of analytical and numerical models of welding processes have been made to estimate 
temperature distributions and other physical phenomenon occurs during laser welding. 

There is a comparison in this paper between that model, transient finite element simulation 
performed in ANSYS and the measurements gained in experimental laser welding process. 

2. The moving line heat source 

Temperature distribution due to the moving line heat source is given by the (1). 
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(1) 

where: 
 P – heat source power [W], 
 K – thermal conductivity coefficient [W/mK], 
 g – steel sheet thickness [m], 
 κ – thermal diffusivity [m2/s], 
 u – heat source velocity [m/s], 
 K0 – modified Bessel function of the second kind of order zero, 
 x, y – coordinates. 

3. Numerical simulation 

Transient numerical simulation of temperature distribution during laser welding was performed 
in ANSYS v. 10.0. For simulation studies the process parameters were adjusted to the conditions 
used in the experimental welding. Tab. 1. Shows numerical simulation parameters. Fig. 1 shows 
meshed object with more dense mesh at expected heat affected zone as it is described in [2] and [3]. 
 

Parameter Unit Value 
Density Kg/m3 7850 

Heat Capacity J/kgK 440 
Conductivity W/mK 43 

Heat source power W 6000 
Heat source speed m/min 1.2 

Specimen dimensions m 0.1x0.1x0.012 

Tab. 1. ANSYS simulation parameters. 

 
Fig. 1. Meshed object used in ANSYS simulation. 

4. Experimental measurements 

Welding process was performed with the use of CW CO2 laser. Various welding parameters 
were applied but for this paper velocity of 1.2 m/min with 6kW power has been chosen. Surface 
temperature of processed steel sheet was measured with pyrometer CT XL 3MH3. Sensor’s lower 
limit temperature range is 350oC so only the temperatures above this point were registered.  
Pyrometer measure spot was placed at 3 mm from laser path. Fig. 2 shows test stand built for 
measures. 
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Fig. 2. The test stand. 

5. Results 

Fig. 3 describes the comparison between computed temperature distributions using both 
analytical and numerical methods. There are two different distances (3 mm and 4 mm) from heat 
source path for which temperatures were computed. Comparison is performed with the reference to 
experimentally measured results. 

 
Fig. 3. Measured and computed temperature distributions. 

Both numerical and analytical computed temperature distributions slightly differs from 
measured quantities. Initial heating curves slopes indicates more rapid temperature increase than in 
real. It could be also result of simplifications in models. Heat conduction coefficient as well as heat 
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capacity and density of processed material changing with temperature. Influence on to the 
difference between results of calculations could also has an accuracy of very measurement. 

6. Conclusion 

Laser welding process is hard to describe due to its complexity, but for some applications 
simplified models could be enough estimation. There is difficulty with non-linear change of thermo-
physical material properties during heat treatment. While numerical methods offers some amenities 
for that problem analytical methods are quite inconvenient and they cannot handle that much 
complicated problems. 

Peak temperatures of temperature distribution curves of analytical and numerical solution for  
3 mm distance show quantities accordingly 10.2 oC less and 1.15 oC less than measured. From Fig. 
3 results that pyrometer measure spot indeed was placed very close to the distance 3 mm from heat 
source path. Also the diameter of measuring device didn’t have considerable influence on to 
received values. 

Both models are giving similar results. Differences between them probably result from 
different ways of rounding and from fact that numerical computation is only approximation of exact 
analytical solution. It’s noticeable that huge impact on results could have omitting temperature 
dependent material physical parameters changes. While non-linear changes of material properties 
are hard to include in simple way with analytical methods numerical simulations make it possible in 
rather easy way. 

For more precise estimation of heat affected zone and temperature distribution more complex 
solution should be used [1], [5], [6]. However phase-change phenomenon probably still can be 
neglected because of its insignificant impact at temperature distribution beyond heat source path. 
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Charpy Impact Test on Quenched 100Cr6 Steel 
*Martin Brezničan, *Peter Fabian, *Jozef Meško 

*University of Žilina, Faculty of Mechanical Engineering, Department of Technological Engineering, 
Univerzitná 1, 01026 Žilina, Slovakia, {martin.breznican, peter.fabian, jozef.mesko}@fstroj.uniza.sk 

Abstract. Heat treatment of rolling bearings components is an indispensable part of their production and also 
is the unavoidable item of the price calculation of bearings. Technological process of heat treatment must be 
done rationally and in addition to the required hardness must also ensure the dimensional precision of 
bearings components. The Charpy impact test is not necessary to evaluate properties of quenched bearing 
components made of common bearing steels, but it can show hidden weaknesses of these steels after heat 
treatment. This article deals with current Charpy impact test standard which is not suitable for impact tests of 
quenched steels, because of large depth of U-notches. 

Keywords: Quenching, bearing steel, Charpy impact test, U-notches. 

1. Introduction 

The bearing steels are special group of steels which are most commonly used for manufacturing 
of bearing rings and rolling elements of roller bearings. These steels are almost entirely used in 
quenched and low-tempered state. Bearings steels standard prescribes maximal Brinell hardness of 
semi-product before machining and acceptable microstructure. Producers of roller bearings 
prescribe required hardness after quenching and after tempering. The requirement of hardness is 
mostly above 64 HRC after quenching and above 60 HRC after tempering (depending on the 
tempering temperature). The bearing steels standards or producers of roller bearings do not 
prescribe Charpy impact test as a necessary test to evaluate bearings quality, but this test can show 
the quality of used steel and quality of steel producers. [1, 2, 3] 

Experimental material 100Cr6 has been produced by Xingcheng Steel from China. Producer’s 
analysis of the chemical composition of supplied steel bars did not show deviations from the 
standard ISO 683-17. The content of most undesirable chemical elements as hydrogen and sulfur is 
0.00005% and 0.003%. Soft globular carbide microstructure is also suitable for machining and 
quenching.   

2. Current Charpy impact test standard 

Current Charpy impact test is adjusted by standard STN EN ISO 148-1 released in 2009. [4] 
There were tested specimens according to this standard. Specimens were made of bars as it is 
shown in Fig.1. The specimens were made with the addition up-to 0.4 mm because of following 
grinding.  

 
Fig. 1. Sketch of specimen preparation 
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U-notch was done in each specimen. Fig. 2 shows the shape and dimensions of U-notch 
according to the current standard. 

 
Fig. 2. Shape of specimen for Charpy impact test according to STN EN ISO 148-1 

Charpy impact test was done by use of 150 J Charpy impact tester. Tested specimens were heat 
treated as following: 

- Austenitization 830 °C, 850 °C and 870 °C for 20 minutes, 
- cooling in mineral oil Durixol W72, 
- tempering 190 °C for 120 minutes, 
- cooling in air. 
Average values of absorbed energy are from 2 up-to 4 J. This is not a significant difference. It 

is impossible to consider any conclusion according these results. This is also by the appearance of 
the fracture surface (Fig. 3). Fracture surface is brittle and looks like glass fracture. 

 
Fig. 3. Appearance of fracture surface 

3. Corrected Charpy impact test 

We decided to continue in testing with use of specimens without notches, which heat treatment 
was the same as above used specimens with U-notches. There was used 300 J Charpy impact tester. 
Measured values of hardness (about 60 HRC) allowed to break the specimens without notch on this 
tester. The size of specimens was the same as in the previous testing (10x10x55). Results of the 
absorbed energy measurements are summarized in Tab. 1. There is significant difference between 
samples of each regime of heat treatment. 
 
 

specimen no. 1. 2. 3. 4. 5. 
average value 

[J] 

average 
hardness 
[HRC] 

st
at

e 
o

f 
sp

ec
im

en
 QT 

austenitization  
830 °C 

180 146 126 172 162 
157 59 

standard deviation: 22 

QT 
austenitization  

850 °C 

102 66 76 78 114 
87 61 

standard deviation: 20 

QT 
austenitization  

870 °C 

58 53 48 106 84 
70 62 

standard deviation: 24 
 

Tab. 1. Measured values of absorbed energy 
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For one representative specimen from each regime was done macroscopic analysis (Fig. 4-6). 
On most of fracture surfaces fracture initiation point can be observed (especially specimens 
austenitized at 850 and 870 °C). This fracture surface appearance indicates the presence of 
hydrogen in steel. 

 
Fig. 4. Appearance of fracture surface of specimen austenitized at 830 °C 

 
Fig. 5. Appearance of fracture surface of specimen austenitized at 850 °C 

 
Fig. 6. Appearance of fracture surface of specimen austenitized at 870 °C 

For these same specimens was done fractography analysis with use of Scanning Electron 
Microscope (SEM) – Fig 7. Based on the fractography analysis can be concluded, that the major 
part of the fracture surface was created by transcrystalline ductile fracture with dimple morphology. 
On fracture surface of specimens austenitized at 850 °C and 870 °C were present facets of 
intercrystalline cleavage. More these facets were present on specimens austenitized at 870 °C, what 
means that the presence of intercrystalline fracture increased with increasing temperature of 
austenitization. 

 
Fig. 7. Fracture surfaces of tested specimens (SEM) 
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4. Conclusions 

It is difficult to conclude the cause of crack initiation on fracture surfaces of tested specimens. 
According previous experiences is possible that creation of this crack was assisted by trapped 
hydrogen inside the material. Anyway, if it is true, the producer of this steel should change his 
production technology or producer of roller bearings components should change supplier of steel. 

About the Charpy impact test standard we can conclude that current standard is totally 
unsuitable for quenched bearing steels testing. It is impossible to do any conclusions according 
results of tests done according this standard. It is suitable to use specimens with depth of U-notch 2 
mm or we can also use specimens without notches (for very hard specimens). 
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Abstract. Today quality is one of the most important cases related to competitiveness. All actions which 
improve the level of quality must be preceded by various analyses in aim to eliminate the reasons of possible 
incompatibilities. The article analyzes the steel products. Identified the most frequent incompatibility: N3 – 
defect of structures, N9 – curves, N11 – interruption in cast. 
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1. Introduction 

 Continuous steel casting is a basic method which guarantees improved efficiency, lower costs 
and higher quality of the cast ingots compared to the previous methods. Compared to the 
conventional methods of casting ingots, application of the system of continuous casting offers 
opportunities for casting ingots with relatively small cross-section area which do not have to be 
processed in the blooming mill [1, 2].  The method eliminates initial operations of plastic working. 
The aim of this study is to analyze the inconsistencies which could not be eliminated despite 
implementation of continuous casting [3, 4, 5]. 

2. Research findings and its analysis 

Analysis of the quality of products was carried out based on: 
• reports on production quality in the steelworks (weekly or monthly reports of 

inconsistency), 
• computer printout of monthly reports of Quality Control concerning the defects in 

continuous cast ingots in the year 2010, 
• reports on weekly quality control meetings,  
• analysis of production quality concerning the causes of exceeding the indices for the defects 

in cast ingots in 2010. 
The products with the status of an inconsistent product which cannot be further processed and 

are categorized as a rejected part include:  
• semi-finished products from continuous casting that do not meet the standards, technical 

specifications and/or currently confirmed orders, 
• defective products returned by the customer. 

The period of the research was 2010 year. Research was carrying out on the basis of the ironworks 
reports. Tab. 1 shows the percentage of incompatible products in relation to the all production. 
Founded acceptable level of failure is: 

Machine 1  – 0.11%  
Machine 2  – 0.13% 
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Incompatibilities 
[%] 

Months 
I II III IV V VI 

Machine 1 0.12 0.11 0.12 0.11 0.14 0.15 

VII VIII IX X XI XII 

0.18 0.17 0.14 0.11 0.12 0.18 

Machine 2 I II III IV V VI 

0.21 0.19 0.23 0.22 0.18 0.21 

VII VIII IX X XI XII 

0.25 0.24 0.21 0.22 0.21 0.23 

Tab. 1. Structure of incompatibilities in 2010 year (machine 1 and machine 2) 

 

 

Fig. 1. Percentage fraction of incompatibilities in individual months of 2010 year (machine 1, machine 2). 

It results from this figure analysis, that the greatest level of the incompatibilities appeared in 
four months of the year (the June, July, August and December). The data shows that the level of 
incompatibilities is much higher for the machine 2. 

The level of products not fulfilling requirements was presented in the Tab. 2 and Fig. 2.  
 
 

No. Incompatibilities Symbol Machine 1 Machine 2 
1 Irregularity of surface N1 3.82 2.7 

2 Defect of shape N2 2.12 1.37 

3 Defect of structures N3 20.15 43.13 

4 Tearing apart N4 6.14 0,18 

5 Wrong chemical composition N5 12.14 2.78 

6 Wrong dimension N6 8.21 5.71 

7 Cracks N7 11.15 13.63 

8 Rhombic N8 6.11 1.34 

9 Curves N9 14.13 21.23 

10 Lack of metal N10 3.8 5.8 

11 Interruption in cast N11 12.23 3.3 
 

Tab. 2. The incompatibilities that occur during the production of steel 
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Fig. 2. The structure of incompatibilities (machine 1 and machine 2) 
 

As it results from the histogram analysis (for first machine) three incompatibilities: N3 – 
defect of structures, N9 – curves, N11 – interruption in cast are dominant (Fig. 2). In the case of 
machine 2 three incompatibilities: N3 – defect of structures, N7 – cracks, N9 – curves occur most 
frequently. On the defect of structure consists: contraction cavity and other defect of structure. A 
detailed analysis of incompatibilities is presented on Fig. 3. 

 

 
Fig. 3. A detailed analysis of defect of structure (machine 1 and machine 2). 

 

The goal of metallographic testing is to determine metal structure. Knowledge of the structure and 
its compactness provides additional information about the reasons for discrepancies. Example of 
internal structure of product where incompatibilities occurred are presented in Fig 4. 
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Fig. 4. The internal structure of steel product. 

3. Summary 

Examinations showed, that the most higher number of products not fulfilling requirements 
appeared in four months of the year (the June, July, August and December). As it result from 
analysis three incompatibilities the most frequently occur: N3 – Defect of structures, N9 – curves, 
N7 – cracks. In the case of machine 1 for defect structures consist shrinkage cavities (16.49%), and 
other defects in the structure (41.01%). In the case of machine 2 on the defect structure consisting: 
shrinkage cavities (3.66%), other defects in the structure (2.12%) The basic internal and external 
defects of billets and blooms in continuous casting are identified based on control samples. 
Longitudinal cracking of the corners are connected with high casting temperature, increased content 
of Cu, Sn, S in steel. Surface porosity is connected with insufficient deoxidation of steel, high 
hydrogen contents. 
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Abstract. Manuscript applies base information of temperature transfer during thermal processes,  
an experiment of measurement temperature distribution in point of heat affected zone and analytical 
identification of changing thermo-physical properties of metallic materials based on adjusting analytical 
model and temperature distributions during laser welding. 
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1. Introduction. 
 
 During laser material processing, particularly welding, area of welds undergoes extremely 
high temperature, and very rapid cooling. These factors affect material properties. In addition  
to material transformation in a keyhole, in Heat Affected Zone (HAZ) rapid changes of temperature 
may also result in phase transitions. Process mechanism and its results strictly depend on thermo-
physical material properties. Most analytical and numerical models assume these as a constant, but 
in fact, thermal conductivity coefficient capacity and thermal diffusivity are changing with 
temperature. The constant values of these parameters assumed in the heat conduction equations 
should therefore take different values than that corresponding to the room temperature. The purpose 
of present work is to identify values. Analytical model of identification thermal coefficient in arc 
welding carried out by researches from Ohio State University has shown good results of matched 
thermal coefficient based on temperature distribution in measurement spot [1]. 

2. Experimental investigations.  
 
 Identification of thermo-physical properties of material could be performed by various 
experimental methods. The purpose of this research program is the analysis of a laser welding 
process, so the present experiment consisted in the measurement of temperature change in steel 
sheet caused by the moving focused laser beam. Experiment was carried out in Center for Laser 
Technology of Metals laboratory of Kielce University of Technology and Polish Academy  
of Sciences with the use of TrumpfTruFlow 6000 CO2 laser. Material was carbon steel SJ235 R 10 
mm thick. Sheet surface had been cleaned from oxides and rust. And then to uniform absorptivity  
of a testing material and to avoid effects of reflection in measuring point, the surface was covered 
by spray coating. The temperature was measured by means of Optris, CT XL 3MH3 infrared 
temperature sensors with temperature range of 350 to 1800 oC and accuracy 0.1 oC.  
The measurement spot was located approximately 4 mm from the welding line. 
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Fig.1. The test-measurement stand. 
 
Laser beam power was set at  6 kW CW with argon as a shield gas The experiment was carried out 
for three different welding speeds: 1, 2 and 2.8 � �

����. Samples were welded trough and temperature 

sensors CT XL 3MH3 registered changes of temperature at a measuring point. Device connected  
to a computer stored results as a table of measurements. Every pass of the laser beam was repeated 
to confirm the reliability of each measured temperature  distribution.  

3. Theoretical model and results of calculations  
 
 The results of experiments were then compared to theoretical  model being the sum  
of solutions for moving line heat source and a moving point heat source. The temperature 
distribution according to this model is given by the formula.  
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where: 
T - temperature [K] 

ρ - the density of material - adopted as 7840 ����	
 
K - thermal conductivity coefficient � �

��∙��
 
cp - specific heat of material, adopted as 460	� �

���∙��
 
κ - diffusivity, � � �

�∙��  ��
�

� 
 

K0 – modified Bessel function of the second kind 
P - power  absorbed by the material and transformed into  heat  ���  
α – fraction of heat generated by the line source 
(1 – α) - fraction of heat generated by the point source  
b – distance between   
g - material thickness ���  
v - welding speed ��� 
 
x, y, z - coordinates (x - direction of beam movement) 
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 Five process parameters P, K, α, b and y (distance of a the measurement spot from the weld 
line) were treated as free ones. Their values were calculated by the least squares method. The sum 
of squares of differences between the theoretical model and the experimental results for the 
calculated values attains minimum.  
 The comparison between the experimental results and theoretical  results of welding for 

three different welding speeds is shown below. 

 

 
Fig.2. The temperature distribution along the measurement line – the theoretical model and experimental results 
	for	the	welding speed 1000 mm/min . 
 

 
Fig.3. Chart of 2	 !

!"#	welding speed obteined from the equation. 

 

 
Fig.4. Chart of 2.8	 !

!"#	welding speed obteined from the equation. 
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  Laser welding parameters 

Coefficients 6kW, 1 m/min 6kW, 2 m/min 6kW, 2.8 m/min 

a 0.005499 0.00461 0.004079 

K 40.9 32.2 28.5 

x 0.1372 0.4787 0.745 

P 5107 5637 5855 

α 0.217 0.263 0.283 

b 0.00073 0.0222 0.0258 

Mean squared error 3.52 0.65 0.69 

Number of measurements 39 38 49 

Tab.1 Summary of results. 
 
 

Fig.5. The influence  of  the welding speed on:  a) absorbed power b) temperature conductivity coefficient  
c) ratio of power generated by  the line source, relative to the total power P absorbed by the material. 

 

4. Conclusions 
  
 Heat distribution in metallic materials has crucial impact in laser welding process. Using 
temperature measurement device and analytical model, thermal coefficients can be identified.  
Table 1 and Figure 5 show relationship between the calculated values of process parameters and the 
welding speed. As the experiment and further analysis show, the calculated value of thermal 
conductivity decreases with the welding speed. This observation requires further investigation.  
 The ratio of the power generated by the line source, relative to P - the total power absorbed 
by material increases. Changes are not linear but some relationship between value of welding speed 
and this coefficient can be observed. Moreover the total power absorbed by the material increases 
with the welding speed. This may be due to decrease at higher speeds of blocking of the beam  
by plasma emerging from the keyhole. 
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Abstract. The paper presents the results of an experimental and theoretical investigation into formation of 
striations i.e. periodic lines appearing on the cut surface, which are one of the most important quality factors 
in laser cutting. Little progress has been made on the elimination of striations, despite the various practical 
and theoretical investigations into the understanding of striation formation mechanisms. 
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1. Introduction 
 
 Laser cutting is now one of the widely accepted techniques for sheet metal profiling, due to 
its distinguishing advantages, e. g. low running cost, high processing speed, and easy of automation. 
It has been applied in industry for over 40 years. This technology also has some drawbacks, among 
them the formation of striations on the cut surface [1, 2].  

During laser cutting of mild steel the beam is focused into cutting surface through a nozzle 
which provides a low pressure jet of oxygen. The laser heats up the mild steel until it ignites in the 
oxygen. The ensuing exothermic chemical reaction is then held in a thermodynamic balance 
between the heating effects of the laser or oxidation reaction and the cooling effect of thermal losses 
to the surrounding steel sheet. This dynamic balance involves regular fluctuations in the burning 
reaction which result in the striations pattern on the cut edge, even if the laser input to the cut zone 
is constant [3]. The cause of striations is a subject of some dispute, there are many theories: the step 
theory is just outlined. 

2. Experimental procedure 

Experiment was made in Centre for Laser Technology of Metals Laboratory of Kielce 
University of Technology and Polish Academy of Sciences. The CO2 laser used in this experiment 
was a 6 KW Trumph Lasercell 1005. A material that was cut in the process was carbon steel 
S235JR, thickness of 15 mm and size of samples 50 mm. Velocity of cutting was from 1000 – 2200 
mm/min and gas pressure 0.4 – 0.8 bar.  

The cut surface topography was examined using a TOPO 01P stylus profilemeter – contact 
instrument for measuring and analyzing the geometric structure of the surface. On ten cut surfaces 
three traces were taken along the cut face at distance of 0.25 mm from the top and bottom of the cut 
edge. In each case the three results were then averaged to give an upper, a middle and a lower cut 
edge roughness (see Figs. 1, 2 and 3). 
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Fig. 1. Surface profile of the cut, Ra=10.235 µm , Rp= 25.704 µm, Rt= 62.810 µm. 

 

 

 
Fig. 2. Surface profile of the cut, Ra=10.949 µm , Rp= 31.598 µm, Rt= 87.711 µm. 
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Fig. 3. Surface profile of the cut, Ra=6.724 µm , Rp= 16.798 µm, Rt= 43.741 µm. 

 
The next step of experiment was a test of ten probes which were under a optical microscope 

OPLYMPUS SZX10 with maximal increase 126 times. Fig. 4 shows the first, middle and the last 
sample of cutting surface. 
 

 
Fig.4. Cut edge at various speeds, cutting direction is from right to left. 
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3. Results 

Received results of surface topography gives view over the cutting profile. When the 
velocity of cutting increase and gas pressure decrease Ra – the arithmetic average of the absolute 
values, Rp – maximum peak height and Rt – maximum  height of the profile decreases with an initial 
increase.  

The work clearly shows that during laser cutting three cutting zones are noticeable. When 
the velocity of cutting was changed from 1000 to 2200 mm/min the first zone of striations became 
more narrow from 2.85 to 1.14 mm. The second part became also more narrow from 4.40 to 
2.81mm with initial increase until 4.86 mm. Critical aspect of these measurements was a gas 
pressure that changed from 0.8 bars at the beginning until 0.4 bars at the end.  

On first sight, it is visible that striations on the top of cutting edge obtain more regular 
shapes then those below. 

4. Conclusion 

 Received results of paper demonstrate the conditions under which striations are the most 
typical. Striations are regular lines with a slight inclination from the laser beam axis. Although 
striations strongly affect the cut surface quality and have been widely studied, a fully consistent 
explanation of the dynamic behaviour of the entire system, which leads to understanding the 
striations formation, is still not available [1].  
 In recent years, results have been published which show that the distinctive striations 
pattern is minimized under certain processing conditions if a fibre laser is used instead of the more 
traditional CO2 or Nd: YAG lasers. ‘Striation free’ cut edges are produced over a specific range of 
cutting speeds for a particular laser parameter – material combination. Above or below this range 
the cut edge is considerably rougher as a result of a number of effects. 
 The lowest roughness mild steel cut edges are produced at intermediate speeds 
considerably lower than the maximum cutting speed. At lower speeds the roughness is higher 
because the viscosity of the melt is relatively high. At higher speeds the cut edge is rougher because 
the mass flow down the cut front is larger and the melt is thicker [3]. A striation –free cutting 
parameter can open the door to the use of laser cutting in many novel applications [1]. 
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Abstract: This article reports the fundamental physical principle of ultrasound and the fundamental physical 
principle ultrasonic probes for nondestructive testing (NDT) of welded joints. The article describes 
fundamental principles of ultrasonic defectoscopy TOFD (Time of Flight Diffraction), Phased Array, 
piezoelectric materials for ultrasonic probes and fundamental principle testing of welded joints with 
ultrasonic defectoscopy TOFD. In the part of Phased Array is described linear, angular and focused 
ultrasonic wave. At the end of the article is described motorized ultrasonic scanner for ultrasonic TOFD and 
Phased Array probes.  
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1. Introduction 

Ultrasonic defectoscopy is nondestructive testing (NDT) of materials able to detect surface 
and volume cracks. Ultrasound is defined as mechanical oscillation of particles about their 
equilibrium position in elastic medium with frequency greater than 20 kHz. Ultrasonic waves are 
created by spreading of biding forces of mechanical oscillation between particles. By mechanical 
oscillation of particles are divided into longitudinal, transverse and surface waves. Plate waves 
(symmetric and asymmetric) are created within thin materials [3; 5]. 

2. Piezoelectric effect  

In the ultrasonic probes are piezoelectric transducers using direct and indirect piezoelectric 
effect. Direct piezoelectric effect is transformation mechanical oscillation of piezoelectric 
transducers (mechanical energy) to alternating electrical voltage (electrical energy). Ultrasonic 
probe is detector of ultrasonic waves (fig. 1). Indirect piezoelectric effect is transformation 
alternating electrical voltage (electrical energy) to mechanical oscillation of piezoelectric 
transducers (mechanical energy). Ultrasonic probe is generator of ultrasound waves (fig. 2).

 

Fig. 1 Direct piezoelectric effect 
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Fig. 2 Indirect piezoelectric effect 

Frequency of mechanical oscillation of piezoelectric transducer and frequency of alternating 
electrical voltage are identical [1]. 

2.1    Piezoelectric transducers 

Piezoelectric transducers are made of piezoelectric materials witch are quartz crystal (SiO2), 
barium titanate (BaTiO3), lead metaniobate (PbNb2O6) and PZT ceramics based on solid solution of 
lead, titanium and zircon (PbZrO3, PbTiO3). Another group of piezoelectric materials are 
piezocomposite materials (fig. 3) witch are combination PZT ceramics with polymer (silicone, 
epoxy and polyurethane) matrix. They have lower acoustic impedance and higher sensitivity. 

 

Fig. 3 Piezocomposite material 

The important parameter of piezoelectric materials is Curie temperature above which they 
have not ferroelectric (piezoelectric) properties. The aim of development of piezoelectric materials 
is maximize piezoelectric effect and minimize deformation stress [2; 6]. 

3. Ultrasonic defectoscopy TOFD 

Ultrasonic defectoscopy TOFD (Time of Flight Diffraction) uses two ultrasonic probes. First 
ultrasonic probe is transmitter (generator of ultrasonic waves) and second ultrasonic probe is 
receiver (detector of ultrasonic waves). TOFD detects ultrasonic waves diffracted from defect 
(upper tip diffraction and lower tip diffraction). The lateral wave is a longitudinal wave generated 
from the wide beam of ultrasonic probe. The backwall wave is a longitudinal wave reflected from 
the backwall (root weld). 
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Fig. 4 Ultrasonic defectoscopy TOFD 

Ultrasonic defectoscopy TOFD uses two methods of scanning of welded joints. First method 
is parallel scanning and second method is nonparallel scanning. Ultrasonic probes moved in parallel 
scanning perpendicular to an axis of welded joint and in nonparallel scanning parallel to an axis of 
welded joint. TOFD detects length, height and depth of crack of welded joint [5]. 

4. Ultrasonic defectoscopy Phased Array 

Convectional ultrasonic probes for nondestructive testing of materials commonly consist of 
either a single active piezoelectric transducer that generates and receives ultrasonic waves 
(reflection ultrasonic defectoscopy), or two paired piezoelectric transducers, first for transmitting 
and second for receiving of ultrasonic waves (transmission ultrasonic defectoscopy). 

Ultrasonic probes Phased Array can consist of 16 to 256 small individual piezoelectric 
transducers that can each be pulsed separately. These can be arranged in linear, matrix, annular, 
circular phased array or a more complex shape (fig. 5). Ultrasonic probe Phased Array frequencies 
are most commonly from 2 MHz to 10 MHz. 

 

Fig. 5 From left linear, matrix, annular, circular ultrasonic probes Phased Array 

Ultrasonic probes Phased Array can control direction of ultrasonic wave (wavefront). 
Direction of ultrasonic wave is control with time delay of alternating electrical voltage (fig. 6) [5]. 
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Fig. 6 Linear, focused and angular ultrasonic wave (wavefront) 

5. Motorized ultrasonic scanner 

Motorized ultrasonic scanner is a motorized scanning system which is designed to ultrasonic 
TOFD or Phased Array probes in ultrasonic testing of welded joints (fig. 7). It has four magnetic 
wheels for movement on ferromagnetic materials (it can operate on vertical, horizontal and inverted 
surfaces) and one joystick to control steering for smooth and accurate tracking of welded joints. 
Dimensions of motorized ultrasonic scanner have length 21 cm, height 8 cm and width 27 cm. 
Scanner has brushless servo motor with integral feedback and planetary gearhead. Driving speed of 
scanner is in the range of 0 to 254 mm.s-1. Motorized ultrasonic scanner can be used for ultrasonic 
testing welded joint of pipeline, high pressure vessel, nuclear reactors, hull ship and for many other 
applications in engineering industry [4]. 

   

Fig. 7 Motorized ultrasonic scanner 
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6. Conclusion 

Ultrasonic defectoscopy TOFD and Phased Array have in practice better results than 
convectional ultrasonic defectoscopy but they require physical knowledge of ultrasound. Another 
problem is absence of complex Slovak norms (it is one norm STN EN 15617 for TOFD). The aim 
of project no. 561/PG04/2011 is to design ultrasonic testing of welded joints of pipeline with 
ultrasonic defectoscopy TOFD and Phased Array. 
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Abstract: This paper deals with the influence of flank wear on the decomposition of cutting force when 
turning. Due to tool wear friction and  shear component of cutting force are not only but also face and flank 
component of cutting force are presented in cutting process. This effect has been analyzed in turning bearing 
steel 100Cr6 in soft annealed condition and points to increased mechanical load of workpiece.  
 
Keywords: cutting force, decomposition, flank wear, turning 

1. Introduction 

Searching a new information about cutting forces in machining has not only practical but also 
theoretical importance. Theoretical knowledge pointed on cutting forces allow to specify theories 
about cutting process. In practice, we can find exploitation of these knowledge. There are important 
for tools design, choice of cutting conditions, calculations and design of machine tools and so on[1]. 

When we want identify mechanical load of the cutting tool, is necessary to identify sizes of 
friction force Ft and the normal force Ftn on the face of cutting tool. Their size can be calculated 
from known cutting tool geometry and following equations: 

Ft = F. sinβ   (N)              (1)                       Fs = F. cos (β-γn + ϕ)     (N)              (3) 

 Ftn = F. cosβ   (N)               (2)                         Fsn = F. sin (β-γn + ϕ)     (N)                (4) 

 
To identify stress state in the primary deformation area is necessary to know size of the shear 

force Fs and normal shear force Fsn.[2] Publication [5] is focused on decomposition of cutting force 
depending on the cutting parameters changes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     Fig. 1. Decomposition of cutting force in 
cutting zone [6] 

Fig. 2. Decomposition of cutting force  
in relation to too wear [1] 
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    Referred decomposition represents a simplified model. The real cutting tool has cutting edge 
radius rp which is result of production method and also tool wear. The cutting  
edge round operates not only on shear plane, but also on the machined surface [1]. 

Decomposition of cutting force in relation to tool wear and cutting edge round has been more 
detailed described by authors [3,4]. Fγ component is the part needed for cutting and Fα component is 
part operated on the machined surface. Cutting force can be then expressed:    

                                                     F = Fγ + Fα                 (N)                                     (5) 
 

2.   Experimental conditions 
 
machined material: steel 100Cr6, soft annealed 
cutting tool: Pramet SNMG 120408E-M, 6630 
machine: CNC Lathe Hurco TM8 
three component piezoelectric dynamometer KISTLER 

 

f (mm) vc (m.min-1) ap1 (mm) ap2 (mm) ap3 (mm) ap4 (mm) ap5 (mm) 
0.09 100 0.25 0.5 1 1.5 2 

 
flank wear values:  

VB1 = 0.2 mm VB2 = 0.5 mm VB3 = 0.65 mm VB4 = 0.9 mm 
 
 
 
 
 
 
 

   

Tab. 1. Cutting conditions  

 
Samples had modified shape, which ensured the gradual change of cutting depth. Marked 

samples were turned with sharp insert and with worn inserts VB1 - VB4. During the process of 
turning, the course of cutting force components were recorded by dynamometer KISTLER 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3. Used workpiece for turning and cutting force measurement, 100Cr6 
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3.   Results of experiments 
 
Records based on the cutting force components (Fig.4.) the values of each component were 

identify - Fc, Fp, Ff. Their values, depending on the cutting depth for different values of flank wear 
show Fig. 5. and Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Record from cutting force component measurement for different depths of cut. 
 
 
 
 
 
 
 
 
 
 
 
 
   Fig. 5. Influence ap on cutting force components                 Fig. 6.  Influence ap on cutting force components 
   
 
As can be seen from comparison of Fig. 5. and Fig. 6., increase the depth of cut is accompanied 

with an increase all three components of the cutting force. Also with increasing degree of tool wear, 
which is accompanied by the increasing abrasion area on the flank surface, increase all three 
components of the cutting force. The biggest change was recorded at the radial component Fp. In 
the case of sharp insert and worn insert with flank wear value VB = 0.9 mm, it is almost 80 % 
increase. Influence of tool wear, mainly increasing radial component Fp, is closely related to 
increasing mechanical load on machined surface.  

Increased deformation processes in contact between cutting tool and workpiece causes increase 
of temperature in the cutting zone. This aspect affects the hardness and stress state of surface layers, 
which can cause unwanted deformations, which are induced by heat treatment of machined parts. 
This situation can be seen especially in roughing operations in bearing manufacturing, where 
deformations of thin wall bearing rings are unacceptable. 
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                         a.)                                                                                                  b.) 

Fig. 7.  Influence of tool wear and cutting depth on a.) Fγ - face ,  b.) Fα - flank 
 

4.   Conclusion 
 
Results based on the measurements cutting force components, a decomposition of cutting force 

for face and flank tool area was done. As figure number 7a.) shows, increasing flank wear causes 
slight increase of Fγ cutting force component. Changing cutting depth has also considerable 
influence on Fγ component. For all analyzed cutting depths the flank wear VB = 0.5 mm is value of 
saturation. Further increase tool wear values causes decrease of force load. 

On the other hand the opposite process can be observed in fig. 7b.), which describes the 
progress of the force load for flank area of the tool. From Fα values we can conclude that increasing 
flank wear operates as a factor increasing the mechanical load of the tool on the machined surface. 
The increasing depth of cut has no effect on the Fα values. An increasing trend Fα component is 
exclusively generated by tool wear. This process may then cause cutting process instability and this 
is one of the reason geometric inaccuracy of machined parts. Their reduction represents significant 
step in economy savings 
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Abstract. Aluminium AlSi10Mg is a typical casting alloy used for parts with thin walls and complex 
geometry. It offers good strength, hardness and dynamic properties and is therefore also used for parts 
subject to high loading. This paper deals with detail study of aluminium alloy AlSi10Mg microstructure. 
Alloy was analyzed in as-cast state (rapidly cooled right after casting) and after T6 heat treatment. T6 
treatment (solution annealing, quenching and age hardening) improves mechanical properties. The results 
show that the microstructure of AlSi10Mg alloy consisted of several phases: α-matrix, eutecticum (eutectic 
Si in α-matrix), Fe-rich intermetallic phases (Al15(FeMnMg)3Si2, Al5FeSi), Mg2Si and of other phases in 
formation. Iron-rich intermetallic phases are well known to be strongly influential on mechanical properties 
in Al-Si alloys. The most common morphology was the long platelets of Al5FeSi phase. After heat treatment 
were observed spheroidisation of eutectic Si, dissolution and fragmentation of Fe-phases. Changes in the 
morphology of eutectic Si (fragmentation and spheroidisation) improve mechanical properties, mainly 
ductility. 
Keywords: aluminium alloy, casting, heat treatment, intermetallic phases 

1. Introduction 

Development of modern industry requires products to be lighter and more resistant. The Al-Si 
casting alloys with excellent combination of properties have increasingly wide applications [1]. 
Hypoeutectic Al-Si casting alloys, due to excellent strength and ductility, have been widely used in 
automotive and aerospace industries, but the castability (involving the fluidity, the contractibility 
and the tendency of shrinkage micro-void, etc.) is poor compared with that of near-eutectic Al-Si 
alloys, such as AlSi10Mg [2-4]. However, the applications of the near-eutectic Al-Si alloys are 
limited now, because of its lower strength and ductility, especially in some important products. 
Investigation on improving the strength and ductility of the near-eutectic Al-Si alloys is scarce at 
present. So it is believed that the research and development of these alloys with excellent properties 
will attract increasing attention of the materials researchers and the foundry men. The structure 
refinement is one of the most important methods for improving the strength and ductility of alloys. 

Heat treatment is one of the major factors used to enhance the mechanical properties of heat-
treatable Al-Si alloys, through an optimization of both solution and aging heat treatments. Solution 
treatment performs three roles: homogenization of as-cast structure; dissolution of intermetallic 
phases such as Mg2Si; changes in the morphology of eutectic Si phase by fragmentation, 
spheroidisation or coarsening, thereby improving mechanical properties, mainly ductility [5-6]. 

The present study is a part of larger research project, which was conducted to investigate and to 
provide a better understanding of the heat treatment on the structure (structural analyses) of cast  
Al-Si-Mg alloys. The study was confined on the most popular alloy - AlSi10Mg that contain about 
10 % Si and 0.4 % Mg.  
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2. Experimental  

Experiments were performed on near-eutectic AlSi10Mg cast alloy which chemical 
composition is given in the Table 1. The casting was done by permanent mould casting technology 
and then rapidly cooled in water (Fig. 1). From the casted component were machined round bars 
with diameter 12 mm (Fig. 2) and then machined specimens for tensile test (ø 8 mm with length 80 
mm) (Fig. 3). Half of machined specimens were heat treated in a muffle furnace. Solution heat 
treatment was carried out at 530 °C for 6 h, and then the specimens were quenched in water at a 
temperature of 50 °C, followed by aging at 180 °C for 8 h and cooled on calm air. Mechanical 
properties were obtained by tensile test according to standard STN EN 10003-1. Values of ultimate 
tensile strength are determined by the average value of 3 test bars. Experimental material has high 
ultimate tensile strength Rm = 247 MPa in as-cast state after rapid cooling. 
 

Si Fe Cu Mn Mg Zn Ni Cr Pb 
11.00 0.150 0.034 0.066 0.419 0.014 <0.005 0.003 <0.005 

Sn Ti Ag B Cd Na Co V Al 
0.011 0.076 <0.001 <0.001 0.006 0.001 <0.002 0.008 88.1 

Tab. 1. The chemical composition of the AlSi10Mg alloy (at. %) 

   
Fig. 1 Casted piece Fig. 2 Semi-products Fig. 3 Tensile test specimens 

 

The microstructure of experimental casts was studied using an optical microscope (Neophot 32) 
and scanning electron microscope (VEGA LMU II). Metallographic specimens were made from 
tensile specimens (after testing). The specimens for microscopic analysis by optical and electron 
microscopy were prepared by standard metallographic procedures (preparation in bakelite, wet 
ground, DP polished with diamond pastes, finally polished with commercial fine silica slurry 
STRUERS OP-U and etched by 0.5 % HF). Part of specimens was also deep-etched for 15 s in HCl 
solution in order to reveal the three-dimensional morphology of the eutectic silicon. The various 
intermetallic phases were identified using scanning electron microscope VEGA LMU II linked to 
the energy dispersive X-ray spectroscopy (EDX analyser Brucker Quantax). 

  

Fig. 4 Microstructure of AlSi10Mg, 
as-cast state, SEM 

a) etch. 0.5 % HF b) deep etch. HCl 
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Microstructure of near-eutectic AlSi10Mg cast alloy consists of dendrites α-phase (α-solid 
solution), eutectic (mixture of α-matrix and eutectic silicon particles) and intermetallic Fe- and Mg-
rich intermetallic phases. The α-matrix precipitates from the liquid as the primary phase in the form 
of dendrites and is comprised of Al and Si. SEM microstructure and three-dimensional morphology 
of the eutectic Si in as-cast state and after heat treatment shows Figures 4 and 5. Eutectic Si without 
heat treatment (as-cast state) occurs in spherical grains (Fig. 4a), after deep etching in sticks form 
(Fig. 4b). After heat treatment were noted that the spherical grains were spheroidised to rounded 
shape (Fig. 5a) and after deep etching were observed fragmentation of sticks to fine isolated 
particles (Fig. 5b). 

 

  

Fig. 5 Microstructure of AlSi10Mg, 
after T6 heat treatment, SEM 

a) etch. 0.5 % HF b) deep etch. HCl 
 

The different intermetallic phases are concentrated mainly in the interdendritic spaces. These 
intermetallic phases had in the experimental material different morphologies. Al5FeSi phases 
precipitates in the interdendritic and intergranular regions as platelets (in microscope needle-like 
phase). Long Al5FeSi platelets (more than 500 µm [7]) can adversely affect mechanical properties, 
especially ductility, and also lead to the formation of excessive shrinkage porosity defects in 
castings. In experimental material were observed Al5FeSi platelets, which were 80 - 100 µm long 
(Fig. 6a). The evolution of the Al5FeSi phase after heat treatment is described in Fig. 6b. T6 heat 
treatment tends to shortening (maximum length is 5 - 10 µm) and narrowing big needle-like Al5FeSi 
phase.   

 

  

Fig. 6 Fe-rich phase Al5FeSi 
(needle-like), etch. 0.5 HF, SEM 

a) as-cast state b) after heat treatment 
 

Al-Si cast alloys that do not contain copper additions are used when good castability and good 
corrosion resistance are needed. Magnesium can act as a substitute for copper. Magnesium and 
silicon can form the intermetallic hardening phase Mg2Si which precipitates in the α-matrix and 
increases the yield strength. It is a well known fact that the yield strength can be increased by an 
increase of alloyed Mg. In experimental AlSi10Mg alloys with 0.4 % Mg magnesium is usually 

10 µµµµm 20 µµµµm 

20 µµµµm 20 µµµµm 
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found in black spherical phase Mg2Si (Fig. 7a), but may be present also in iron-containing phases 
(Fig. 7a) such as phase Al15(FeMnMg)3Si2, or in other complex eutectics. The Mg2Si phase can be 
readily identified according to its color and morphology. 
 

 

  

Fig. 7 Mg2Si phase, etch. 0.5 HF, 
SEM 

a) as-cast state b) after heat treatment 

3. Conclusion 

The microstructural analyses rapidly cooled ASi10Mg cast alloy show that: 

• microstructure of near-eutectic AlSi10Mg cast alloy consists of dendrites α-phase, eutectic 
and intermetallic Fe-rich (Al5FeSi) and Mg-rich (Mg2Si, Al15(FeMnMg)3Si2) phases. Fe- 
and Mg-rich intermetallic phases are concentrated mainly in the interdendritic spaces; 

• eutectic Si in as-cast state occurs in spherical grains, after deep etching in sticks form. After 
heat treatment were noted that the spherical grains were spheroidised to rounded shape and 
after deep etching were observed fragmentation of sticks to fine isolated particles; 

• needle-like phase Al5FeSi after heat treatment tends to shortening (from 80 - 100 µm to  
5 - 10 µm) and narrowing. 
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Abstract. Surface integrity and passive layer of molybdenum-bearing austenitic stainless steel (AISI 316L) 
are strongly affected by welding and surface treatment. These vary the corrosion resistance of the stainless 
steel toward local forms of corrosion. Plates of AISI 316L were welded by tungsten inert gas (TIG) method 
according to ASME standard. The samples surfaces were modified by mechanical and mechanical-chemical 
methods namely: grinding, blasting, pickling. Corrosion behavior of the specimens with different surface 
finishing was evaluated by immersion test in chlorides environment using weight analysis. Also, optical 
microscopy was used for corrosion evaluation.  

 
Keywords: AISI 316L, surface treatments, welding, corrosion resistance, grinding, garnet blasting. 

1. Introduction  

Stainless steels are structural materials with excellent corrosion resistance in aggressive 
environments. Their corrosion resistance depends on structure and chemical composition, especially 
by presence of the alloying elements such as Cr, Mo, Ti, Ni, N and also on the surface treatment [1, 
2, 3]. Despite these properties, austenitic stainless steels are sensitive in certain corrosive 
environments to local corrosion attack [4, 5]. The excellent corrosion resistance of austenitic 
stainless steel is caused by the existence of stable, thin and well adhering passive layer which 
quality is influenced by surface treatment. Austenitic stainless steel, which has excellent toughness 
and weldability, is mainly used in environment that requires reliability and durability of the 
material. AISI 316L stainless steels are widely used in components designed for high temperature 
applications [6,7,8]. The experimental material has a low susceptibility to pitting in environments 
containing chlorides because of low carbon content “L” (0.013 wt. %). During solidification carbon 
combines with ferrite and subjected the material to chromium carbide precipitation (sensitization). 
By reducing of carbon content in the stainless steel the amount of carbides precipitation decreases. 
Due to present of molybdenum, AISI 316L stainless steel has good plasticity and high resistance 
against acids and deep local corrosion. It is non-ferromagnetic steel, with higher yield stress and 
ultimate tensile strength [9]. 

In this work, the effect of some surface treatments (mechanical, chemical treatments) of a 
welded AISI 316L austenitic stainless steel on pitting resistance is investigated. These various 
finishing surfaces were tested individually and collectively versus untreated surface for pitting 
corrosion. Corrosion behavior was assessed in weld metal (WM), heat affected zone (HAZ) and 
base material (BM) areas of with various surface treatments. 

2. Experimental material and surface treatment 

Ten AISI 316L plates with 3 mm thickness were cut and prepared to specimens with dimension 
of 120 mm x 60 mm using water jet cutting. Water jet cutting was carried out at a pressure of 400 
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bar and cutting speed of 100 mm / hr. The dimensions of the plate were selected to ensure the ease 
and homogeneity of the welding process. The chemical composition Of the AISI 316Lis in Table 1. 
Also a specimen was prepared for microscopy in both transverse and longitudinal directions using 
wet grinding and etching in the solution of 10 ml HF, 30 ml HNO3 and 20 ml glycerin. Figure 1 
shows the microstructure of the used material in both directions. 

Table 1.  Chemical composition of the tested AISI 316L stainless steel 

element Cr Ni Mo Mn C Si N P S Fe 
Content element 

 [wt.%] 
16.51 10.21 2.10 0.91 0.013 0.65 0.015 0.038 0.006 rest 

         

          
a) transverse b) longitudinal 

Figure 1.  The microstructure of the used AISI 316 L stainless steel in different directions 
 

      All surfaces of the plates were degreased to ensure better weld quality. Then two plates were 
welded together using tungsten inert gas (TIG) welding method without use of filler metal. Welding 
parameters are shown in Table 2. During the welding process, argon was used in both top and 
bottom of the weld to provide a complete protection for the welding area. Each welded plates were 
then cut to four specimens by water jet cutting with the same parameters as mentioned before. The 
specimen dimension is 50 mm x 25 mm.  

 
Table 2. Weld parameters of the used TIG method without filler. 

Filler diameter 
[mm] 

Electrode diameter 
[mm] 

Used current 
[A] 

Argon flow 
[l/min] 

No filler 1.6 92 7 
 

Surfaces of the specimens were treated mechanically by either grinding or garnet blasting. For 
grinding treatment, initial surface grinding was performed to level up the surface of the welded area 
with base material. This was done by using surface grinding with Al2O3 belt with grit of 80. Then 
each specimen was grinded by Al2O3 belt with grit of 180 for 3-4 minutes. This provided the 
welded surface with better surface finishing and better roughness.  Sand blasting was performed on 
specimens with pressure of 6 bars and garnet abrasive grit of 80 (31% SiO2, 21.6% Al2O3, 37% 
FeO, and 7.4% MgO). The blast pointed at 90 degree angle and lasted for about 60 seconds for each 
specimen. Surface of the third group of specimens were kept without mechanical treatment. In 
addition, three specimens from each group (untreated, grinding, garnet blasting) were pickled for 30 
minutes at temperature of 22 ± 2 °C in solution with composition 100 ml of 50% HNO3, 5 ml of 
38% HF, 395 ml of H2O. These specimens were then cleaned and rinsed with distilled water and 
then left for sufficient time to dry out. All specimens were then weighted with a scale with and 
accuracy of 10-5g. Also selected specimens were assessed using optical microscopy. 

 
3. Results and discussion 

Welded specimens of AISI 316L with various surface finishing (individual or combine 
treatments) were tested for resistance to pitting corrosion. The immersion test was carried out in the 
solution of 6% FeCl3 according to the standard ASTM G 48. The environment temperature during 
the test was 21°C. After exposition of 72 hours in the test solution the specimens were removed 
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from the immersion vessel, cleaned with demineralized water and dried. The weight losses were 
determined and corrosion rate evaluated with the accuracy of 10-5 g. Table 3 shows the results of 
immersion tests for all tested specimens. Grinding surface after welding shows the lowest corrosion 
rate among surfaces in Table 3a where garnet blasting shows the highest corrosion rate. For the 
chemical treated surfaces in the Table 3b it was observed the same behavior of corrosion resistance. 
Chemical treatment (pickling) improved the corrosion resistance of untreated and grinded 
specimens when compared to specimens which were not treated chemically. In the case of 
specimens after garnet blasting, pickling has negatively affected their corrosion resistance and the 
corrosion rate increased. Surface roughness and subsurface deformation are increased by garnet 
blasting what caused infiltration of weld products and blasted particles into subsurface layers of 
material and escalates the corrosion process. 

 
Table 3.  Corrosion rates of the AISI 316L stainless steel obtained from immersion test in 6% FeCl3 

Type of surface 
treatment 

Average weight 
losses 

[g] 

Average 
corrosion rates 

[g×m-2×h-1] 

 
Type of surface 

treatment 
Average weight 

losses 
[g] 

Average 
corrosion rates 

[g×m-2×h-1] 
without 

treatment 0.31488 3.49866 
without 

treatment + 
pickling 

0.23469 2.60766 

grinding 
0.28204 3.13377 

grinding + 
pickling 

0.23387 2.59855 
garnet blasting 0.39604 4.40044 garnet blasting + 

pickling 
0.56692 6.29911 

a) No chemical treatment b) With chemical treatment 

   
Untreated specimens welded without filler (Figure 2a) are attacked by corrosion mostly in the weld 
metal. The chemical treatment improves corrosion resistance to pitting in the welded area (Figure 
2b). This phenomena which was determined by optical microscope is in good agreement with 
results from immersion test. Corrosion attack was not visible on grinded specimens (with or without 
pickling), what is documented in Figure 3. The cleaned surface creates continuous passive layer 
with good protection properties what means that products of reactions during welding were 
removed and the grinded surface became homogeneous. After garnet blasting aggressive corrosion 
attacks are mostly located in the weld area as well as in the heat affected zone (Figure 4a). The 
surface is also contaminated by blasting agents and some welding products. These factors can 
considerably influence susceptibility to local corrosion. The specimen which was treated by garnet 
blasting and pickling shows the worst corrosion attacks throughout the whole study (Figure 4b).  
 

  
a)  untreated surface b) untreated surface + pickling 

Figure 2.  Corrosion attack on surface of untreated welded specimens 
 

  

a) grinding b) grinding + pickling 
Figure 3.  Corrosion attack on surface of welded specimens with grinding treatment 
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a) garnet blasting b) garnet blasting + pickling 

Figure 4.  Corrosion attack on surface of welded specimens with garnet blasting treatment 
 

  Corrosion resistance of the TIG welded specimens without filler is different with and without 
using chemical treatment (pickling). These facts were obtained and confirmed by immersion test 
and visual control too. After comparison of the various treated it is obvious, that surface treatment 
by blasting and blasting with pickling are not suitable finishing methods for AISI 316L stainless 
steels.  

4. Conclusion 

According the results from immersion tests and optical microscope analysis of welded specimens 
after exposure to 6% FeCl3 solution it can be stated: 

Immersion test shows for both untreated and grinded specimens, pickling improves the 
corrosion resistance in 6% FeCl3 solution. After pickling, even higher corrosion rate occurs in 
treated specimens with garnet blasting. Grinding has the highest corrosion resistance and removes 
from the surface residual products of welding and oxidation products resulting high welding 
temperature. Garnet blasting is unsatisfactory method for treatment of the welded AISI 316L steel 
since it accelerates the corrosion process and creating non continuous passive layer.  

Corrosion attack of the specimens welded without filler and without chemical treatment is 
higher than of the specimens welded with use pickling after welding, except sandblasted specimens.   
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Abstract. Deep-level transient spectroscopy (DLTS) method with some modifications is very often applied 
to determine the interface state parameters in semiconductor structures. In the contribution is presented one 
version of this method – Acoustic DLTS technique. The technique is based on the acoustoelectric response 
effect observed at the interface of semiconductor structure. The A-DLTS uses the acoustoelectric response 
signal (ARS) produced by the structure interface, when a longitudinal acoustic wave propagates through 
a structure. This paper is focused on the further development of A-DLTS technique to establish a new 
modern technique with utilization of LABVIEW system at measurement of the ARS transients. 

 

Keywords: Acoustic-DLTS, acoustoelectric effect, semiconductor interfaces 

1. Introduction 

The semiconductor interfaces in metal-semiconductor contacts, semiconductor-insulator 
interfaces and semiconductor heterostructures are most important concepts in semiconductor 
devices and circuits that play a revolutionary role in microelectronics. New technology, however 
require smaller devices, sharper transitions and higher number of preparation steps. Narrower 
transitions require sharper doping profiles and subsequently lower temperatures during the 
preparation processes. Lower temperatures introduce defects that hardly can be removed by thermal 
treatment. These defects represent another new group of fabrication-induced defects. Although due 
to the many improvements in preparation technology the density of interface states, especially at 
SiO2/Si interfaces is usually very low, it can still seriously affect electrical properties of MOS 
(Metal- Oxide- Semiconductor) devices formed from these structures. 
Methods of acoustic spectroscopy represented by a set of experimental techniques are used also to 
study physical properties of semiconductor structures. These methods that include so-called non-
electrical measurements, the advantage of which is that the role of the ohmic contacts is not so 
important as in the case of electrical measurements belong to nondestructive methods. When the 
acoustoelectric effect in semiconductor structures has been shown to be a useful tool for the 
experimental study of interface states, several modifications of acoustic (acoustoelectric) deep-level 
transient spectroscopy (A-DLTS) were introduced. The surface acoustic wave (SAW) technique 
uses a nonlinear acoustoelectric interaction between the SAW electric field and the free carriers in 
an interface region which generates a transverse acoustoelectric signal (TAS) across the structure. 
Transient measurements of the high frequency part of TAS have been used to study charged traps 
[1, 2].The longitudinal acoustic wave (LAW) technique uses an acoustoelectric response signal 
(ARS) observed at the interface of the semiconductor structure when a longitudinal acoustic wave 
propagates through the structure [3, 4]. Because the ARS is extremely sensitive to any changes in 
the space charge distribution in the interface region, its time development after an injection pulse 
has been applied to the structure (A-DLTS) can be used to study the interface states properties 
including their activation energy, cross-section, concentration and interface states distribution [5, 6]. 

       The principle of A-DLTS technique is based on the fact that the change of the amplitude of the 
measured ARS, 0

acUδ after an injection pulse has been applied to the structure is proportional to the 
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nonequilibrium charge at the interface. The decay time constant associated with the relaxation of 
the ARS amplitude is then a direct measure of the time constant associated with the relaxation 
processes of injected carriers. Therefore, the ARS amplitude time dependence can be written as 

( ) ( )τ/exp10
0 tUUtUac −+=   ,                                                             (1)  

where U0 is the original ARS due to the acoustoelectric interaction of acoustic wave and charge at 
the interface of MOS structure and U1 represents the increase of the ARS due to the injection pulse, 
τ is the relaxation time and t is time. The time constant characterizing the relaxation processes after 
applied injection pulse can be expressed for electrons by the relation 
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where σn is the capture cross section, γn is constant, Ea is the interface state activation energy related 
to the bottom of conduction band, kB is the Boltzmann’s constant and T is the thermodynamic 
temperature. The analysis of the time dependence of the ARS at different temperatures then allows 
to determine the activation energy of interference states Ea and corresponding cross section σn [3 -
6]. Since the relation (1) assumes only one kind of interface state, it can be readily generalized for 
several interface states. 
 
       In this paper we describe a new version of the A-DLTS technique utilizing the LABVIEW 
system, the principle of which consists in the computer evaluation of isothermal ARS transients. The 
new system of A-DLTS transient analysis represents a significant improvement over the previous 
A-DLTS version with better continuous monitoring  of measurement progress and time saving due 
to the computer evaluation of isothermal transients. 

2. Experimental 

The block diagram of the principal arrangement of the experimental setup is illustrated in Fig.1. 
The computer with analog-digital (ADC) and digital-analog converter (DAC) was used to trigger 
the system, to generate the injection bias voltage pulse and moreover to record the isothermal 
transients of the acoustoelectric response signal. The bias voltage Ug and the bias voltage step ∆U 
with pulse width of 200 ms filling interface states was generated and then applied to the structures. 
The acoustic waves were generated by LiNbO3 transducer acoustically bonded to the quartz rod 
buffer. Then MOS structure worked as a receiver, too. The box–car integrator was using for 
selection of the acoustoelectric response signal produced by a structure after detection in the 
receiver. Then the signal was registered and stored by a computer and DAC using technique based 
on computer-evaluated transients measured at fixed temperatures.  

 
Fig. 1.The block scheme of A-DLTS spectrometer 
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New solution of A-DLTS measurement results in new software facilities provided with the 

Labview system. This program language is a universal developmental environment with extensive 
libraries for building of applications oriented to the measurement. It provides and supports basic 
methods of data collecting with the corresponding data and program structures in graphical form, 
G-language (Graphical language). The resulting product of developmental environment is called the 
virtual instrument. More complicated mathematical operations are inserted into the program through 
other programming language using MathScript module. 

Our software solution for the collection and registration of data during the measurement 
consists of two basic parts. The first part is the communication with a digital multimeter using 
GPIB interface that serves to load voltage of the thermocouple and the subsequent transfer using the 
actual temperature of the specimen (Fig. 2). 

 

 
Fig. 2.Block diagram of temperature measurement in LABVIEW with assistance of millivoltmeter 
 
The second part of this software consists of the block the purpose of which is to send the 

voltage pulse to the sample by synchronization pulse that runs on the measuring card PCI 6221. The 
leading edge of synchronization pulse triggers both the voltage on specimen and hf generator of 
MATEC instrument. The deceleration edge of the synchronization pulse ends the voltage pulse and 
moreover starts the counting of the voltage from the box-car integrator. The voltage pulse supplied 
to the sample can be varied in the range from -10 V up to+10 V, and also the pulse width as well as 
the number of sampled transients must be chosen (Fig. 3). Individual measurement data are stored 
in a file that attends on the further evaluation. 

 

 
 

Fig. 3.The block diagram of voltage pulse selection 
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The actual setting of the data is performed before measuring on the front panel, where we set 

the number of samples per measurement, temperature step in which to make additional 
measurements, the width and value of the voltage pulse and the location of the measured data. 
During the measurement, we can follow the actual temperature of the sample, temperature change 
(e.g. cooling) per minute and actual voltage wave from on a sample. The switch selects either to 
increase or decrease the temperature in the sample during the measurement (Fig. 4).  

 

 
 
Fig. 4.Front panel of A-DLTS displaying the ARS transient measurement using LABVIEW 

3. Conclusions 

The newly improved A-DLTS technique based on the computer-evaluation of the transients of 
the acoustoelectric response signal measured at fixed temperatures utilizing the LABVIEW system 
presented here has been proved an effective and successful method for the investigation of deep 
levels in semiconductor structures. The physical parameters of the interface states in SiMOS 
structures can be determined using the new version of the A-DLTS technique and the evidence of 
the energy distribution of deep states at interface can be obtained more effectively. However, future 
work should involve demonstrating the technique`s ability to minimize the errors associated with 
transient analysis and explore interface states at higher resolutions yet to be obtained by previous 
technique. 
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Abstract. The article deals with determination of the fundamental characteristics of machining new 
technology for the production of biomaterials implants turning, using a removable cutting plates of 
cemented carbide surface modified coating TiAlN. Experimental determination of the size of components 
includes cutting forces in turning process, depending on the cutting parameters and cutting material used 
and monitor the formation and shaping chips. 
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1. Introduction 

The constant development of new types of implants introduced into a living system requires 
new materials for their production, which must be biocompatible, corrosion resistant, compatible 
with tissue, with a good life. Among such materials include titanium and its alloys. Practical use of 
elemental titanium derives from its extraordinary chemical resistance and low density. Titan finds 
application in the aerospace industry and space technology. The chemical industry uses its corrosion 
resistance. The biomedical uses feature „biocompatible” - the body does not produce defensive 
reactions. Titanium belongs to the heavy machining materials due to its low thermal conductivity 
and high coefficient of friction, high rigidity during machining, resulting in a increase the cutting 
edge tool. It is therefore necessary to choose materials for titanium working conditions in which the 
machining cost and will achieve dimensional and geometric accuracy and surface quality. In view 
of the dimensional and geometric accuracy and surface quality of titanium materials is necessary to 
handle the problem with cutting these materials and determine the working conditions in which the   
machining efficiently. 

2. Biomaterials 

As the term biomaterial understand inanimate material used in medical preparation intended to 
interact with biological systems. Is so smart biomaterials biomaterial that has the most sensory 
ability (able to detect a change in the system) and the Executive (when it detects changes in the 
system carry out the required work). [1] 
Biomaterials can be classified according to the chemical composition of the following groups: 

a) metals, b) bioactive ceramics and glasses, c) carbon, d) polymers, e) composites. [2] 
 

The implants are then usually classified in accordance with the reaction they provoke inside the 
body (Figure 1).  [2] 
 Bio tolerantly implants (bone cement, stainless steel, cobalt alloys) are alive after implantation into 
the coated layer of cartilaginous tissue that forms the transition between bone and inert material.   
Bionert implants (Al2O3, ZrO2, Carbon, Ti and Ti alloys) are characterized by direct contact 
between the implant and the surrounding bone tissue. These materials are characterized by forming 
a stable oxide layer on its surface.   
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Workpiece material Tensile stress Rm =N/mm2 Rp 0,2=N/mm2 A5 = % min. 

TiGr 2 min. 345 275-450 20 
TiGr 4 min. 550 483-655 15 
TiGr5 min. 895 min. 828 10 

TNT- 65B/1 min 917 859 10,9 
NTi  1240 1200  12  

 

Bioactive implants (selected bioactive glass, case vitroceramics, calcium - phosphate ceramics) are 
characterized by the formation of direct chemical bonding between the implant and bone tissue. [2]  
 
 
 
 
 
 
 
 

Fig. 1 Example of the use of biomaterials in medicine [3]  

Biomaterials must next meet biocompatibility requirements and functional requirement. The 
interface bone / implant, there are rather high concentration of stress, which leads to repetitive 
micro between the implant and bone. When metals are somewhat more favorable situation 
compared with ceramics (modulus in Ti and Ti alloys, E = 110 GPa for steel E = 195 GPa, cobalt 
alloys with E = 220 GPa), but it is objectively necessary tendency to further increase the strength of 
the connection between implant and bone, because the differences are still significant. [2] 

3.  Turning of titanium samples  
  Machining was performed on a lathe SUI40 (Figure 2), which was conducted measuring the 
components of cutting forces in longitudinal turning titanium materials. When machining titanium 
samples according to the manufacturer's recommendations for cutting tools used for hard turning 
dry environment, and to prevent cracking. The samples were studied the effects of cutting 
parameters and material characteristics of each technology in the external longitudinal turning 
commercially pure titanium TiGr2, TiGr4, TiGr5, nTi and TNT-65B / 1 (Table 1). Samples were 
machined titanium with a diameter d = 5 mm, and the length l = 20mm. 

 

 
 
 
 
Tab. 1 Mechanical properties of the samples machined titanium  [4] 

 As a tool for turning the external surfaces of titanium materials used: CKLPR holder - 8 8 D 
07 - S a removable cutting material cutting plates DCGT 070204 coated TiAlN coating (Figure 3). 
Based on the recommendations of manufacturers of cutting materials and experimental methods, we 
selected cutting speed = 2200 m.min-1, the depth of cut ap = 0,2, 0,4, 0,6 mm, feed f = 0,023, 0,035, 
0,051 mm With these cutting parameters we investigated the effect of ap af the components of 
cutting forces. 
 

                
 

Fig. 2 Lathe SUI40 Fig. 3 CKLPR holder - 8 8 D 07 - S a removable 
cutting plate DCGT 070204 
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Fig. 4 The method of mounting samples              Fig. 5 Dynamometer KISTLER  type 9441 

3.1. Measurement of the components of cutting forces 

 Measurement of cutting forces is based on sensing the cutting forces using piezoelectric 
sensors. For measurements was used three component dynamometer KISTLER type 9441.     
(Figure 5) 

 Curves components of cutting forces 

The results of experimental measurements using the DASY LAB were a set of values that has 
been further processed in Microsoft Excel, which were constructed graphs. The graphs were read 
minimum, maximum and mean values. 
 

               

 

                 

                

Fig. 6 Course constituents of cutting forces for cutting 
conditions:  vc  = 34,6 m.min-1,  ap  = 0,4 mm,  
f = 0,035 mm, material for nTi. 

Fig. 7 Course constituents of cutting forces for     
cutting conditions:  vc  = 34,6 m.min-1, ap  = 0,4mm,   
f = 0,035 mm, material for TNT- 65B/1. 

Fig. 8 Course constituents of cutting forces for cutting  
conditions:  vc  = 34,6 m.min-1, ap  = 0,4 mm,       
f = 0,035 mm, material for TiGr5. 

Fig. 9 Course constituents of cutting forces for 
cutting conditions:  vc  = 34,6 m.min-1, ap  = 0,4 mm,   
f = 0,035 mm, material for TiGr4. 

Fig. 10 Course constituents of cutting forces for cutting  
conditions:  vc  = 34,6 m.min-1, ap  = 0,4 mm,      
f = 0,035 mm, material for TiGr2. 

Fig. 11 Dynamic components of cutting forces for 
cutting conditions:  vc  = 34,6 m.min-1,                ap  
= 0,4 mm,  f = 0,035 mm, material for TiGr2, nTi, 
Tigr5, TNT-65/1,  TiGr4. 
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The result of measurements using the LAB Dasy was a set of values of cutting force components, 
which were assessed values. The evaluation of the Fc reference sample material TiGr2 mean value 
of 41 N. The sample had a mean TiGr5 Fc 53 N, 39 N sample TiGr4, TNT-65/1 35 N. This force 
has significantly increased in the sample nTi up to 61 N. 

3.2. Monitoring shaped particles 

Material that wedge cutting tool cuts off the workpiece is changed to splinter. This process, 
which is accompanied by intense plastic deformation and friction is called the formation of chips. 
On the cutting wedge pressure on the workpiece elastic deflection occurs first, which has a different 
intensity. [5] 
Part of the experimental tests was to investigate the shape of particles in terms of changing the 
depth of cut and feed rate f changing. 

Experiment 1 : vc = 34,6 m/min, ap = 0,4 mm, f = 0,035 mm, 

nTi TNT-65/1 TiGr5 TiGr4 TiGr2 
 
 
 
 
 
 
 
Fig. 12  Chip Shapes 

When watching us in the form of chips obábaní materials studied originated mostly long and 
coiled helical shape of chips. Most ideal shape of particles occurs when machining TiGr4 at a depth 
of cut ap = 0,2 mm, feed value   f = 0,023 mm, ap = 0,4 mm, feed value f = 0,035 mm, when there is 
a short helical chip. 

4. Conslusion 

At the very end is possible to say that the dynamic machinability, chip design has a significant 
impact method for producing semi-finished workpiece as resulting values of the components of 
cutting forces increased with increasing displacement. The biggest influence on the size of the 
components of the cutting forces cutting depth ap. Based on the measurement, evaluation, and 
knowledge can be noted that the correct choice of cutting conditions are reduced static and dynamic 
loads MTWP system- Machine- Tool- Work Piece- Preparation, making it possible to increase the 
efficiency, performance products and reduce production costs. This article was funded by the grant 
project KEGA 069ŽU-4/2011 E-learning in chip technology and modernization work to teach a 
subject in order to increase the ability of students. 
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Abstract. The modern gear power transmitters are working at high and very fluctuating load levels, while 
they need to be even more smaller, efficient, quieter, easier to produce and, finally, they have to cost less. 
Besides of the latest development in the field of analysis and simulation of power transmitters in real 
exploitative conditions, experimental testing is still essential. This paper presents the experimental method 
for measurement of electromotor power transmitter properties. The testing method presented in this paper is 
specific application-oriented full-scale testing with simulation of exploitative conditions. The obtained 
results are used as essential information and data for design modifications, its evaluation and qualification, as 
well as developing completely new design solutions. Also, results obtained by the same methodology present 
the current technical conditions of the examined power transmitter and could be used as condition for 
diagnosis of the power transmitter elements without the need of their disassembly.  

Keywords: electromotor power transmitter, noise, vibration, torque, thermal loading. 

1. Introduction 

Power transmitters are the crucial elements of power transmission drives of most mechanical 
systems. They can be used at wide range of speeds and loads, ensuring high kinematic accuracy, 
working continuance, and reliability needed under different exploitation conditions. Their main 
function is to transmit rotation and torque using the so-called form connection, which is in this case 
represented by gears mashing at suitable level of noise, vibration and temperature. Basic advantages 
of gear power transmitters, in comparison to other power transmitters, are: simple operation, 
accurate kinematic transmission, small dimensions and high degree of efficiency. The 
disadvantages of gear power transmitters are: great rigidity in transmitting power, vibration and 
noise intensity. It is essential to evaluate quality of power transmitters before they are utilized and 
thus to ensure problem free functioning of mechanical systems [1-5].  

2. Testing Procedures and Results 

Testing was done on the motor power transmitter that is presented in Fig. 1.  

• Power P = 1.5 kW; 
• Torque T = 600 Nm; 
• Speed ratio u = 70.73; 
• Output rotational speed n = 20 min-1; 
• Rotational speed of electromotor 

nm = 1420 min-1; 
• Electrical voltage U = 380 V; 
• Frequency f = 50 Hz and 
• Mechanical protection IP55. 

Fig. 1. Electromotor power transmitter with basic technical characteristics  
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For experimental testing of the electromotor power transmitter characteristics, presented in this 
paper, open power circuit testing device is used. The connection between motor - reducer and 
multiplier - generator ensure that the output rotational speed from the reducer, in fact, is the input 
rotational speed in multiplier [9-12]. This paper deals with testing methodology of electromotor 
power transmitter that is based on the standard and recommendations by AGMA and VDI [6-8]. 

2.1. Transmitter Control to Noise and Vibration 

The noise control is conducted according to standard DIN 45635 and recommendations IEC-
34-9. The noise measuring was conducted in the special environment, which was completely 
isolated from all external noise using digital noise meter producer Brüel & Kjær, type 2239 A. 
Vibration measuring was done by digital vibro – controller with direct contact at certain points. For 
vibration testing Vibration Analyzer Type 2250 H producer Brüel & Kjær was used. In tested series 
of the motor transmitters two of five transmitters did not perform satisfactory due to the fact that 
level of noise exceeded allowed limits.  

2.2. Measuring of Rotational Speed and Electrical Characteristics of Electromotor 

For measurement of rotational speed a digital tachometer of type HHT-1501, produced by 
Omega Electronic, was used. The real rotational speed measured was n = 20.5 min-1 with relative 
difference of 2.5%, so determined variation was allowed. 

Measuring of the electrical characteristics is performed in idle, with the aim to determine 
functionality of all the elements. The variation of the electrical characteristics during exploitation of 
power transmitter should not exceed defined limits [13-14].  

2.3. Standard Test of Electromotor 

The following motor characteristics were determined: source power, electromotor power 
output, the output number of electromotor rotations, intensity of electric current and the degree of 
efficiency. It was concluded that the electromotor satisfies all the demands. Testing results are 
shown as diagrams in Figs. 2 and 3.  
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Fig. 2. Output power and power from source dependence on rotational speed 

2.4. Control of Torque at Output Shaft, Thermal Loading and Degree of Efficiency  

During examination of electromotor, the power transmitter torque was determined, so as output 
number of rotations per minute, for both rotation directions, under regime of permanent driving 
with leveled load up to nominal torque. For the torque measurement the transducer of type DRBK 
produced by ETH Messtechnik was used. Temperature was measured according to IEC recommen-
dations and regulations VDE 0530. The oil temperature in the housing (T1), temperature of the 
housing of the transmitter (T2) and temperature of the housing of the electromotor (T3) were 
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measured by the thermocouple probe with universal serial bus interface linked to computer for data 
acquisition produced by Omega Engineering. Testing results are shown in Fig. 4. 
 

 
Fig. 3. Current and phase delay dependence on rotational speed 

 
Fig. 4. Diagram of temperature changing under leveled load up to nominal torque the 7 hour period for all load levels 
 
 It was shown that losses per one toothed pair, after the period of adaptation using nominal 
load are about 2%, so it is expected that degree of efficiency is 94% for the tested three level motor 
transmitters (Fig. 5.). 

 
 Fig. 5. Degree of efficiency dependence on rotational speed 

3. Conclusion 

 Based on the conducted measurements and testing, it was concluded that the examined 
electromotor power transmitter satisfies the quality criteria as summary result of construction, 
production and working conditions.  The failure of electromotor power transmitter units is directly 
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related to its conceptual design, used production processes and the combination of both static and 
dynamic loadings. High stresses arise in the elements of power transmitter from both improper 
dimensions of components, improper gear meshing with impacts and due to vibrations of elements. 
Increases of noise levels and temperatures are early signs of failures, so testing methodologies must 
handle these parameters with attention. The electromotor power transmitters' degree of efficiency is 
important factor for mechanical energy balance and therefore it must be determined under the real 
exploitation conditions. The conducted testing point out the need for standardization of the quality 
testing processes of electromotor power transmitter and defining the parameters of safety and 
reliability, which could guarantee the stable and safe work of electromotor power transmitter under 
real exploitation conditions.  
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Abstract. This paper deals with methods of radiation embrittlement monitoring used for reactor pressure 
vessel VVER-440/213 for the nuclear power plant Mochovce unit No 3 and 4. Herein a brief overview is 
written about new concept of surveillance specimen program design. Information on individual stages of 
given program implementation and table of specimens employed focused on their short characterization in 
terms of reactor materials to be tested within and their simplified geometry specifications. 

Keywords: Surveillance specimen programme, radiation embrittlement monitoring, radiation embrittlement, 
reactor pressure vessel (RPV), static fracture toughness, Charpy V-notch toughness, tensile strength, base 
metal (BM), weld metal (WM), heat-affected zone (HAZ), Mochovce surveillance specimen programme 
(MSSP-34),    

1. Introduction 

The most important goal of MSSP-34 monitoring programme is to acquire reliable technical 
reasons for the power plant long-term operation behind formerly designed project lifespan. This is 
now in a common practice in many countries in the world exploiting nuclear power such as Japan, 
USA, France, Russia and others [1]. The other goal of the new designed monitoring programme is 
the reactor pressure vessel (RPV) materials radiation embrittlement trends and thereby the 
assurance of the conditions arranging the safe reactor operational runs free of conditions for brittle 
material failure event [2]. Radiation embrittlement MSSP-34 monitoring programme represents the 
sixth generation of the monitoring programmes put into effect within nuclear power plant units 
operating VVER-440/213 reactor type in Slovakia. This one comes out based on experience gained 
at design, implementation and results evaluation of such programmes as:  

- Standard surveillance specimen programme (SSSP – part of RPV delivery), 
- Extended surveillance specimen programme (ESSP), 
- New surveillance specimen programme (NSSP), 
- Modernized surveillance specimen programme (MSSP-12), 
- Advanced surveillance specimen programme (ASSP). 
 
In this paper well-arranged information characterizing project MSSP-34 are shown and those 

about current implementation state are brought into as well. Larger publication dealing with the 
issues characterizing the philosophy of the given project design and its application state or acquired 
results will be published in Journal of Nuclear Energy. 

2. Mochovce surveillance specimen programme (mssp-34) 

Complying with original technical construction documentation of these units number three and 
four were equipped with reactors marked VVER-440/213 (water cooled and water moderated 
energetic reactor) [3]. Reactor pressure vessel of the given type and its technical specifications are 
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listed in references [2, 4]. Considering the synergic effect of materials degradation caused by 
irradiation embrittlement, corrosion processes, fatigue and thermal ageing co-acting during RPV 
operation, there is a requisite to monitor all the time of NPP operation their negative affects to 
mechanical properties changes of RPV material. This is a standard procedure required by Nuclear 
Regulatory Authority of Slovak Republic and also a concern of IAEA recommendation. 

Radiation embrittlement monitoring RPV material is updated by means of programmes of 
surveillance specimens. To monitor radiation damage and embrittlement rate of RPV materials for 
Mochovce units three and four so-called “Mochovecký“ surveillance specimen programme is going 
to be applied (MSSP-34) [1, 2]. 

A below mentioned information on MSSP-34 can also be found in reference [5, 6].   
Within the realms of MSSP-34 programme three different types of specimen to analyze and 

monitor RPV steel radiation degradation are being used. They are as follows:   
-   Non-standard specimens for tensile testing Ø 3×33 mm, 
-  Specimens for Charpy notched impact toughness testing, 
-  Pre-cracked and pre-fatigued specimens for static fracture toughness testing. 
All abovementioned specimen types are turned out of three experimental material types such as 

base metal (BM), weld metal (WM) and its mutual interface made by heat affected zone (HAZ). 
Besides those mentioned experimental materials of power plant safety-reliable structural component 
radiation damage, monitoring over a period of 10 and 20 campaigns will also be monitored on 
special type of titanium stabilized austenitic stainless steel marked 08Ch18N10T (designed for 
reactor internal structures) and on special stainless steel type marked 14Ch17N2 designated for 
bayonet clutch of reactor control rods [1, 2]. 

Absolute novelty in this surveillance programme is introducing the separation of RPV material 
samples in such a way, that the effects of material hot forming texture and other metallurgical 
aspects on mechanical properties evaluation in unirradiated and irradiated states by various neutron 
fluences will hereby be eliminated. Briefly speaking, it is simple differentiation of experimental 
materials into four sets by sampling the depth or depth layer, where sampling has to be done, 
respectively, from the base metal (BM) and weld metal (WM) check-segments. Samples made of 
particular material specific for the two nearest depth layers are going to be placed in irradiation 
containers, so that their position inside of irradiation channels around reactor shaft will keep the 
equivalent position. Simultaneously, as the other part of this project special „Gagarinskij“ type 
specimens are being irradiated in experimental reactor HALDEN in Norway. 

MSSP-34 programme includes in addition to RPV material radiation damage monitoring, 
monitoring of irradiation temperature and neutron fluence inside of irradiation capsules/containers 
as well. Irradiation containers are filled with samples of original reactor steel with specified 
geometry and also melting monitors as well as neutron fluence activation monitors. In the Fig. 1 one 
can see the cross-section and front-view of standard irradiation capsule [7] assembling to standard 
irradiation chain that can be seen in Fig. 2 [1, 8]. 

 
Fig. 1. Cross-section- of standard irradiation container (on the left), front-view of the container (on the right) 

 
Fig. 2. Irradiation chain scheme [1, 8] 

 

Active zone center  Weld no.4 
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The programme MSSP-34 has totally eight of such irradiation chain type, whereas six of them 
are intended to provide irradiation monitoring of RPV steel (15Ch2MFA) and the last two to 
monitor irradiation damage rate of mechanical properties for materials as special type of titanium 
stabilized austenitic stainless steel marked 08Ch18N10T and special stainless steel type marked 
14Ch17N2 used for bayonet clutch of reactor control rods. These irradiation chains are placed to 
irradiation channels of reactor core barrel and withdrawn according to the design documentation 
and MSSP-34 schedule. 

In Table 1 is presented the characterization of samples placed in the irradiation capsules. 
Sample dimensions used in this programme are as follows:  

- solid for Charpy impact toughness test and static fracture toughness test are called 
- „insert“ herein and has geometry defined this way 10×10×11 mm,   
-  specimen for SPT (small punch test) has dimensions Ø 8 mm×0.5±0.005 mm. 

 

Capsule  Specimen type Specimen material 
M1 reconstituted Charpy  base metal of pressure vessel (BM) 
M2 reconstituted COD  base metal of pressure vessel (BM) 
M3 Small Punch Test (SPT) 4 sets (BM, WM, HAZ 1, HAZ 2) 
M4 reconstituted Charpy weld metal of pressure vessel (WM) 
M5 reconstituted COD weld metal of pressure vessel (WM) 

Tab. 1. Specimen types within MSSP-34 [1, 8] 

The whole MSSP-34 programme basically consists of two stages. Within first unirradiated 
sample state we have to assess initial mechanical properties of aforementioned samples (Charpy V-
notch, COD, SPT), what represents reference the data acquisition for its future comparison.   

All Charpy V-notched and COD samples will have been carried out unirradiated and irradiated 
in cooperation with UJV Řež, a.s. by virtue of keeping the level of measurement precision and 
feasibility of results comparison with reference data. SPT specimens after and before irradiation are 
tested in VUJE active laboratories.  

SPT specimens preparation and production itself is very precision and tolerance high-
demanding process and requires an accurate procedure to do so [9]. Small dimensions, geometry 
and cutting method with low consumption of original experimental material are the main advantage 
of this specimen to be used for evaluation of narrow HAZ properties. Original design of 
surveillance specimen type for HAZ evaluation gave unreliable results and that is why the SPT 
method has used and practiced for about last decade instead of standard Charpy V-notch tests. 

The first stage of MSSP-34 programme realization has been finished by schedule and is being 
continued with the second one now. The second stage of the programme implementation is 
encompassing procedures such as sample production, irradiation containers filling with samples, 
irradiation chains assembling and its installation into the irradiation channels.  

In case of Charpy V-notched impact toughness specimens the all sorts of materials (BM, WM, 
HAZ) are evaluated using following criteria: impact V-notched toughness [Jcm-2], lateral 
expansion/lateral broadening [mm] and surface portion of ductile failure on the sample fracture 
surface [%]. Criterion to determine the critical temperature of material brittleness or material 
transition temperature behavior by Charpy test is the temperature corresponding to impact 
toughness value of 50 J/cm2. These temperatures are set from regression curves gotten by 
experimentally measured values to construct property-temperature dependence plot. In case of COD 
samples an experimental values of temperature dependence are superimposed with regression 
curves too, where the criterion to determine the material transition temperature is figured with static 
fracture toughness 100 MPam1/2 [1, 8]. 
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3. Conclusions 

Under the terms of MSSP-34 implementation the mechanical properties evaluation within 
unirradiated specimens (reference state) were carried out by: 

-  static tensile test, 
-  static fracture toughness, 
-  and impact Charpy toughness,  

for base metal, weld metal and heat affected zone hereby we got initial values of material properties 
for future EMO-34 reactor pressure vessel irradiation embrittlement degree assessment. 

Nowadays MSSP-34 monitoring programme is in an implementation phase completely pre-
prepared for the next step – irradiation chains installation into reactor surveillance channels after 
hydrostatic tests and before units' commissioning itself. Production of all structural parts necessary 
for the assembly of irradiation chains and production of all specimen types for RPV material 
monitoring of units number 3 and 4 have been finished on schedule. The irradiation chains are 
being stored in defined conditions now till the both Mochovce units commissioning takes place. 
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Abstract. The Ni-intermetallics laminated composites have been fabricated by reaction synthesis in vacuum 
using Ni sheets and Al foils. Reaction synthesis at 620 °C for 2 h resulted in a microstructure consisting of 
Ni and Ni2Al 3+NiAl 3 layers. Heat treatment at 620 °C for 2 h and then at 1150 °C for 4 h resulted in 
composites comprising Ni and Ni3Al+NiAl layers. Compressive strength measurements were performed on 
the materials to establish their properties. The fracture behavior of the Ni-(Ni2Al 3+NiAl 3) laminated 
composites exhibited a mixture of brittle transverse cracking of intermetallics and ductile one of Ni layers. 
The Ni-(Ni3Al+NiAl) laminated composites behaved different due to the micro-debonding along the 
Ni3Al/NiAl interfaces. As a result, the Ni-(Ni3Al+NiAl) composites exhibited considerable strain-hardening.  

Keywords: Laminated composite, intermetallics, compressive behavior.  

1. Introduction 

Metal-intermetallic laminated composites can be fabricated by many different techniques, 
which may be categorized into two main groups - deposition or bonding. Deposition techniques are 
too costly and slowly to be practical for making large-scale components. On the other hand, 
reaction bonding of metal foils has many advantages, e.g. the number and the size of layers that can 
be produced are not limited, and the formation can be carried out even in open air [1]. The 
laminated structure of the composite allows for variations in the layer thickness and phase volume 
fractions of the components simply through the selection of initial foil thickness [2]. A number of 
laminates have been produced using Al and Nb [3], Ti [1, 4, 5] or Mg [6] foils. Unfortunately, most 
intermetallics exhibit brittle fracture and low ductility at room temperatures. However, the Ni3Al 
layers formed through in situ reaction synthesis between Ni and Al foils may have the same 
crystallographic structure and coherent interface with the Ni matrix [7]. Thus, the dislocations in the 
Ni layers can slide through the interface between the Ni3Al and Ni layers [2]. As a consequence, the 
Ni/Ni 3Al layers have an opportunity to strain plastically. The reaction mechanisms, microstructural 
evolution and tensile properties of the Ni-(Ni2Al 3+NiAl 3) and Ni-(Ni3Al+NiAl) composites 
produced by reaction synthesis from Ni sheets and Al foils have been reported in previous papers 
[8, 9].  The main aim of this work was to study the compressive behavior of the laminated Ni-
(Ni2Al 3+NiAl 3) and Ni-(Ni3Al+NiAl) composites under different loading conditions.    

2. Experimental Procedure 

In the experiment, 0.40 mm thick sheets of nickel (99.57 wt. % Ni) and 0.15 mm thick foils of 
aluminum (99.53 wt. % Al) were used to fabricate laminated nickel-intermetallic composites with 
controlled temperature, treating time and pressure. Nickel sheets and aluminum foils were cut into 
60 mm x 12 mm rectangular pieces. Nickel sheets were ground with 1000-grit abrasive paper. No 
special surface preparation treatment was applied to the aluminum foils prior to processing. Any 
contamination on the surface of sheets and foils was cleaned using water and then ethanol. After 
drying rapidly, they were laminated alternatively into nickel/aluminum multilayers. A uniaxial 
stress of 5 MPa was employed at room temperature in a specially constructed vacuum furnace to 
ensure good contact between the metals. The temperature was raised to 620 °C at a heating rate of 
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0.25 °C/s. The samples were heated in vacuum (0.01 Pa) at 620 °C for 2h under 1 MPa of applied 
uniaxial stress for the reaction synthesis and then furnace-cooled naturally to room temperature. 
Some samples were then further annealed at 1150 °C for 4h under 1 MPa of employed stress, and 
finally also furnace-cooled naturally. Compression tests were carried out on an AMSLER screw 
machine. The tests were performed on cubic samples with dimension of 10 mm perpendicular and 
parallel to the laminates at a constant crosshead speed of 0.1 mm/min. Load vs. displacement was 
analyzed in order to characterize the mechanical response. Fracture surfaces of specimens were 
examined by both macroscopic observations and optical microscopy using Nomarski contrast to 
evaluate deformation mechanisms.  

3. Results 

Reaction synthesis at 620 °C for 2 h between Ni sheets and Al foils resulted in a laminated 
composite microstructure with intermetallics layers sandwiched between nickel layers. The 
intermetallic layers consisted of Ni2Al 3, NiAl3 and (Al) solid solution. The microstructure of the 
laminated composites after the subsequent thermal treatment at 1150 °C for 4 h consisted of Ni and 
predominantly Ni3Al layers. Very thin NiAl layers and shrinkage voids could occasionally be 
observed between the Ni3Al layers (Fig. 1). 

 

 
Fig. 1. Microstructures of the intermetallic layers formed after treatment for 2 h at 620 °C (a) and then annealed at 1150 

°C for 4h (b). 
 

The mechanical properties and the capacity for plastic deformation of the laminated composites are 
strongly effected by Al2O3 inclusions. The presence of Al2O3 existed in a continuous state in the 
middle of the formed Ni2Al 3+NiAl 3 layers was reported previously [8]. During annealing at 1150 
°C the Al2O3 films changed into isolated, spherical inclusions [9]. The compressive strength of the 
Ni-(Ni 2Al 3+NiAl 3) and Ni-(Ni3Al+NiAl) laminated composites is 718 and 646 MPa in parallel and 
483 and 825 MPa in perpendicular load direction, respectively. The tested samples were 
investigated in order to understand damage evolution as a function of the compressive loading 
direction (perpendicular or parallel to the laminate planes). Since the specimens were tested under 
the same conditions, the composition of intermetallics layers was thought to be a key factor in 
explaining the difference of failure modes. Fig. 2 shows the quasi-static stress-strain curves for 
specimens tested at different load directions during compression tests. 
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Fig. 2. Compressive stress-strain curves for the Ni-(Ni2Al 3+NiAl 3) and Ni-(Ni3Al+NiAl) laminated composites at 
different loading directions. 
 
The Ni-(Ni2Al 3+NiAl 3) laminated composites failed by catastrophic cracking both of intermetallic 
layers and nickel layers during loading in parallel direction. The cracks were inclined about 45° to 
the interface and initiated the formation of shear bands in the nickel layers, leading to shear failure 
(Fig. 3a). 
 

               
Fig. 3. Inclined cracks propagation during compression in parallel loading (a) and propagation of cracks in 
perpendicular loading (b) in the Ni-(Ni2Al 3+NiAl 3) laminated composites. 

 
The main feature during quasi-static loading in perpendicular direction for the Ni-(Ni2Al 3+NiAl 3) 
laminated composites was the formation of transverse splitting cracks in the intermetallic layers. 
These cracks were limited in size by the thickness of intermetallic layer and connected via shear 
bands in the nickel layer with the cracks in adjacent layers (Fig. 3b). The plastic flow in the nickel 
layers was restricted to the small regions between opposite cracks in the neighboring intermetallic 
layers. The principal feature during quasi-static loading in parallel direction for the Ni-
(Ni3Al+NiAl) laminates were parallel cracks propagating along the layers of intermetallic phases. 
These cracks run in the center of the intermetallics along Ni3Al/NiAl interfaces containing Al2O3 
spherical inclusions and shrinkage voids. When the intermetallics layers debonded, the Ni/Ni3Al 
layers took the additional loading and had the tendency to buckle (Fig. 4a). During quasi-static 
loading in perpendicular direction for the Ni-(Ni3Al+NiAl) laminated composites both, intermetallic 
layers and nickel layers, co-operatively deformed plastically. Extensive shear-bands having an 
approximately 45° angle with the Ni/Ni3Al interface could be observed on the surface of the 
samples (Fig. 4b). 
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Fig. 4. Parallel cracks and plastic buckling during compression in parallel loading (a) and shear deformation of the Ni-
(Ni3Al+NiAl) composite in perpendicular loading (b). 

4. Conclusion 

The compressive strength of the Ni-(Ni2Al 3+NiAl 3) laminated composites was about 48 pct 
higher in parallel than in perpendicular direction. The Ni-(Ni3Al+NiAl) composites behaved 
conversely and the compressive strength was about 28 pct higher in perpendicular direction than in 
parallel. The Ni-(Ni2Al 3+NiAl 3) laminated composites failed by catastrophic cracking both of 
intermetallic and nickel layers during loading in parallel direction or by transverse splitting cracking 
in the intermetallic layers followed by the plastic flow in the nickel layers between cracks during 
loading in perpendicular direction. The Ni-(Ni3Al+NiAl) laminated composites failed by cracking 
along Ni3Al/NiAl interfaces and buckling of the Ni/Ni3Al layers during quasi-static compressive 
loading in parallel direction. During loading in perpendicular direction the Ni3Al layers co-
operatively deformed with the Ni layers at the beginning of compression test. With increasing 
deformation, the Ni3Al/NiAl interfaces containing Al2O3 inclusions delaminated, which further 
improved the capacity of the Ni3Al layers for plastic deformation.  
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Abstract. This paper presents the results of tribological research during friction with using the expenditure 
in the form of gold compounds as a lubricant with a concentration of AuL. The friction coefficient value and 
abrasive wear were tested with the use of pin-on-disc method with two different loads of 10 and 50 N and 
two different distances 100 and 1000 m. Created of the operation surface layer was investigated by means of 
scanning electron microscopy SEM/EDS. Analysis and evaluation of geometrical structures examined 
surfaces after tribological tests were performed by using profilometers: contact and optical. The excellent 
anti-wear response is explained by the formation of a metal-containing transfer film and their action as 
counterface spacers avoiding direct contact. It was observed that the first formed surface layer influenced the 
properties of other antiwear layers. A comparative analysis of tests performed for gold compounds as 
a lubricant and during dry friction confirmed different tribological activity of surface layers formed. 

Keywords: Friction, wear, complex compounds of gold, surface. 

1. Introduction 

Currently large interest is complex compounds of gold, preparations containing active gold 
atoms in ionic form. This is due inter alia to the fact that the substances are biocompatible and safe 
to living organisms. This allows them to be used in medical, pharmaceutical, and food industries. 

Complex compounds of gold in lubricant compositions can be used as modifying additives the 
antiwear properties [1]. The purpose of these compounds is the protection of metal surfaces against 
wear node when the friction modifiers FM losses their effectiveness. They react in terms of 
boundary friction surface layer of metal element by creating a tribochemical interactions on the 
properties of the surface layers of antiwear [2-3]. 

During the friction at the interface of metal - a lubricating substance produced potential 
difference. This is due to the presence of electric charges, with different levels of energy. It was 
observed that in the presence of lubricant at the contact point, the stress elements tribomechanical 
the uneven surface of the metal, there is an excessive reduction in the free enthalpy of the system. 
Variable operating conditions: load, type of traffic, the speed, temperature, pollution, as well as the 
impact of external electric fields induce electrokinetic phenomena, triboelectrization, egzoemission 
and termoemission [4]. 

Complex compounds of gold using as modifying additives in lubricating substance scientists 
were involved in the early 80's including Yukio Miyakawa [5]. 

2. Methodology 

Tribological tests were carried out using T-01M machine for a ball-on-disc couple in 
compliance with ASTM G 99 [6]. Its diagram has been provided in Fig. 1. 

The balls and discs were made of steel 100Cr6 (steel bearing). As the lubricating substances 
used for the tests were complex compounds of gold AuL. 
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a) b) 

 
 

Fig. 1 a) T-01M machine, b) diagram of a T-01M test standard. 

The study was conducted in air at constant conditions close to ambient microclimate: a relative 
humidity of 50 ± 5% and temperature 23 ± 1 °C. The tests were conducted at sliding speeds of 
0.1 m/s in the way of friction equal to 100 m and 1000 m with a load of 10 N and 50 N. 

The wear tests have been conducted under the two normal loads 10 N and 50 N and at fixed 
sliding speed of 0.1 m/s. Each wear test has been carried out for a total sliding distance of 100 m 
and 1000 m.  

The tribological properties were determined during technically dry friction and lubricated 
friction using a complex compounds of gold. 

Test results are presented in the graphs of intensity of wear and coefficient of friction as 
a function of road µ friction. 

After the tribological tests, the  balls and discs were observed using a scanning electron 
microscope JEOL JSM 5400 with EDS X-ray microanalyzer ISIS 300 Oxford Instruments to study 
their surface morphology. 

Complemented by research, reflecting the nature of the elements shaping the tribological tests, 
measurements were made of the surface geometrical structure visually – using Talysurf CCI Lite 
non-contact 3D Profiler Taylor Hobson and contact using Form Talysurf PGI 1230 Taylor Hobson.  

3. Results and Discussion 

Fig. 2a shows the wear rates in conditions of technically dry friction (TDF) and boundary 
lubrication (BL) conditions using a substance AuL under loads of 10 N and 50 N. 

a) b) 

  
Fig. 2 a) Wear rates versus load, b) average coefficients of friction µ versus load. 

Fig. 2b presents the average coefficients of friction changes in conditions of technically dry 
friction (TDF) and boundary lubrication (BL) using a substance AuL under loads of 10 N and 50 N. 

The lowest wear rates and average coefficients of friction was observed using AuL under two 
normal loads 10 N and 50 N. 

Fig. 3 and 4 show the optical images of the worn surfaces after the tribological tests. It can be 
seen that the wear scar was filled by white material which is gold layer. 
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a) 

                         
b) 

     

Elmt Element % Atomic % 

Si 0,41 0,93 

Cr 3,41 4,24 

Mn 0,35 0,41 

Fe 76,02 87,92 

Au 19,82 6,5 

Fig. 3. SEM: a) view of the area wear track of the 100Cr6 steel after friction with AuL on a sliding distance of 
1000 m at a load of 10 N, b) the EDS spectra analysis. 

a) 

                         
b) 

              

Elmt Element % Atomic % 

Si 0,01 0,03 

Cr 0,51 0,78 

Fe 58,59 83,15 

Au 39,85 16,04 

Fig. 4. SEM: a) view of the area wear track of the 100Cr6 steel after friction with AuL on a sliding distance of 100 m 
at a load of 50 N, b) the EDS spectra analysis.  

The above figures presented views of areas of friction with AuL on a sliding distance of 1000 
m at a load of 10 N (Fig. 3) and the sliding distance of 100 m at a load of 50 N (Fig. 4). Analysis the 
disc surface in the furrows found concentrations of gold derived from model substances used for the 
tribological tests. However, on smooth surfaces, there was a high concentration of iron atoms, 
carbon, chromium, and low concentration of gold atom. 

At the point of friction can see areas covered with a thin, shiny layer of metallic gold - bright 
areas. The layer of metallic gold showing considerable adhesive properties towards the surface of 
the base metal. This layer had good antiwear properties and were reproducible in the friction 
process. 

The largest area of the layer of metallic gold was recorded at the time of the friction with AuL 
on a sliding distance of 100 m. 

Fig. 5, 6 and 7 show the images of the surface topography. 
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  Fig. 5. 2D and 3D view of the surface topography balls after tribological tests on a sliding distance of 100 m after 
technically dry friction at a load of 50 N. 

                
Fig. 6. 2D and 3D view of the surface topography balls after tribological tests on a sliding distance of 100 m after 

boundary lubrication with AuL with a load of 10 N. 

               
Fig. 7. 2D and 3D view of the surface topography balls after tribological tests on a sliding distance of 100 m after 

boundary lubrication with AuL with a load of 50 N. 

For the description of the surface after tribological tests used wear balls made of 100Cr6 steel 
after technically dry friction under load of 50 N and a lubrication using a substance AuL under 
loads of 10 N and 50 N. 

Fig. 5 shows balls topography after dry friction the cavities are clearly visible. However, in Fig. 
6 and 7 using the AuL the cavities can be observed in addition to the local growth of the balls 
surface. 

4. Conclusion 

The following conclusions can be drawn from the present study: 
1. During the tribological tests the layer made of gold have the effect of reducing wear. 
2. It has been found that the average coefficient of friction and wear rate for the tested lubricants 

containing gold compounds increases along with the increases in load. 
3. During tribological tests were formed the highest concentrations atoms of gold in the early 

stages of the test.  Produced antiwear surface layers are cyclical wear and reconstruction as 
a result of the overlap the process of self-organization in research the tribological system. 
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Abstract. Submitted article deals with studying of the silica opening material granularity effect on tool wear 
and accuracy in mold making by Patternless process technology. In the experiment were used two types of 
opening material - SH 31 and SH 35 with different grain size. As tool was used end mill Ø 8 mm marked 
HSS Co8 220418-4412. Cutting two blocks molding the mixture was performed at constant cutting 
parameters. 
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1. Introduction 

Principle of the Patternless process methods is based on milling the shape of the cast into the 
block from hardened molding compound. By using 3D CAD program is created a virtual design for 
mold and also cores. Generated 3D model represents main input data for 3-axis or 5-axis CNC 
milling machine, which subsequently create mold cavities with desired shapes. For final production 
is used one or more types of tools for roughing and finishing operations. 

Milling of the hardened molding compounds is accompanied by low cutting resistance also at 
high cutting parameters. The resulting wear and tear on the back of the cutting tool is mainly 
abrasive-grind character due to tought character of opening material (silica sand), the granularity 
can affect the rate of tool wear. 
 
1.1 Tools suitable for milling of molding compounds containing silica opening material 

 
At present time is for milling of molding compounds with silica opening material used 

monolithic carbide tool from sintered carbides or millers with interchangeable cutting plates. For all 
machined materials is abrasive wear of milling tool smaller with its raising hardness. Millers from 
sintered carbides or millers or with interchangeable cutting plates have one drawback and that is its 
high price. Monolithic milling with sintered carbide is about 80% more expensive than ordinary 
miller from steel. 

2. Experimental works 

2.1. Experimental materials and equipments 

To create a block from molding compounds were used 97 wt. % silica sands, 3 wt. % NFC 
resin (REZOL) and hardening was realized by blowing CO2 gas through molding compound. 
The first block was made from a compound containing opening material SH 31 with mean grain 
size of D50 = 0.5 mm and the other was made from a compound containing opening material SH 35 
with mean grain size D50 = 0.21 mm. Wearing was evaluated after milling 1.15 dm3 of molding 
compound. Within the hardened block (see Fig. 1) were milled channels, before and also after the 
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tool wearing, into these channels was subsequently poured melt, when melt solidifies, castings were 
used to determine shape and dimensional accuracy of the mold cavity before and after the tool wear.  

 
 

Fig. 1. Block of molding compound with opening material SH31 after milling. 

Milling of the blocks from molding compounds was implemented at the same cutting 
parameters (Table 1) using a CNC milling device, which was developed in a Department of 
Technology Engineering. For experiment were used monolithic mills with diameter Ø 8 mm from 
steel HSS Co8 bearing 220418 - 4412. The reason for this type of miller is the faster and better 
assessment of the tool wear while using molding compound with different grain size. The Fig. 2 
shows used tool before and after milling. 

 

 
 a)  before milling b)  after milling - SH 31 c) after milling - SH 35 

Fig. 2. The shape of the cutting edges of the tool before and after milling 

D [mm] 8 Z 2

f [mm/s] 100 ap [mm] 4

n [ot./min] 10000 b [mm] 3

v c [m/min] 251,2 t [mm] 58

Milling parameters

number of flutesdiameter of tool

feed

spindel speed

cutting speed

cut deph

width of cut

milling time  
Tab. 1. Milling parameters for molding compound based on silica sand and resin 

2.2. Evaluation of the experiment 

Tool wear was measured by weighing method, where was evaluated the mass of material taken 
from the tool. Measurements were carried out on a special laboratory weight - type METTLER 
TOLEDO AB 204-S, which can measure with an accuracy of ± 0.0001 g. Before weighing, the 
tools were cleaned to avoid distortion of the results.  

From milled channels were made castings, which we used to evaluate the effect of tool wear on 
the shape and dimension precision while manufacturing mold cavity. Fig. 3 and Fig. 4 show profile 

Channel made by  
worn tool 

Channel made by 
 unworn tool 
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shapes of individual samples, from which were then determined the actual dimensions of the 
channels before and after wear. Individual measurements are recorded in Table 2. 

 

  
       a) channel profile made with unworn tools                                b) channel profle made with worn tool 
Fig. 3. The shape of channel profiles made into molding compound with opening material SH 35. 
 

 
         a) channel profile made with unworn tools                                b) channel profile made with worn tool 

Fig. 4.  The shape of channel profiles made into molding compound with opening material SH 31. 

 

depth           
h [mm]

lenght        
l [mm]

width         
a [mm] 

depth           
h [mm]

lenght        
l [mm]

width         
a [mm] 

depth           
h [mm]

lenght        
l [mm]

width         
a [mm] 

78.85 7.71SH 31 0.012 4.99 79.22 8.39 4.53

6.49

opening 
material

Tool wear 
rate [%]

Size of channel 
Real size of channel made 

by unworn tool
Real size of channel made 

by worn tool

SH 35 0.161
4.00 78.00 8.00

4.27 78.26 8.16 4.26 76.86

 
Tab. 2. Determined and measured dimensions of channels before and after tool wear 

From experimental results it can be concluded that the molding compound made of silica 
opening material exerted on the tool very negative. Fig. 2b and Fig. 2c clearly confirm abrasive-
grind character of the wear mechanism, which is increasingly reflected on tools milling opening 
material SH 35th This phenomenon could be caused by the fact, that molding compound has higher 
mechanical properties and individual grains during milling were more resistant to leafing. The 
advantage of manufacturing the cavity consisting of opening material SH 35 is a high precision real 
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dimensions, as shown in Tab. 2, dimensions differ only about the value of the mean grain size 
(D50= 0.21 mm). In order to preserve this phenomenon while milling with more time consuming 
cycle, its needed to use the above-mentioned tool from sintered carbide. 

Molding compounds containing opening material SH 31, in terms of tool wear appears to be 
most appropriate. Low wear was due to lack strong ties between the silica sand grains that are 
initially easier to peel off and tool wear is not as intense as in the second experiment. The main 
disadvantage of molding compound with opening material SH 31 is a high inaccuracy of milled 
cavity. Tab. 2 shows a high deviation from the specified dimension at an early stage of milling. For 
dimension "h" and "l" is deviation of twice the number of median grain of used opening material 
(D50 = 0.5 mm) which has a negative impact on the accuracy of the cavity.  

Suitability of molding compounds with opening material SH 35 is confirmed by comparison 
of macroscopic image (Fig. 3a and Fig. 4a), where in Fig. 3 was a high level of dimensional 
accuracy of the casting. 

3. Conclusion 

Submitted article specifies how to select the right material for mold production by Patternless 
process technology in order to achieve the highest dimensional accuracy of the mold cavity. After 
experiments evaluation with using opening material SH 35 demonstrated a high dimensional 
accuracy of milled cavity.  

Study of tool wear in mold compounds cavity milling is therefore of great importance. Further 
studies will deal with an overview of the ever reaches the standard tool wear at different cutting 
parameters. Characteristics for tool wear, which will be outcome of our studies will help to 
determine the correct moment for replacement or sharpening of the tool, ensuring precision in 
process of manufacturing mold cavity during the whole milling cycle. 
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Abstract. Porosity is one of the major defects in aluminum castings, which results is a decrease of a 
mechanical properties. Porosity in aluminum alloys is caused by solidification shrinkage and gas segregation. 
This article deals with prediction of porosity in aluminum alloys using advanced porosity module contained 
in simulation software ProCAST.  
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1. Introduction 

The final integrity of casting, properties and surface finish, is greatly influenced by the 
presence of porosity. Gas porosity in aluminum alloys is due to the segregation of hydrogen 
dissolved in the molten metal as it has almost no solubility in the solid phase. Therefore, porosity is 
the result of the combination of solidification shrinkage and segregation of gases. The liquid 
permeability is reduced in the solid dendritic area hindering efficient metal feeding and decreasing 
the pressure in the liquid. Simultaneously, gas concentration is locally increased due to segregation. 
Consequently, if the gas exceeds the effective solubility limit, nucleation and growth of pores has to 
be considered. [2]  

1.1. Influence of Solidification Interval 

The amount of porosity in final casting is mostly influenced by amount of hydrogen in molten 
aluminium alloy, cooling rate, melt temperature, mold material, or solidification interval. [2] 

This article is focused on studying the effect of solidification interval on final porosity in 
aluminium castings via APM modul in simulation software ProCAST. Wide solidification interval 
produces more microporosity at the expense of macroporosity. Conversely, in case of narrow 
solidification interval (pure aluminium, eutectic aluminium alloy) prevails macroporosity, and 
presence of microporosity is low in the casting (fig. 1). [1] 

 

 
Fig. 1. Influence of solidification interval on micro and macroporosity 

 
  

77



 

 

2. Advanced Porosity Module (APM) 

In most of simulation software today, porosity prediction is limited to macro-shrinkage porosity 
which corresponds to the concentration of metal during solidification. This approach does not take 
into account for gas and interdendritic shrinkage porosity. [2] 

Therefore, ESI developed an innovative modul, in collaboration with several leading casting 
industries, based on the solution of D´Arcy´s equation and the segregation of gas for complex 
industrial geometries and coupled with microporosity, macroporosity and pipe shrinkage 
predictions. [3] 

2.1. Principle of APM mechanism  

APM modul splits casting to the three parts - liquid metal, mushy zone and solidified metal 
(fig. 2). 

 
Fig. 2. Schematic drawing of a casting evidencing the liquid metal, mushy zone and solid metal   

 In order to accurately calculate the pressure drop within the mushy zone, together with 
addressing all the mechanism of porosity formation, a mesh refinement has been implemented. 
Using a fixed finite element (FEM) unstructured mesh, heat and fluid flow computations are 
performed at the scale of the whole casting + mold. At each time step, the position of the mushy 
zone and thus the “mushy elements” are known. For such elements, volume elements of a structured 
grid are activated for the calculation of the pressure drop (fig.3). [2]   

 

Fig. 3. A zoom of the unstructured FEM mesh and structured fine volume grid for mushy zone. 

3. Experiment 

3.1. Used material 

In experimental simulations were used three materials with three different solidification 
intervals: 

1. Pure Al  
2. AlSi7Mg0.3 
3. AlSi12 
 
Solidification intervals of these three materials are shown in figure 4.  
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Fig. 4. Used material. 

3.2. Mold and casting 

Design of mold and casting were created in CAD software Solidworks.  Shape of casting was 
chosen with respect to porosity formation. Main aim was to chose the right shape, so all types of 
porosity occur during solidification. Top part of casting is optimized for creation of pipe shrinkage. 
Bottom part connected with top part through narrowed area (which will solidifies first and 
additional feeding will not be possible) is ideal for formation of internal micro and macroporosity 
(fig. 5). As a material for mold was chosen cast iron. 

 

 
Fig. 5. Mold (left) and casting (right) geometry 

3.3. Results of simulations 

For all the simulations were determined same casting conditions  
• Melt temperature – 720°C 
• Mold Temperature – 20°C 

 
On figures are shown results after solidification focused on macroporosity (left), and 

microporosity (right). Color spectrum represent percentage amount of micro and macroporosity 
prediction in a given area. These spectrums were set for all simulations on the same value, so results 
may be compared and evaluation is meaningful. For first test was used Pure Aluminium. As we can 
see, according to the assumption in simulation of pure aluminium, value of macropores (left) is high 
and value of micropores very low (fig. 6).  

For second test was used aluminium alloy AlSi7Mg0,3. We can see, that macroporosity occurs 
in smaller area than in case of pure aluminium alloy. In considering microporosity, we can see that 
amount of microporosity increased severalfold as expected (fig. 7).    

In third test was used aluminium alloy AlSi12, which is its chemical composition close to the 
eutectic alloy (fig.4). According to the assumptions mentioned in the theoretical part, in case of 
aluminium alloy AlSi12 simulation, we can see that amount of macroporosity is larger than in case 
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of alloy AlSi7Mg0,3. Also microporosity area is smaller than in AlSi7Mg0,3, but much larger than 
in case of simulation pure Al (fig. 8).   

 

         
Fig. 6. Results of simulations (Pure Al). 

 

         
Fig. 7. Results of simulations (AlSi7Mg0,3). 

 

        
Fig. 8. Results of simulations (AlSi12). 

4. Conclusion 

Submited article consists from carried out simulations, in which we succeeded in showing that 
chemical composition solidification interval has a great influence on nucleating porosity in 
aluminium alloys. Proved under the assumption that the pure aluminium and eutectic alloys have a 
high tendency to macroporosity nucleation and low tendency to microporosity nucleation than 
alloys with wide solidification interval. Slightly elevated amount of microporosity in AlSi12 alloy 
may be due to the fact that alloy is not exactly eutectic, but its chcemical composition is close to it.  
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Abstract. This manuscript deals with evaluation of stress conditions by non-destructive detection technology 
with implementation of X-ray diffractometry by machine “iXRD.” In experiments, the evaluated material 
was steel STN 19 830, which is used as a tool steel for cold rolling tools. Output of experiments is evaluation 
of functional properties, such as stress conditions, after application of high-speed hard machining by 
roughing and finishing operations. These experiments are directly related with project of University of Zilina 
“OPVaV – 2009/2.2/04 SORO“(26220220101). Its name is Smart system for non-destructive technologies 
for evaluation of functional properties of parts by X-ray diffractometry. Main target of this project is 
transformation of new non-destructive detection technologies in area of evaluation of functional properties in 
surface layers by non-destructive technologies.  

Keywords: stress conditions, diffractometry, hard machining, X-ray Rontgen. 

1. Introduction 

With modern analytic and computing techniques, we can estimate that tensions are in parts. But 
it is not sufficient for reliable prognosis of component properties. When the unexpected part failure 
occurs during the performance of function, in many cases, it is because of the presence of stress 
conditions, which can significantly shorten the life of components. When the stresses are 
compressive, they can be useful (e.g. some methods of surface treatment by peening). But most of 
stress conditions are undesirable, mainly tensile, because they can create cracks, stress corrosion, 
lower fatigue strength and therefore their non-failure operation is significantly affected. There are 
many mechanical, physical and indirect methods for detection of stress conditions. But in present, 
the non-destructive methods are preferred because the investigated parts are fully functional, 
undamaged and ready to immediate use in production process. X-ray diffractometry is non-
destructive method, too. Similar devices allow scanning by 3D technology not only surface, but 
inside of investigated part and they map character of stresses, which are in this part and the exact 
locations of these stresses. Based on these results, we can remove them by heat treatment, stress 
annealing, rolling or peening and to achieve required change in specific area. 

2. Stress condition below the surface 

Stresses, which can be in closed systems, we can distribute in several respects. In many cases, 
there is cause by which the stress was caused, next the period, when the stress acts and volume, 
where the stress reaches the equilibrium. 
Stress may be:  

- tensile - reduces and lifetime maximum mechanical load,  
- pressure - increase durability and reduce fatigue. 
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In clarifying the specific technological causes of residual stresses must be borne in mind the 
action of the cutting wedge, and in particular the deformation processes in the cutting zone, 
according to Fig. 1. [2] 

 
 

Fig. 1. Diagram of residual stresses in the surface layer under the influence of plastic  deformation 

I- area of compressive stress induced by friction wedge cutting back on work surface  
II - the area of tensile strain introduced by pressing the plastic material  
III - unaffected area, such as voltage compensation. I and II. 

2.1. Methodic of experiments 

Experimental measurements, studies and verification were performed by “iXRD” X-ray 
diffractometer at University of Zilina, Faculty of Mechanical Engineering, Department of 
Machining and Manufacturing Technologies. 

 
1. Enclosure of X-rays 
2. Z- axis 
3. Wheels and locating 
washers 
4. Cobra-link 
5. Maping device 
6. PC with software 
7. Inside settings 
elements 
8. Ceramic X-ray tubes 
9. Patended PSSD 
detectors 
 
 

 
Fig. 2. Diagram of residual stresses in the surface layer under the influence of plastic  deformation 

2.2. Measurement procedure 

Procedure of measuring of stress conditions was started by established measured part on base 
under the measuring system. Device focused the position by detectors (Fig. 3). Stresses were 
measured in axial and radial direction of part. After the preparation of part, measuring system began 
to radiate X-rays and scanned the given point on part. Device measured stress up to 12µm below the 
surface in angle range 123°-171°. After this, the graphs were showed in PC, from which the 
software calculated values for stress conditions (Fig. 4). These values were processed to tables and 
from tables the graphs were created (Fig. 5, 6). 
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     Fig. 3. Focusing of device to part    Fig. 4. Evaluated stress conditions 

3. Evaluating of stress conditions in thorns 

3.1. Roughing - turning 

When using a cutting speed of vc = 100 m.min-1 were measured axially compressed nature of 
the residual stress, whose value has hovered around-360MPa, radial residual stress in the 
application of the same cutting speed showed a value-175MPa pressure also character. With 
increasing cutting speed there was a reduction of residual stresses in the axial and radial direction. 
The value of vc = 150m.min-1 to reduce tension in the axial direction compared with vc = 
100m.min-1 by 40%, in the axial direction decreased by 30%. When using VC-1 = 200m.min 
decreased tension in the axial direction when applied to the values of vc = 100m.min-1 by 50%, in 
the radial direction was changed to tensile stresses of pressure and change of 250%.  

 
Fig. 5. Graphs of stress conditions after turning - roughing 

3.2. Turning - finishing 

When finishing in all cases the measured residual stress nature of the pressure. When using a 
cutting speed of vc = 100m.min-1 were measured axial tension, whose value corresponds to the 
voltage-850MPa, radial residual stress when applying the same cutting speed showed a value-
580MPa. The value vc = 150m.min-1 is the tension in the axial direction increased compared with 
vc = 100m.min-1 by 2%, in the radial direction increased by 20%. When using VC-1 = 200m.min 
increased tension in the axial direction when applied to the values of vc = 100m.min-1 by 250%, in 
the radial direction of the residual stress increased by 25%.  
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Fig. 5. Graphs of stress conditions after turning - finishing 

4. Conclusion 

That component is used as rolling tool that operates its surface on material to a ductile strength. 
In places where there are tensile residual stress, have a negative effect on the functional area 
components. They have a great impact on the spread of cracks in components. Compressive stress is 
appropriate because the distance between the atoms themselves are very small, they tend to 
associate and act against cracks in the workpiece. The value of compressive stress should not reach 
high values, for example 2GPa when in the body are trends the crevices and cracks. The optimal 
value of the residual stress varies in the range 500-700MPa. Residual stresses in a given case should 
not exceed 1000MP, the most extreme value for the steel is 2550MPa. In this experiment, 
measurement of residual stresses in some places the size 2GPa evaluated. Such a large residual 
stress was caused by previous use of the rolling thorn. For this thorn in the process of rolling 
worked great forces that have a large impact on the results of measurements of residual stresses in 
the experiment. 
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Abstract. The paper deals with turning of miniature parts of hard machining material TiGr2  on CNC lathe 
machine Polygal Diamond 12 series for medical, automotive and so on. The theoretical part provides an 
overview of the current state of the field. In the experimental part are processed results of the  cutting discs 
wear in machining of examined part . The paper may serve as a support of problem solving in the 
manufacture of miniaturized components. 
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1. Introduction 

Machining in the currently maintains a dominant position as a core technology for manufac-
turing machine parts. Technological advances now have an ever larger scale development and calls 
for the use of materials with excellent functional characteristics. Have increased wear resistance at 
high temperature, high strength, low density, and other improved chemical and physical properties. 
These preferred performance also cause impaired machinability, leading to a reduced productivity, 
increases in the cost of production and a host of other problems which may be encountered in the 
process of machining.  

Modern machining process components small dimensions of hard machining materials is 
conducted on special CNC machine tools with sliding head with a large stage production. Therefore 
it is very important to increase the performance of machine tools. Most of these types of CNC 
machine is equipped with CNC control system, as well as attachments for administration and infeed 
material machining for maximum productivity automated production. 

 
2.   Lathe machining centres 

  
 As the lathe machining centers denoted machines capable to perform both clamped workpiece 

turning operations, but also milling and drilling operations off axis workpiece. They are more 
process machine capable of almost completely machined complex components in one setup. [1] 

  
 

.  
  
 
 
 
 
 

 
Fig. 1. Example of the turning machining center. [2] 
 
All lathe machining centers are numerically controlled machines that have at least one 

numerical controlled rotary axis and media tools have at least one tool that can be rotated with its 
own drive. Appropriate controlled rotary axis is the main axis of the machine spindle (axis 
components). We call it as the axis C. Using controlled movement in C axis workpiece can be 
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positioned at any angular position from 0 ° to 360 °, and here it can be machined rotary tool carrier 
corresponding linear motion tools that can be longitudinal (Z-axis) and transverse (X-axis) 
direction. This way we can. If we bind os C program with any of the axes X and Z, then we 
machined components for other complex surfaces. (Fig. 1) [3] 

 

2.1  Example of small size parts machining 

 Machining parts with diameters less than 32 mm for these types of CNC machines to consider 
important aspects (Fig. 2). It is necessary to start with the inner surfaces machined parts. This 
ensures the stability of the cutting process, which results in stiffness of the guide bushing secured. 
In determining the order of the influence of machining technology itself - before turning range of 
drilling, roughing and finishing operations before the. If possible, it is necessary to choose the 
smallest possible number of operations on the least number of shots. [4] 

 

 
 
      

  
 
 
 
 
 
 
 
 
               Tab. 1. Cutting conditions for turning titanium alloys to 1000 MPa strength  

                                                                                 cemented carbide and high speed steel using emulsified oil drilling. 

3.   Turning hardly cultivable materials 
Turning hardly cultivable materials is the least problematic of all operations. Cutting materials 

for turning tools are selected according to the desired properties to the light - abrasion resistance, 
toughness and so on. Preferably used lathe tool sintered carbides. In most cases, you can use 
multigrade cemented carbides. Coating should be limited only after verifying their suitability for a 
given workpiece material and operation. High speed tool steels are selected only in cases where the 
type of instrument (cut-off, shape and so on.) Or other factors (little tough workpiece, cutting speed 
is limited, insufficient exercise machine) does not allow a tool Carbide. [5] 

Similarly, the optimal cutting conditions for hard machining materials should be determined on 
the basis of the properties of these materials with respect to the cutting material and geometry. 
Recommended cutting conditions for turning titanium alloys are listed in Table. 1 [5] 

4.  Design and methodology for dealing with 

The aim of this paper is basic research with a focus on the conditions for machining titanium 
TiGr2 CNC lathe machine machine Polygal Diamond 12 series. The goal is achieved by cutting 
 wear and durability of materials and design to choose the most 
appropriate one for turning titanium and construct a life 
according to the cutting conditions. 

The experimental measurements was study the influence of 
cutting parameters on pure titanium material etalon TiGr2. In 
the photo we can see the microstructure of the samples at 500 × 
magnification. (Fig.3) 

 
                                                                                        Fig. 3. Sample workpiece TiGr2 in enlarged 500 times, 10% HF 

 r = 0,5 mm r = 1,0 mm 

ap (mm) f  (mm) 0,08 0,125 0,18 0,25 0,40 

 
 

0,5 vc (m.min-1) 
SK 66 59 54 50 44 
RO 17 14 12 11  

l vc (m.min-1) 
SK 58 52 47 43 39 
RO 15 13 11 10  

2 
 

vc (m.min-1) 
SK 51 46 42 39 34 
RO 13 11 10 9  

3 vc (m.min-1) 
SK 46 42 39 36  
RO 12 10 9 8  

5 vc (m.min-1) 
SK 43 39 35 33  
RO 11 9 8 7  

Fig. 2. Principle of small workpieces machining by 
moving head . [4] 
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Uncoated plate 
T = 0,37.vc

-1,17.f 
-2,57 

4.1 Experimental measurement and detection wear durability 

Durability was evaluated by plate test, in which as a criterion value was chosen size wear  
VBC = 0,2 mm. VBC measuring the wear at different speeds and feeds was the time in which there 
was criterional wear of the cutting plate. The measured values were constructed graphs VBC 
dependence = f(τ) for the plate. These were also the appointed time for the cutting edge reached 
criterional wear VBC, durability T of the cutting edge at a given speed vc and fz (f).(Tab.2,3) 

 

 

 

 

 

 

 

Fig. 4. Characteristic curve VBC wear plate without coating at a constant cutting speed vc and feed fz 
 

 

 

 

 

 

 

Tab. 2.  The durability of plate                          

 

 

 

 
 
 
 
 
 

                                                                         Tab. 3.  Wear on the cutting edge of the plate at cutting conditions 

 
Fig. 5 Example of the resulting three-coordinate diagrams for cutting plate 

Durability VBc 
 

Pok. 
vc 

(m.min-1) 
f 

(mm.ot-1) 
plate  

Tc (min) 
1 25 0,02 228 
2 45 0,02 200 
3 65 0,02 68 
4 45 0,01 269 
5 45 0,03 12 
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4.2 Evaluation experiments 

Experiment to determine the wear and durability of the cutting plates without the coating. 
Working materials was titanium TiGr2. In the experiment was monitored durability T dependence 
of the cutting speed vc and the feed f. Cutting speed ranged vc = 25, 45, 65 m.min-1, shift   varied in 
the range of f = 0,01; 0,02; 0,03 mm.ot-1. From the measured values, we built a graphical 
dependence by which we determine the structural equation describing the effect of cutting 
parameters on tool wear and durability.  The graphical comparison of the durability of cutting edge 
plate is clear that the smallest durability achieved plate with vc = 45 m.min-1, f = 0,03 mm.ot-1,   
Tc � 12 min. and the greatest durability in vc = 45 m.min-1, f = 0,01 mm.ot-1, Tc �  269 min.  In all 
experiments, there was a fracture cutting edge. 

5. Conclusion 

Currently in the field of engineering put increasing emphasis on reducing production costs 
and machine time to produce products. The trend is to use more and more new construction 
materials with qualitatively different properties than those which are commonly used materials. One 
of these materials is titanium and its alloys, which has a unique place in the aviation and automotive 
industries as well as medicine. Because titanium is one of the difficult material cultivable its 
processing technology has many challenges especially when machining. 

 In the experimental part of the work we have focused on turning titanium TiGr2 for CNC 
lathe machine. 
 Based on experimental measurements durability and cutting tool wear, we can conclude that 
coated cutting materials could reduce the wear rate of the cutting edge and increase tool life but also 
help to allow the use of higher cutting speeds without compromising productivity. 
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Abstract. Welding of thinwalled stainless steel tubes (wall thickness less than 1 mm) using traditional 
methods is burdensome. The final seam is not regular and often leads to thermal deformation caused by 
excessive heat appearing during the process. The precision of manufactured seams isn't height enough. 
Authors of this paper carried out studies of stainless steel tube welding by using an laser head integrated with 
rotary manipulator. This paper presented examples of pipe-flange welds and butt welds of pipes. Laser 
welding parameters, positioning of laser head angles according to the workpiece are presented in this paper 
as well.  

Keywords: laser welding, conduction welding, laser treatment, precision welding. 

1. Introduction 

There are two main laser welding methods: keyhole welding and conduction welding. During 
keyhole welding a vapor of metal is produced.  Due to laser beam absorption by metal vapor, 
plasma is creating and assist in the process of welding. This method is applied mainly to fuse thick 
elements. During conduction method heat is conducted directly from the laser beam fell on surface 
of workpiece within the material. This method produce melting and vaporization of surface but not 
enough to produce vaporization in the depth of material. Conduction welding is very good to fuse 
thin elements and elements made from materials with high conduction ratio e.g. aluminum [1]. 

Authors of this paper focused on conduction laser welding of thin pipes both flange-to-pipe and 
pipe-to-pipe butt welding. Material of the elements was austenitic steel X5CrNi18-10. Thin 
stainless steel elements are extensively used in industries producing medical and electronic 
equipments,  heat exchange components etc. Traditional welding methods e.g. TIG welding aren't 
good enough and laser welding at high speed is considered to be a suitable manufacturing process to 
fuse thin products with good quality of welds [2], [3]. 

2. Experiments 

The experimental setup is shown in Fig. 1. The welding station consists of TRUMPF TruFlow 
6000 CO2 laser with maximum power of 6kW and TEM01* (Transverse Electromagnetic Mode) 
connected to LaserCell 1005. Laser system was integrated with welding mirror laser head (1), rotary 
manipulator (2) and specimen (3). Specimens was X5CrNi18-10 austenitic steel: 0,8 mm thick 
pipes with outside diameter of 16 mm, and 3 mm thick flange. Laser head (1) was angled 45° 
during pipe-to-flange and 90° during pipe-to-pipe welding. Beam diameter was 1mm and welding 
gas was Argon. 

Parameters of process was:  
1. Laser power: 0,7kW, rotary speed: 13,9 rpm (0,7 m/min for 16 mm diameter of pipe). 
2. Laser power: 1,0kW, rotary speed: 16,7 rpm (0,84 m/min). 
3. Laser power: 1,3kW, rotary speed: 19,5 rpm (1 m/min). 
Polished stainless steel surface is very reflective, and the laser absorption coefficient was 

estimated to 0,2. 
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Fig. 1. Laser welding rotary station. 

There have been carried out six experiments pipe-to-flange and pipe-to-pipe according to points 
1 to 3. the results of experiments are described in the next chapter. 

3. Results and Discussion 

Selection of laser welding parameters are very important of course but not so simple as well. 
We are able to estimate this parameters according to appropriate equations but each time this 
calculations should be checked by experimental execution. The difficulty of this estimation consist 
in various treated metal’s constants coefficients e.g. thermal conductivity, specific heat etc., laser 
beam absorption by surface and quality of laser beam. Part of this parameters are referred in 
scientific publications. But part of them, like surface absorption, should be determined almost each 
time. Authors of this paper adopted experimental way to choose suitable parameters due to their 
experience and knowledge [4], [5], [6].  

After experiment according to points 1., 2. and 3. welds were visually tested. Corollary to 
examination results there are preliminary conclusions: 

1. Welding with minimum power and speed (0,7kW, 13,9rpm or 0,7m/min) wasn’t efficient 
enough. According to low speed hot cracking of welded area was observed. The crack was 
thru all the weld and eliminated element from use. 

2. Welding with maximum power and speed (1,3kW, 19,5rpm or 1m/min) wasn’t good as well. 
According to high power the temperature of the process was too high and the elements 
started melting rapidly. Because of thin walls of  treated parts they were burned out in 
particular by pipe-to-pipe welding.  

3. Welding with middle parameters (1kW, 16,7rpm or 0,84m/min) gave best results. Elements 
before and after welding are shown on Fig. 2. 

 
 
 
 
 
 
 
 
 
 

Fig. 2. Elements before a) and after b) laser welding. 

1 

3 

2 

a) b) 
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Fig. 3 shows flange-to-pipe elements before and after welding with higher magnification.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Flange-to-pipe elements before a) and after b) laser welding. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Flange-to-pipe weld magnification. 

Like we can observe the weld is very smooth and in excellent condition. Width of weld is about 
2 mm, but there are no visible defects. Heat influence zone isn’t too huge, that’s why thin elements 
welded very well.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Pipe-to-pipe weld magnification. 

 

a) b) 
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During pipe-to-pipe welding the weld width is less than 1 mm and is almost equal to wall 
thickness of the pipe (Fig. 5.). There is also no visual defects and the weld looks excellent. There 
are no cracks and scratches exposed into the weld and surrounding area.  

In order to determine topography of the weld and surrounding surface authors examined part of 
the welded pipe by shape measure instrument. Results are shown on Fig. 6. Like we can observe the 
seem is very homogeneous. There are no defects detected. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Pipe-to-pipe weld shape measure (about 5° part of pipe). 

4. Conclusion 

1. Experiment proved that thin pipe welding by laser is possible. 
2. The effects of the welding are strongly connected with the parameters of the process. 

Parameters should be determined experimentally. 
3. The seems are very good and it will be very difficult to perform them by another methods.  
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Abstract. The aim of this paper is to perceive possibilities for extension of the working life of parts exposed 
to abrasive wear. For this problem to be successfully solved it is necessary to understand the mechanism of 
abrasive wear which leads to damage of the working parts. The optimal technology of hard-facing is 
determined based on voluminous model investigations, where the microhardness and wear resistance of the 
hard-faced layer were examined. The selected technology was then tested on the real hard-faced parts. 

Keywords: hard-facing, abrasive wear, reparation, hardness, microstructure 

1. Introduction 

Considering that wear is the inevitable phenomenon in industrial systems, the tendency should 
be to decrease it to the lowest possible extent. Abrasive wear is the most dominant type of wear. In 
order to extend the working life of parts subjected to abrasive wear, they are, the most frequently, 
hard-faced with some of the welding technologies. Thus hard-faced parts usually exhibit longer 
working life than the newly manufactured non hard-faced parts, what is also accompanied by the 
significant positive techno-economical effects. 

The numerous experimental investigations on models have led to establishing of the 
relationship between the input and output parameters of the hard-facing process. The input 
parameters are the base metal properties and the required properties of the hard-faced layer, while 
the output parameters are properties of the hard-faced layer metal, its microstructure, 
microhardness, wear resistance, corrosion resistance, toughness, etc. 

2. Basic Causes of the Working Parts Damages 
Main causes of working surfaces damages of various parts of machines and devices are the 

tribological processes, while the costs caused by them are exceptionally high. For decreasing those 
costs, it is necessary to possess modern knowledge from the area of tribology that are related both to 
design and exploitation of parts, bearing in mind all the requirements for more economically 
efficient material consumption, rational consumption of energy resources, as well as for efficient 
maintenance and increase of the working life and reliability of products [1]. 

2.1 Abrasive Wear 

Abrasive wear is defined as the process of the surface material destruction caused by sliding of 
harder material (abrasive) over the softer material, what causes the plastic deformation and leads to 
micro destructions, the most often plowing of the softer material surface. Abrasive wear includes 
more than a half of all the types of wear. The parts that are the most exposed to abrasive wear are 
parts of agricultural machines, elements of transportation devices, working parts in metallurgical 
plants, parts of railway equipment, hydraulic turbine wheels, drills for oil and water wells, sand-
blasting equipment parts, civil engineering mechanization parts and others. The abrasive wear 
mechanism consists of appearance of hard particles, their adhesion and sticking to the surface of the 
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softer material, what leads to destruction of its surface layers. In the process of the two solid bodies 
interaction, the separated particles can additionally strain harden and in the further process act as 
abrasives. Investigations have shown that resistance to abrasive wear of metals depends on some of 
their mechanical properties. This is primarily related to hardness, considering that the depth of the 
foreign particles penetration into the metal is directly proportional to hardness of the surface layers. 
Numerous investigations led to conclusion that the wear resistance depends on the type and 
conditions of the working parts material. Thus, the least resistant are thermally not treated materials, 
somewhat more resistant are thermally treated and alloyed steels, while the most resistant to wear 
are strain hardened pure metals and steels, which can achieve required wear resistance that remains 
unchanged and does not depend on further increase of hardness. 
It should also be emphasized that resistance to abrasive wear for alloys of the same hardness could 
be different, what depends on the alloy’s chemical composition and structure, i.e. resistance does 
not depend on hardness only, but on shape, size and distribution of structural phases, as well. The 
unique opinion was not yet formed about the optimal type of the steel structure. Some authors 
consider that to be the austenite-carbide structure [1], while the others give preference to martensite 
carbide structure [2]. Abrasive wear is primarily caused by possibility of the abrasive insertion into 
the surface layer of steel, and as the second by strength of structural phases' bonds at grain 
boundaries. This means that the self-hardened steel would be more resistant than the steel with 
ferrite-pearlite structure. Thus the hardness can not be the sole criterion, since it was shown that the 
purely martensite structure is more resistant than the martensite-carbide structure, even at lower 
hardness. It was established that the austenite-carbide structure is more favorable than the 
martensite-carbide one, though from the aspect of hardness it would not be easy to come up with 
such a conclusion. The reason for that is a stronger bond between the austenite-carbide grains' 
boundaries due to lesser difference in their crystal lattices' parameters than in the martensite-carbide 
combination. 

3.  Selection of Procedure, Filler Metal and Hard-facing Parameters 
The reparatory hard-facing optimal technology selection for the rotational terrain leveling 

device's knives is presented in [3]. The models represent in the proper way the real operating 
conditions, based on which the selection of the optimal technology would be performed. The knives 
were manufactured from the low alloyed steel for tempering Č4830 (JUS) – 50 CrV4 (DIN), with 
hardness of 488 HB; the microstructure was estimated as interphase tempering one. Since this 
structure is not highly resistant to abrasive wear, the relatively fast wear of parts occurred, 
especially in conditions of aggressive abrasive wear. 

Filler metal for hard-facing is usually selected based on required properties of the hard-faced 
part and available equipment. Here are presented results of experimentally tested and applied 
electrodes: E DUR 600 (E 6-UM-60, DIN 8555/33), E Mn14 (E7-UM-200-KP, DIN 8555/33), E 
Mn17Cr13 [3]. According to manufacturer's recommendations, those electrodes produce hard-faced 
layers that possess high wear resistance and high toughness and can withstand high impact loads as 
well. The hard-faced layers can be processed by grinding only. Those electrodes are especially 
recommended for hard-facing of parts where the hard-faced surfaces would be subjected to friction 
and wear with minerals. The hard-faced parameters, presented in Table 1, were selected according 
to manufacturers' recommendations and the chosen procedure was the REL welding. 

4.   Experimental Investigations 
4.1. Model Investigations 

After considering the tribological working conditions and the base metal analysis, the 
experimental hard-facing was done, first on the selected models and then on the real parts. Hard-
facing samples were selected based on geometrical similarity with the hard-faced part; they can be 
made of good weldable steel or of material with the similar or the same chemical composition as the 
part that is to be regenerated. Numerous tests on models were conducted as single or multi pass 
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layers in conditions with and without preheating (Figure 1 a, b, c). From thus hard-faced model-
samples were prepared ground blocks (Figure 1d), which served for measuring hardness and 
estimates of microstructure of the hard-faced layers characteristic zones. The maximal measured 
hard-faced layer hardnesses were dependent on the type of the applied material and on the 
treatment: E DUR 600 (600 HV1), E Mn14 (240 HV1 without forging and  520 HK-after cold 
forging) and E Mn17Cr13 (290 HV1 without forging and 560 HK after cold forging) [3, 4, 5]. 

 

Electrode mark Core 
diameter, 
de, mm 

Welding 
current,  

I, A 

Voltage, 
U, V 

Hard-facing 
speed, 

vz, cm/s 

Driving  
energy, 
ql, J/cm 

Fiprom 
Jesenice 

DIN 8555/33 

E DUR 600 E 6–UM-60 3.25 120 25 ≈ 0.119 20168 

E Mn14 E7-UM-200-KP 3.25 120 25 ≈ 0.148 16218 

E Mn17Cr13 - 3.25 130 25 ≈ 0.152 17105 

Tab. 1.Welding parameters for the REL procedure [3] 

12345

b

h

II - layer

II - layer
III - layer

a) b)

c)

a

III III

"A"

"A"

d)

weld metal

III III

I - layer

                              Detail " A "

I - interlayer

 

Fig. 1.  Sequence of hard-facing layers deposition: a) 1 layer; b) 2-layers; c) 3 layers; d) metallographic ground block. 

Microstructures of the hard-faced layers characteristic zones, depending on the filler metal, 
were estimated as: martenite-carbide with residual austenite (E DUR 600), dendritic austenite with 
excreted carbide at the grain boubdaries (E Mn14) and sorbite with prominent grain boundaries of 
the austenitic grains and carbides of even distribution (E Mn17Cr13). The characteristic example of 
hardness distribution and appearance of micro structure of certain zones of the two-layer hard-faced 
sample with deposited inter-layer  are presented in Figure 2. Martensitic structure of the hard-faced 
layer ensures the high hardness while the inter-layer has somewhat lower hardness, but more 
favourable toughness, which ensures higher impact strength. 

The aditional tribological investigations in laboratory conditions were performed as well. The 
objective was to determine the wear resistance of the coupling base metal (MB) – hard-faced layer. 
The linear contact "block on disc" was realized in tests. The obtained results for the friction 
coefficient (µ) varied slightly. The wear scar width was also measured, what showed that wear is 
the most prominent in BM (lowcarbon soft steel) with hard-facing realized with the E Mn14 and E 
Mn17Cr13 electrodes, while it was the least prominent for hard-facing done with the E DUR 600 
electrode in conditions without preheating [3-5]. 

4.2. Hard-facing of Real Parts 

After hard-facing on test samples, the established optimal technology was applied on the real 
parts as well. The hard-facing was done in two passes, on cutting edges of knives longitudinally. 
The width of the hard-faced layer was 25 mm. Afterwards, the hard-faced knives were sharpened by 
grinding and thus definitely prepared for operation. It was established that durability of knives hard-
faced according to adopted technology surpasses several times (at least two to three times) 
durability of the non hard-faced knives, what is primarily attributed to microstructure of the hard-
faced layer, which is more favorable for these working conditions [3]. 
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5.   Conclusion 
Theoretical and experimental investigations presented in this paper ought to point to multiple 

advantages of applications of the damaged parts reparatory technology related to extension of the 
working life of parts, as well as shortening the time needed for capacitating the working parts and 
lowering the costs, etc.  

Quality of the hard-faced layers was established by measuring the microhardness, testing of 
microstructure and checking the wear resistance. Model investigations enable selection of the best 
filler metal, establishing of the optimal reparatory technology and establishing the relationship 
between the input and output parameters of the hrad-facing procedure. Checking of the some parts 
damages degree was performed both on the new and the hard-faced knives for terrain leveling. It 
was shown that the working life of the hard-faced knives is significantly longer than that of the new 
ones what decreases the costs of parts replacement and shortens the time of the working machines 
down time. 

 
Fig. 2. Hardness distribution and microstructure of the hard-faced layer characteristic zones – inter-layer (INOX B 

18/8/6) and the two layers (E DUR 600) [3] 
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Abstract. The target of this item was verification of today’s options of deep drilling tests, familiarization 
with possibilities of test performance on CNC lathe and verification of correctness of CNC programs. This 
item contains some directions how to prepare CNC program. On this machine will be performed tests of 
various parameters of deep drilling, which will be continuously used in final thesis of graduation.

Keywords: CNC lathe, deep drilling, gun drill, twist drill, deep drilling machine. 

1. Introduction 

Many machining technologies have their negative patterns as well as deep drilling. Among these 
patterns include impaired chip flow, heat and long overhangs. These negatives are eliminated by the 
kind of working medium and its higher working pressure. 
      This technology has also irreplaceable advantages such as increased geometric and dimensional 
accuracy of drawn over conventional drilling of hole, while this technology remains indispensable 
in engineering production. 

2. Description of the machine 

Machines specially designed for deep drilling are often dedicated, built for a specific type of 
operation, therefore for general testing are often inappropriate. One of the machines also suitable for 
testing the parameters of deep drilling is lathe, that is equipped with a revolver with powered tool, 
tool with the option of mounting the instrument on a counter spindle, sufficiently powerful pump 
for the working medium and especially large enough working space for tool and workpiece. 
       Another important element in the testing machine is dynamometer, respectively device for 
measuring axial force and torque of the tool. From the kinematic properties of the machine is 
important  the opportunity to change spindle speed of workpiece and tool spindle and the possibility 
of deadlockthemselves, respectively synchronization. The above CNC lathe has the ability to 
monitor cutting forces using a sensor, which is in practice often used when shooting overload 
(monitoring tool wear, etc..). 

2.1 Monitoring of cutting forces and torques  

Among the most important outcomes along measure forces is the axial force and torque. The 
recording takes place in the interpolation tact NC of processor which is every 2 ms recording (set by 
the manufacturer of the operating system). This time period is actually a recording of the load 
values of spindle motor and counter spindle. This entire process takes place during the performance 
of synchronous operations. Synchronous operation is a function of the machine that allows 
execution of multiple commands simultaneously (eg drilling with load monitoring). 

Output of values can be done in two ways, either as a single average value of loading in 
implementing operations or more values that represent values instantaneous load (write to file). 
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There was chosen the method of the average value tracking throughout the drill hole for the 
tests of cutting force and feed rate influence to the loading of main spindle as well as the auxiliary 
spindle. 

The definition of important parameters was done during the programming. As important 
parameters are considered the guiding variables influenced the others, or variables which will be 
displayed in output file.  

 
The parameters were defined as: 
N70 DEF STRING[400] TEXTIK0, TEXTIK1, TEXTIK2, TEXTIK3, OS_Z2, OS_C1, OS_C3, REZNA, 

POSTEXT, CUTTING="REZNA RYCHLOST = ",FEEDRAT="POSUV = " 
N80 DEF STRING[1] MEDZERA=" " 
N90 DEF STRING[40] DIEL="DIEL",CISLO="CISLO",POCITADLO,TEXT1="NA AXIALNEJ OSI 

HLAVNEHO VRETENA = ",TEXT2="NA HLAVNOM VRETENE = ",TEXT3= "NA PROTIVRETENE = " 
N100 DEF STRING[10] JEDNOTKA1="W", JEDNOTKA2="NM", JEDNOTKA3="M/MIN", 

JEDNOTKA4="MM/OT" 
Description: within the line N70 – N90 the STRING (text) variable is defined (text) with 

allocated memory space according to the value in square brackets. 
NC program continues by the writing of loading values from the parameters R22 – average 

force load of main spindle in axis Z; R32 – average torque load of main spindle around axis Z; R42 
– average torque load of auxiliary spindle. 

N1090 ID=1 WHENEVER TRUE DO $R20=($R20+1) ;POCET CYKLOV 
N1100 ID=2 WHENEVER TRUE DO $R21=($R21+ABS($AA_POWER[S1])) ;SUMA ZATAZENI 
N1110 ID=3 WHENEVER TRUE DO $R22=($R21/$R20) ;PRIEMERNA HODNOTA ZATAZENIA 
N1120   
N1130 ID=4 WHENEVER TRUE DO $R31=($R31+ABS($AA_TORQUE[S1])) ;SUMA ZATAZENI 
N1140 ID=5 WHENEVER TRUE DO $R32=($R31/$R20) ;PRIEMERNA HODNOTA ZATAZENIA 
N1150   
N1160 ID=6 WHENEVER TRUE DO $R41=($R41+ABS($AA_TORQUE[S3])) ;SUMA ZATAZENI 
N1170 ID=7 WHENEVER TRUE DO $R42=($R41/$R20) ;PRIEMERNA HODNOTA ZATAZENIA 
Description: the line N1090 records the number of interpolator cycles into the parameter R20 

which is used for calculation of average loading. These lines describes: average axial force load and 
torque load of main spindle as well as the average torque load of auxiliary spindle. 

 
At the end of program was necessary to write all recorded variables into the output file and 

store it for next operations in electronic form. The blocks of program are shown below. 
N1460 TEXTIK0=<<DIEL<<MEDZERA<<CISLO<<MEDZERA<<POCITADLO<<MEDZERA<< 
CUTTING<<REZNA<<MEDZERA<<JEDNOTKA3<<MEDZERA<<FEEDRAT<<POSTEXT<< 
MEDZERA<<JEDNOTKA4 
N1470 WRITE(ERR,"PRETAZENIE",<<TEXTIK0) 
N1480 TEXTIK1=<<TEXT1<<OS_Z2<<JEDNOTKA1 
N1490 WRITE(ERR,"PRETAZENIE",<<TEXTIK1) 
N1500 TEXTIK2=<<TEXT2<<OS_C1<<JEDNOTKA2 
N1510 WRITE(ERR,"PRETAZENIE",<<TEXTIK2) 
N1520 TEXTIK3=<<TEXT3<<OS_C3<<JEDNOTKA2 
N1530 WRITE(ERR,"PRETAZENIE",<<TEXTIK3) 
N1540 WRITE(ERR,"PRETAZENIE",<<MEDZERA) 
There was used the gun drill (6.2 mm diameter), pressure of process medium was set to 37 bar 

for practical verification. Then the test cycle of NC program was run. The set of output variables 
contains these information: 

PART 0 CUTTING SPEED = 95 M/MIN, FEED RATE = 0.035 MM/REV 
AXIAL LOAD OF MAIN SPINDLE = 0.3381929943W 
TORQUE LOAD OF MAIN SPINDLE = 20.8122217NM 
TORQUE LOAD OF AUXILIARY SPINDLE = 2.161657299NM 
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There can be seen parameters as: the part number, cutting force and feed rate of a drill. In the 
second line are stored the outputs: axial force load of main spindle in Watts [W]. This data can be 
transform into the force units [N]. The torque load [Nm] of main and auxiliary spindle is displayed 
in the third and forth line. This way can be monitored the loading of a machine tool during the 
technological process and the results can be saved in electronic form. It can be used for additional 
post processing. 

 
The control system Siemens 840D-SL 
Power of main spindle 22kW 
Max speed of main spindle 4000 min-1 
Torque main spindle 250Nm 
Power of counter spindle 12kW 
Max speed of counter spindle 6000 min-1 
Torque counter spindle 76Nm 
Power-driven tool 10kW 
Max speed of driven tool 5000 min-1 
Torque driven tool 24Nm 
Max. drive in axis X 275mm 
Max. drive in axis Y +50/-40mm 
Max. drive in axis Z 700mm 
Weight 5800kg 
Dimensions l x h x s 2,5m x 1,6m x 2m 

Tab. 1. Technical parameters of the machine 

2.2. Creating samples for the observation of root chips  

In order to track changes in the chip formation zone, is necessary immediately stop the cutting 
process, which is more complicated than in the machining of external sites. One possibility is 
abstracting from the external on internal machining or via NC program to stop cutting. Stop cutting 
through NC program can be done by synchronizing the spindle and turret through the threaded 
cycle, program the specific coordinate of finishing of the cycle and there stops a tool spindle. In 
modern CNC machines is termination almost instantly, as the spindle starts to brake, but the impact 
will have inertia system. This means that from the stop pulse cutting spindle to a stop system make 
spindle 1/20 turn (the programmed speed to zero speed) then the tool passes 0.01 mm. This method 
is more precise when observing root chip for smaller speed and at minimum weight spindle 
(workpiece clamping device, etc.).. Generally it cannot be argued that the root of chip occurs at the 
programmed speed but at an interval of seal system. 

Example threaded programming cycle: 
G33 Z-10 K0.2 
Synchronizing tool and spindle, tool cut in Z 10 mm shift of 0.2 mm 

 
Fig. 1. Root of chip 
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On a figure 1 is depicted the chip root, which originated in the verification of command 
composition CNC program for machining steel 20MoCrS4 (steel designed for case hardening) 
cutting speed vc = 80 m.min-1 with feed f = 0.2 mm.min -1. The tool was used helical drill Ø12mm 
length 60 mm carbide (instrument is not responsible for deep holes, but served only as a means to 
verify these options). The sample was polished and etched 3% solution of nitric acid and zoomed 
50x. The cutting mechanism is based on tipping grain (the author is Glebov). 

3. Conclusion 

Work on this article has served in selecting a suitable machine for testing the possibility of deep 
drilling deep test drilling, familiarity with programming environments and operating system 
Siemens 840D-SL. Furthermore, the program includes a sentence that will serve to create the CNC 
program for recording cutting forces and torques with which the authors will continue to work in 
the observation process of deep drilling. 
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Abstract. The article deals with solving problems occurring in the semi-bead wire production as a stage of a 
complex process of tire manufacturing. It highlights the process of producing the semi-product with the 
options of solving the cooling problems in process and then transferring the problem to the realm of the 
virtual reality by application of computers and software. The conclusion discusses the design of the 
computational software for analytical calculation of the cooling process for bead wire by Wolfram 
Mathematica software. 
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1. Introduction 

The success of the product in the current period is based not only on the fulfillment of customer 
requirement, the required quality, reasonable prices, but often success of the product is based on the 
introduction in the required time. . In the product development to fulfill the imposed requirements, 
we integrate optimization or innovation, whether in the form of new technical means or methods, 
which to some extent are able to remove negative influence arising from the sale of the product. 
Into the stages of design and development were introduces computing and computational software 
to simplify and accelerate activities of process.  

Tire manufacturing we consider as a complex process involving several stages, such as tire 
preparation, production of tire casing, vulcanization and finalization. In each stage, we can meet 
with wide range of tasks, for which it is necessary to propose solutions to minimize or suppress the 
negative effects in the other processes. One of the problematic sections is also the production of 
semi-finished bead wires, where a steel cord or tire wire is rubberized. The steel cord (Fig. a) 
consists of a thin high tensile wires twisted into the shape of rope and tire wire (Fig. b) is a wire 
with circular cross section. 

 
Fig. 1. The steel cord (a), tire wire (b) and strip (c) 

Reinforcing material of required properties wounded on a coil is placed in a bobbin case 
and then is drawn with a regulation and continuous smooth braking. The free end of steel cord then 
passes through the extruder, wire drawing machine and then into a wire winder. As the temperature 
of the rubberizing in extruder increases around the value °= 90t , it is necessary to cool the 
rubberized bead wire or tire wire after the extruder stage to the required temperature  to avoid 
deformation and bonding of rubberized steel cord (hereinafter referred to strip, Fig. c) while winding 
it in the last stage of the line. To solve the problem described above, there are several solutions such 
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as implementation of the strap gravitational storage with cooling by the air flow or the 
implementation of the cooling cylinders with flowing liquid inside. From the requirements arise the 
need to solve the cooling of a strip by the air flow in gravitational storage, the other points are dealt 
exactly with this problem and it will be considered to be structurally simpler and more economical. 

2. Unsteady heat distribution 

The analytical calculation should be based on theory of unsteady heat transfer, i.e. methods for 
determining the distribution of temperatures in the body depending on time. The calculation 
therefore proceed from the general equation of heat spread by conduction in rectangular coordinates 
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  (1), i.e. determine the time required for the change of temperature in the body, we get 
by the implementation of boundary conditions in the form of the initial distribution of temperature 
in the body, the shape of the body and how the heat between the body and the environment is done. 
The last boundary condition is used often in the engineering cases, when we consider that the 
surface temperature of the body, the environmental temperature and the heat transfer coefficient is 
constant during the entire process of cooling or heating. Despite these boundary conditions is the 

analytical solution of the equation     ta
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   (1) limited to some basic shapes of bodies. The calculation is therefore 
approximated to determine the transient heat transfer in and infinite cylinder. Equation   
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   (1) in cylindrical 

coordinates then takes the form according to the equation    
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  (6) we get the solution of equation    
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where: J0,J1 – Bessel functions of the first kind, zero and first order, εn – The roots of the 
characteristic equation, An – Constant, F0 – Fourier number, R – Maximum radius of body, r – 
Radius of the body to determine the temperature, a – Thermal conductivity of material, α – 
Coefficient of heat transfer, λ - Coefficient of the thermal conductivity 

 
Due to increasing productivity of strip production, we expect the cooling of several stripes placed 
side by side in the arrange between np=1÷10. Therefore, the calculation includes two variants of the 
solution where the difference is found in the correlation of the Nusselts number calculation. The 
first variant includes the calculation of the Nusselts number for laminar  flow and turbulent flow for 
one body. In the second variant we should consider with the cooling of system arranged bodies side 
by side, so the Nusselts number should be calculated with Zukauskas correlation. 
 

3. Analytical calculation 

For analytical calculation we used Wolfram Mathematica software, to create analytical and 
computational program, as a computer algebraic system to ensure all forms of algorithmic 
calculation by defining symbolic language to represent any suggestions, respectively for symbolic 
and numeric computation, visualization and data manipulation. In the language of the software, we 
applied the following sequence of code writing for the air cooling of the strip, consisting of the 
following steps. 

3.1. The input parameters 

In the first step were defined the inputs parameters, i.e. physical properties and dimensions of 
the cooled body and the other environmental parameters which are described in tab. 3 1. Number of 
the upper and lower pulleys, the pitch and diameter of pulleys are given due to the calculation of the 
overall length of gravitational storage in which the body can be cool down. 

Name of parameter Value 
Temperature of the steel cord after rubberizing (°C) 90 

Number of the cooled strips 1÷10 

Number of the upper pulleys in gravitational storage 1÷10 
Number of the lower pulleys in gravitational storage 1÷10 

Diameter range of pulleys (m) 0,05÷0,4 
The maximum pitch between the upper and lower pulleys (m) 3 

Strip dimensions , i.e. w x h (mm) 6,9x2,2 
The maximum feed rate of the strip (m.min-1) 50 

Coefficient of the thermal conductivity of strip elastomer (W/m.K) 0,08÷0,1 
Specific heat capacity of the elastomer (J.kg-1.K-1) 1800÷2500 

Density of the elastomer (kg.m-3) 970÷1100 

Tab. 1. The input parameter of calculation – the physical properties of the strip and parameters of the environment 

3.2. The input parameters 

The next step involved defining physical properties of the cooling medium in the 
temperature of environment, because we are dealing with cooling of body with the flowing air. This 
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category includes such properties as kinematic viscosity and thermal conductivity of air. In addition 
to previously mentioned boundary conditions are defined behavior of parameters applied in 
calculation, i.e. parameters 1A and 1ε , which depend on the value of the Biots number. Increasing 
the degree of the polynomial is not justified, because the difference between the interpolations of 
the polynomial of a higher degree for a considerable range of values is relatively minimal. In the 
case of a smaller number of the input values, can be increased the degree of the polynomial in the 
value of 2≤n , as the use of interpolation polynomials of higher degree is generally not 
recommended because of the peculiar behavior of the interpolation polynomial, respectively 
increasing errors in subintervals. For the illustration we show the behavior of the parameter1A , 
depending on the air temperature, interpolated by spline and Hermit interpolation polynomial of the 
second and the third degree  (Chyba! Nenašiel sa žiaden zdroj odkazov.). It follows that, for  the 
interpolated or extrapolated input parameters were applied interpolation polynomials of the first 
degree (parameter 1A ) and spline interpolation polynomial of the first degree. By the data entry 
containing physical properties of the medium and parameters depending on the Biots number, we 
assume that the user does not itself interfere into them and ultimately he will be able to manipulate 
only with parameters defined in Tab. . This fact can be assumed as an attempt to simplify the 
controlling of the program and to reduce possible interference of the source code, when it is not 
justified. 

 

3.3. The code entry of the analytical computational program 

With defining all possible boundary conditions of process can be writing of the 
mathematical formulas representing the calculation of the final strip temperature cooled by flowing 
air done. To the source code were therefore written relations to calculate duration of the cooling, 
Reynolds, Nusselts, Biots numbers and the other necessary parameters. In the next step was used an 
advantage of Mathematica software, the dynamism with a graphical representation of the solution. 
Graphical representation includes representation of arrangement of the pulleys with the direction of 
strip movement and the air flow.  

       
a)        b) 

Fig. 2. Comparison of interpolation polynomials of the second and the third degree (a) user interference of the 
analytical computational program (b) 

Dynamism is used for easier handling with the program so that the user sets the parameters 
and in the same time, the conversion of the resulting strip temperature and graphic representation is 
done. Due to the vastness of the program source code, we show only a preview of the final 
environment for the user on the following picture (Chyba! Nenašiel sa žiaden zdroj odkazov.). 
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4. Conclusion 

 The problems solving, not only in the field of engineering, compared to standard procedures in 
recent years changes, because of the application of computing and computational software. 
Application of software such as MatWorks Matlab or Wolfram Mathematica enables to simulate 
technical problems in the field of virtual reality, which is a significant advantage compared to the 
experimental procedure. Through created analytical computational program can user set the final 
temperature of strip cooled with air flow despite some approximations in the calculation. From the 
obtained outputs, the user can propose any proceedings to eliminate adverse effects in the process of 
production of semi-bead wire, e.g. in the design of air conditioning , respectively air conditioning 
units as one of the options for avoiding the distortions of semi-product during winding on the reel.  
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Abstract. The article analyzes two rotating drums interact with each other in two variants. The first option is 
the drum with through hole diameter 28 mm and the other version is the hole with diameter 35 mm. The 
article describes a procedure for resolving tensions acting on the drum shaft for comparison with the original 
Option 1 and modified Option 2 
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1. Introduction and prior work 

The aim of this analysis is to verify the tensions applied to the drums respectively on shafts 
where drums are welded in the original Option 1 and modified Option 2. The analysis programs 
used for solving were - Ansys Workbench v13 SP2 and Autodesk Inventor. 

     
Fig. 1. Assembly models option 1, option 2 

Rotating drums are forced with tension of wires together. This tensile force is unknown.  Only 
mutual bending deflection of drums together is known. Displacement on the outer side of drum may 
vary from 5 mm to 9 mm. Tensile force in one wire from the coil is about 100N. Max number of 
wires is 25. Tensile force on the tape that goes into the gravity tank is about 280 N. The upper drum 
is additionally loaded with torque, that maximum size is 2520 Nm. The upper drum is also loaded 
by pulling the belt horizontally. Peripheral velocity on the surface of drum is more than 180 m/ min, 
but operating velocity is about 120 m.min-1. Running time is about 24hours per day throughout the 
year. 

 

107



 

 

 
Fig. 2.  Boundary conditions applied to the assembly 

2.  Procedure for solving 

The solution consisted primarily to modify the model and its simplification, meshing, loading 
calculating. Procedure for solving was: 

 
• Modification and simplification of model 
• Creating mesh 
• Loading 
• Creating boundary condition 
• Calculating results 

2.1. Simplification and modification of the model 

Before proceeding with the calculation modification of model was necessary. Adjustment was 
done in Autodesk Inventor by adding welds and incorporating them into one body volume. 

 
Fig. 3.  Assembly cross-section 
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All the screws and parts that are not involved in the transfer of power have been removed in 
addition to simplifying the assembly. 

2.2. Meshing the model  

Computational models of the two options have the same settings, so that they can be compared. 
Option 1 with an inner hole diameter of 28 mm for cooling has 431,956 nodes and 102,353 
elements. Option 2 with an inner hole diameter 35 mm for cooling has 332,245 nodes and 82,825 
elements. 

 

Fig. 4.  Meshed assembly 

2.3. Loading 

Considering the unclear boundary conditions where the assembly deformation of whole model 
is known, the main load by bending drum shaft was calculated. Bending size was about 0.6 °.It was 
approximately half of the measured deformations from 2.5 mm to 4.5 mm. 

Torqueses were applied at both ends of the drum shaft with opposite orientation. Maximum 
load was 2520 Nm. 

 
 

Fig. 5.  Calculated boundary conditions 

2.4. Results 

From the results it is clear that the increase in the size of holes diameter from 28 mm to 35 mm 
with shaft diameter 100 mm has negligible impact. Due to uncertainties boundary and working 
conditions, was the drum loaded gradually. The result shows that the deformation of the shaft can 
not be greater than 1 mm, which is fatigue strength requirement. Measured strain may be caused by 
the flexibility of the entire frame associated with measurement error. The difference between the 
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variants is about 1.5% according to equivalent von-Misses stress.  Maximum tensions are located in 
the shaft notches which are located on fillet with radius 4 mm at the transition from diameter 100 
mm to diameter 120 mm. Because of welded drum roll occurs at this point to sudden changes in 
stiffness and hence of the notch. Maximum stress besides the notch is located at the top of the shaft 
at the bearing seats closer to the drum. The maximum stress is 2.2 times smaller as at the notch 
place. 
 

           

 

Fig. 6.  Distribution of equivalent stress on the drum (left - option 1, right - option 2) 

3.  Conclusion  

From these calculations and their results is clear, that the results are similar and the differences 
are very small. However according to vaguely specified boundary conditions, it is impossible to 
determine the exact size of the maximum stress and thus the component life. This suggest that the 
change in hole diameter from 28 mm to 35 mm on 100 mm shaft diameter has no impact. This 
effect is smaller than the FEM calculation error as well as analytical calculation error. The biggest 
influence on the stress distribution and the lifetime of the construction has shaft design.  Especially, 
it is the transition between the shaft and welded plate, where there is a notch. From this perspective, 
the assembly is designed inappropriately. 
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Abstract.  The aim of this study was to conduct measurements and diagnostic accuracy of positioning 
numerically controlled lathe CTX 310 eco. For the measurement of positioning accuracy  was used laser 
interferometer  XL-80, and "Rapid Test" Ballbar QC-10 to perform diagnostics. The analysis of the 
measurements shows that the measured values slightly exceeded the tolerance limits for this machine. These 
studies helped to determine the size of errors influencing to accuracy of the produced items. 

Keywords: cnc lathe, diagnostics, positioning 

1. Introducion 

The continuous development of technology creates new requirements for accuracy 
dimensionally shaped objects manufactured on CNC. Many factors affect the final quality of the 
product. It can include: proper geometric realization of elementary movements (a straight, beating 
the turnover), the accuracy of linear and angular displacements, the accuracy and repeatability of 
positioning numerically controlled axes, setting the axis relative to each other, the accuracy of track 
shapes of implementation, speed of movement in relation to the reference [1], [2], [3] and the test 
drive system backlash. Each inaccuracy in any system affects the final quality of the product [4]. 

Using advanced research equipment can play an important role in the development of 
technological processes for CNC machine tools. The test apparatus will look at diagnostic tests 
prior to production. The test apparatus will allow to investigate whether the machine will cope with 
technological requirements of production. Studies also show whether the machine has some 
inaccuracies that could affect the quality of the final product. Knowing the measurements will be 
able to tell which parts of the machine will not fulfill the tasks. In case of inaccurate machine it be 
known whether to apply compensation controls or machine parts replaced to improve its accuracy. 
Diagnosis of CNC machine tools is a very important issue that should be dealt with by the 
manufacturers and users of these machines. To achieve the required accuracy of work is not enough 
to repair the current faults, it is necessary to periodically review the machine tools which will help 
to keep it in good condition. 

The aim of this study was to conduct measurements and diagnostic accuracy of positioning 
numerically controlled lathe CTX 310 eco. For the measurement of positioning accuracy was used 
laser interferometer XL-80, and "Rapid Test" Ballbar QC-10 to perform diagnostics. The analysis 
of the measurements shows that the measured values slightly exceeded the tolerance limits for this 
machine. These studies helped to determine the size of errors influencing to accuracy of the 
produced items. 

2. Test methods and test conditions 

For the measurement of positioning accuracy was used laser interferometer XL-80.These 
measurements are the most accurate measurement technology.  The essence of this apparatus is the 
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use of light of known wavelength as a unit length.  The measurement is based on counting the 
wavelengths of light incident on the optical detector.  This allows measurement of high accuracy 
positioning [5]. 
 Before performing the measurements the machine was prepared according to manufacturer's 
instructions. Important element of for measuring the positioning was the setting of all mirrors. The 
configuration for each axis was different. The mirrors are mounted on the machine spindle 
(immobilized software) and the tool holder (moving linearly on the X and Z axes). 

 
Fig. 1. Statement of the mirrors for measuring positioning accuracy for the Z-axis 

When all components are properly assembled (Fig. 1.) it is necessary to turn on a PC, connected 
to the laser as well as the lathe. Control program has performed the tool spindle movement along 
the Z axis incrementally by 10mm with 4 seconds rest stops over a distance of 200mm with feed 
rate of 1000mm/min. After driving the section tool carrier back to the starting position with the 
same stops. At that time, the program attached to the test apparatus performed reading the scale 
interferometer. A similar procedure was for the X axis (Fig. 2). Here, the measurement was made 
over a distance of 290mm. 

 
Fig. 2. Statement of the mirrors for measuring positioning accuracy for the X-axis 

For the measurement of roundness error and diagnostic CNC lathe was used "Quick Test" 
Ballbar QC-10. It is a device to detect the geometric errors of propulsion systems of numerically 
controlled machine tools. This may include any inaccuracies arising from the construction of the 
mechanical system, the measurement system and the servo. [6] 

To measure the roundness using the Ballbar, lathe had to be programmed, to draw wheel 
interpolations in a given point. It was located between the tip of the pin located in the spindle 
machines and arm mounted in the tool holder (Fig. 3.). Then between these two elements should be 
mounted device Ballbar, pre calibrated with the calibration plate. 
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Fig.3. Ballbar with pin and mounting arm 

After proper combination of all elements, the program should be run on a PC and run the 
program on lathe. This program guides draws circles on the XZ plane in two directions at the feed 
rate of 1000mm/min. Due to the small working space in the lathe, Ballbar was mounted in a 
"prosthesis shortening", which is designed to reduce the diameter of the circle plotted to 50mm. 

3. The results of the measurements 

For measurements was used original software attached to test equipment. Following this study, 
the results of the measurements are presented in graphical form, and tables. In the paper presents 
chosen results. 

Laser XL program generated graphs showing the positioning accuracy of the machine [7], 
whose values are summarized in the table (Tab. 1). 

CTX 310 eco 

 X Z 

Mean Reversal Error Umean [µm] 1.747 0.719 

Positional Scatter Psmean [µm] 0.000 0.000 

Max Mean Reversal Error at a  Positon Umax [µm] 4.100 2.10 

Positional Uncertainty P [µm] 31.400 17.500 

Max Positional Scatter Psmax [µm] 5.08 0.000 

Positional Deviantion Pa [µm] 29.900 15.800 

Tab. 1. Summary of the results of measurements positioning accuracy CNC lathe 

Table 2 presents results measurements of roundness error and error diagnostic test of lathe. 
The generated report consists of a list of the five biggest percentage impact on the size of the 
roundness deviation of the measured machine. There is also a graph showing how the actual circle 
sketched tool holder. 

From the report concluded that the biggest values that affect the roundness deviation are: 
error recurrence of the X and Z axis. The reason for this error is too slow servo response to a signal 
from the control system in case of change direction. Roundness deviation was 20.9µm. 
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Ballbar diagnostics (%) 

40% Error relapse X 

 

 ▲14.3µm 
▼16.2µm 

8% Error relapse Z 
 ►3.4µm 

◄3.0µm 
6% Positioning deviation 

difference 
 4.9µm 

6% Lag error 
 0.15ms 

5% Backlash machine X 
  ▲2.0µm 
  ▼2.0µm 

Tab. 2. Diagnostic report of lathe 

4. Conclusions 

According to the manufacturer CTX 310 eco lathe machine accuracy is referred to the standard 
VDI / DGQ 3441 [8], [9]. It decided that the accuracy of the machine should not exceed 14µm  in 
the axis X  and 16µm in the Z axis. Analysis of the research shows that the largest machine tool 
inaccuracies are related to the axis X. The error replace X was 16.2µm Measurement of X-axis 
positioning showed: the average deviation of positioning was 29.9µm, and the positioning accuracy 
of 31.4µm. Measurement of Z-axis positioning showed: the average deviation of positioning was 
15.8µm, and the positioning accuracy of 17.5µm. The backlash was:  Z/X: 1.5µm/2µm, lateral play 
was: Z/X; 0.7µm/1.5µm.  The linear measurements backlash was:  Z/X: 2.1µm/4.1µm. Roundness 
test showed positioning tolerance: 18.8µm. 

To improve the accuracy of the machine tool should set the appropriate compensation in the 
machine controller. After this correction would be required to make the re-measurement. If the 
compensation not be effective it will be necessary to replace some of the mechanical parts of the 
machine. In order to maintain the good condition of the machine would be recommended to make 
periodic diagnostic tests. 
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Abstract. A wide range of mother wavelets can be found in the literature related to the analysis of signals 
using wavelet transform. Each group has different properties of wavelets and the appropriate wavelet choice 
is important for further analysis of the results. This work presents the related methodology as well as results 
for analyzing a 3D sample measured by contact profilemeter Taylor Hobson Precision PGI 1200 of milled 
sample. The calculations were performed in the MATLAB environment with wavelet toolbox package. 
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1. Introduction 

Geometric structure of a surface is a collection of all surface irregularities, which are formed 
during manufacturing process and subsequent operation of machine parts. Irregularities on the 
surface have a significant effect on the performance of the machine parts, accuracy of movement 
and the dynamic state of cooperating parts [1,2]. Therefore, an important point is to control surface 
of manufactured parts. Various techniques can be used to analyze profile irregularities, but 
sometimes the results are not consistent with reality. Wavelet analysis is one of the finest methods 
of surface analysis. It allows for a thorough analysis of non-stationary signals, because it provides 
information in the time-frequency domain. Wavelet analysis of 2D profiles is described in the 
literature. However, in recent years wavelet transforms have been used more and more often to 
evaluate 3D images as well. 

2. Wavelet transform 

Wavelet transform is one of the most advanced methods of signal analysis. It allows us to 
analyze both the time and frequency properties of a signal, and therefore it is considered in a spatial 
time-scale. This makes it possible to analyze non-stationary signals and visualize relevant 
characteristics of the signal. Since element surface after the processing is not perfectly smooth, the 
roughness profile is non-stationary. This is due to non-periodic irregularities, cracks and acclivities. 
Wavelet analysis is the only known method for filtering out profiles of non-stationary nature 
[3,4,5]. 

 Signal, which is analyzed by wavelet transforms are filtered by two filters. The first one is a 
low-frequency filter and the second one is a high-frequency filter. Thus the signal is divided into 
two components: approximations (elements of a high-level and low-frequency) and details 
(elements with low-level and high-frequency). Wavelet transform allows us to analyze both signals: 
2D and 3D. 

The principle of 2D and 3D signal decomposition is presented in the following figures. In Fig. 
1, marked with letter “c”, is the analyzed signal; letter “d” represents the details. Fig. 2 describes the 
methodology of 3D signal decomposition. Details calculated in the vertical direction indicated by 
letter “V”, in the horizontal direction – letter “H”, and the diagonal direction indicated by letter 
“D”. 
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Fig. 1. Wavelet pyramidal decomposition tree – Mallat algorithm  Fig. 2. Methodology of analysis of wavelet image 

  
Surface of the sample was analyzed using MATLAB programming environment with the use of 

wavelet toolbox.  

3. The decomposition process of the selected sample  

Surface of the sample has been formed by the milling process. The measurement has been made 
on contact profilometer Form Talysurf PGI 1200. Sample area has been measured along 40 parallel 
lines which give the 160 000 measurement points profile. The measured profile is filtered using a 
Gaussian filter, and then the result is saved as an image file (Fig. 3). Tab. 1 shows the selected 
roughness parameters profile of the sample’s 3D profile. 

 
Fig. 3. Roughness profile        Tab. 1. Roughness parameters 

The test sample has been analyzed using 12 mother wavelets: Haar, bior1.1, bior1.3, bior1.5, 
coif1, coif2, coif3, db1, db2, db3, db4, db5. Fig. 4 shows how the program interface looks, after 
analyzing wavelet surface profile via mother wavelets Haar and db5. Randomly selected 2D cross-
sectional sample profiles were analyzed in respect to similarities to the shape of a mother wavelet. 
This paper shows two options which give the most extreme results. Fig. 4 shows the results of a 
wavelet analysis using mother wavelet “db5”. In the upper left corner of the window program is the 
original profile. The filtering results are shown in the lower right corner. The lower left corner of 
the program presents data which are calculated by means of inverse wavelet analysis. Right top 
field of the program interface is the place where user can specify the selected coefficients, which is 
a crucial element. Further levels of decomposition can be also displayed in the program using the 
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“tree”. Figs. 5 (Haar) and 6 (db5) show the distribution of the horizontal, diagonal and vertical 
details. 

 
Fig. 4. Program window view after decomposition process (db5)   

  
Fig. 5. Program window view after decomposition                   Fig. 6. Program window view after decomposition 
                       process, view “tree” (Haar)                                                       process, view “tree” (db5) 
 

4. Evaluation of the results the examinations and the calculations 

The paper describes the methodology of how to proceed with the process of signal analysis 
using wavelet transforms. 

While analyzing a signal using the wavelet transform we obtain information on both the 
frequency of a signal, and its distribution in time. Wavelet transform is ideally suited for the 
analysis of non-stationary signals. While analyzing surface using wavelet transforms we can find 
the differences between seemingly identical surfaces. The characteristics of the signal are observed 
on a time-scale, so it is possible to narrow down the analysis to a range in which the anomalies have 
been observed. 

An important issue is the choice of the mother wavelet, which will filter the signal. The 
surface has been approximated by a series of wavelets. This paper shows effects of two of the most 
extreme results, Haar and db5 (which profile shape is the most similar to the shape of a randomly 
chosen area of the original signal). Thus the choice of a mother wavelet, which will be 
approximating the surface, should be considering the shape of the original signal. 

 Decomposition process is carried out based on six levels. At each successive level, the 
obtained values are more and more averaged. Figure 5 and figure 6 show the approximated signal 
and the levels of decomposition. Type of mother wavelet has an effect on the results. Based on the 
drawings, it can be concluded that the maximum level of decomposition depends on the used 
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mother wavelet. The tested signal loses its characteristics after the third level of decomposition 
when signal is filtered using Haar mother wavelet, while with the db5 mother wavelet the level of 
decomposition is the fourth. This is due to a better fit of a wavelet’s shape to the profile shape. 

The graph’s horizontal, vertical and diagonal details in the process of decompositions are 
characterized by a significant variation of colors. In the initial decomposition the dominant is black 
color and on each subsequent stage of the filter the variety of colors increases, the shades are similar 
to the RGB model, determining the average value. This is related to the amount of data removed 
from the signal. If the color is darker it means less manipulation in the signal. 

5. Concluding remarks 

The research confirmed the usefulness of wavelet analysis to evaluate surface irregularities of 
the machine parts presented as 3D profiles. The calculations allowed for a positive verification of 
profiles decomposition methodology and for approximation of surface roughness in 3D space. 

Further research should be conducted in terms of variability stereometry parameters surface 
during the process of decomposition and to determine the maximum level of approximation signal, 
without significant loss of character of the measured surface. 
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Abstract. This paper presents the results of mechanical properties of DOMEX 700MC steel. Nowadays this 
steel is more and more used in design of modern semi trailers constructions. High mechanical properties and 
durability of this type of steel are its advantage. The combination of these features enables the construction 
of lighter semi-trailer’s components, which would result in a semi-auto with a lower weight of its own. This 
paper summarizes the results of research with the results made available by the manufacturer SSAB 
company. 
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1. Introduction - characteristics of Domex steel 
Domex cold forming steels are rolled in a thermomechanical process, where the heating, rolling 

and cooling are carefully controlled. The chemical composition of the steel containing low levels 
of carbon and manganese is precisely complemented by enriching ingredients such as niobium, 
titanium and vanadium.  

Due to the high mechanical properties and clean structure, is the Domex steel the best 
alternative for cold formed and welded products. Domex 700 MC with designation D and E meet 
and even exceed the requirements for steel S700 MC according to the standard EN-10149-2 [1]. 
Domex MC can be supplied as wide coil, slit coil and cut sheet. The steels are available with as 
rolled or pickled and oiled surface. Wide coil and sheet are available with mill or cut edge. 

Extra high strength steels are used in structures such as truck chassis, cranes and excavators. 
In these applications, high strength steel is used in order to reduce weight while simultaneously 
increasing load capacity of the structure. These advantages, combined with good formability allow 
the reduction of total costs. Due to the low content of carbon, phosphorus and sulfur Domex 700 
MC steel can be welded by all commonly used methods. The use of this material also does not 
require preheating. A narrow heat-affected zone is formed on the border of the weld. This zone 
is characterized by slightly lower hardness. However, using the normal parameters and methods 
of welding this zone is no practical importance. Tested specimens taken across the weld can have 
the same minimum value of tensile strength, which also characterizes the welded material. If the 
weld load will not be large, it can be used the filler metal with a lower strength than the weld 
material. There are a large number of filler metals with the same or higher strength, which can 
be used for welding of Domex 700MC steel, while maintaining the same filler metal strength 
as welded material [2, 3].  

Advantages of using Domex steel: 
• reduced weight of steel construction while maintaining loading capacity, 
• very good weldability due to low alloy content; resistance to hot and hydrogen cracks, 
• good bendability at small radii without risk of cracks, 
• good formability facilitating press-forming, 
• applicable for guillotine and plasma cutting, 
• smooth and straight edges after laser treating. 
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Domex Corrosion Resistant steel can be used in products like containers, where high strength 
and resistance to corrosion reduces the need for maintenance, prolongs life and simplifies 
production. The material also offers major benefits for industrial chimneys, both externally and 
in the flue gas passages, since the corrosion-resistant steels can cope well with sulphurous 
environments. In addition to have good resistance to corrosion, Domex Corrosion Resistant steel 
is also characterized by good formability, weldability and impact strength. It is produced in two 
strength levels and the guaranteed minimum yield strengths are 550 N/mm² and 700 N/mm². 

2. Mechanical properties of Domex steel 
Domex is micro-alloyed steel with addition of niobium, titanium and vanadium, which allows 

for maintaining low level of carbon and manganese content. Advanced technological production 
processes guarantee the steels' clean structure (Fig. 1). The tested steel has a martensitic structure, 
with clear needles arranged in cells. Tab. 1 shows the chemical composition and mechanical 
properties of Domex 700MC steel.  

 
 

Chemical composition max.  [wt. %] 

C Si Mn P S Al Nb V Ti 

0.12 0.10 2.10 0.025 0.010 0.015 0.09 0.20 0.015 

Mechanical properties 

Re [MPa] Rm [MPa] A5 [%] 

700 750 - 950 12 

Tab. 1. Chemical composition and mechanical properties of Domex 700MC  

 

  
Fig. 1. Microstructure of the Domex 700 MC steel. 

3.  Impact test of Domex steel 
Elements of constructions when working very often are exposed to dynamic loads.  For this 

reason, there is a need to know the properties that characterize the behavior of the material in case 
of sudden changes in load. For the determination of these properties are used mainly fatigue and 
impact tests. Impact tests allow exploring the impact toughness and at the same time they allow 
check the quality of heat treatment, noted the tendency of the material to aging and examine the 
resistance against to the brittle fracture. In practice, the most common is the Charpy impact test [4, 
5]. 
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Impact tests were performed in order to assess behavior of the material under conditions 
leading to brittle fracture. Due to the use of the material for structural components semi-trailers that 
are used in extreme temperature conditions impact tests have been made with regard to this 
particular factor. Tests were performed on 24 specimens, in the temperature range from -70°C 
to +100°C. For testing at different temperatures, the specimens were immersed in a quench medium 
and heated in the oven for a time sufficient so that the required temperature has been reached in the 
whole volume of the sample. 

Standard Charpy specimen (length of 55 mm and a square cross-section with a 10 mm) were 
used. In the middle of specimens was made a notch in a V-shaped, with an angle of 45 °, a depth of 
2 mm and the rounding radius of the bottom of 0.25 mm. The impact tests were done using Charpy 
hammer swinging with a constant energy resource potential. The results obtained during the 
experiment are shown in Fig. 2. 
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Fig. 2. Impact toughness v/s temperature for Domex 70MC. 
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d) e) f) 
Fig. 3.  Fracture morphology of the specimens broken at temperature: a) +100°C, b) +20°C, c) +15°C, d) 0°C, d) -

10°C, e) -50°C. 
 

4.  Summary 
Knowledge of the material characteristics is a necessity in the process of construction of special 

equipment items. New structural materials such as Domex and Hardox expanding more and more 
range of its application. It is necessary to determine the effect of temperature on the mechanical 
properties including impact toughness. Impact test are used to determine the toughness of the 
material, its brittleness threshold and degradation of the material. The results obtained for Domex 
700MC indicate KV = 38J value obtained for the temperature -70 °C, KV ≈ 66-68J for the 
temperature 0 °C, and KV = 81J for temperature 100 °C. Comparing the results obtained with 
specified by the manufacturer can be said that at the temperatures of -20 °C and -40 °C were 
obtained higher values of impact energy for specimens. Based on the fracture morphology can be 
observed that with decreasing temperature fracture mechanism changes from ductile to quasi 
cleavage manner [6].  As the temperature decreases, it can be observed a decrease of the percentage 
of ductile fracture surface against brittle fracture. 
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Abstract. This article deals with influence of coolant on residual stresses by grinding of steels 100Cr6. 
Choice of coolant and way of supply in grinding has major impact on the integrity of the surface. Grinding is 
the most widely used metal cutting finishing operation and most effective method of machining of hardened 
steels (together with hard turning). The residual stresses and their analysis is the one of the most important 
factor by the process of machining of bearings. Micromagnetic method of analysis residual stress is the 
nondestructive, fast and enabling process control in real time for wide variety of ferritic steel and other 
ferromagnetic materials. 

Keywords: Grinding, coolant, residual stress, bearing steel, friction. 

1. Introduction 

Cutting environment has a major influence on the machining process. Coolants are considered 
as one of the most reachable resource to the intensification of manufacturing process. In the process 
of grinding of bearing steels can be used wide spectrum of coolants. In the past were dominating 
applications of classical types of emulsion fluids in 2-3% concentration. With the development of 
new ecological types of coolants new types of water miscible and semi-synthetic products for 
bearings grinding were introduced.  

By the grinding process are the causes of formation of residual stresses by influence of 
mechanical effect and mainly thermal effect. Thermal effect causes creation of non-homogeneous 
structures in the surfaces layers of the workpiece.  

2. Coolants and their application in grinding process 

2.1. Effect of Coolants  

Coolants play an important role in machining. Correct application normally results in enhanced 
process stability, better workpiece quality and tool life. One of the main functions of coolants is to 
lubricate. This is achieved by reduction of the friction that develops in the contact zones between 
tool and workpiece as well as between tool and chip. Heat dissipation, i.e. cooling of the workpiece, 
and washing chips away from the contact zone are further important functions of the coolant. The 
combined lubrication and cooling effect reduces tool wear and enhances surface quality and 
dimensional accuracy of the workpiece. Cooling and lubrication requirements differ in every 
application and mainly depend on grinding conditions. Coolants should, ideally, be composed to 
suit each specific case. Every coolant consists of a basic fluid, to which are added other products 
such as anti-wear, anticorrosionor emulsifying agents [1].  

Lubrication depends on fluid entering the contact region and although a large volume may not 
be necessary to achieve this purpose, fluid delivery will be ineffective if no fluid enters the grinding 
zone. This investigation was aimed at achieving a better understanding of the effect the boundary 
layer has on fluid deliver [2]. 
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2.2. Supply strategies for Coolants  

It is critically important that the coolant is forced into the contact zone. To achieve the highest 
possible cooling and lubrication effect, several nozzles have been developed for different grinding 
applications. Brinksmeier [1] describing the possibilities of the supply strategies depending on the 
types of the nozzles and their volumetric flow rate.   

2.1. Types of  Coolants for grinding operations 

Coolants are divided by categories based on their composition: synthetics, semi-synthetics, 
soluble oil and straight oil. The oil that is used in these fluids is either mineral or synthetic oil and 
each fluid has its own distinct properties. Mineral oils are naphthenic and paraffinic hydrocarbons 
that are refined from crude oil. In Germany, coolants are divided according to DIN 51385 into oil-
based and water-based types (Tab. 1.).  

Coolants for Metal Working Processes 
Additives 

Oil based Coolants Water-based Coolants 

Basic Oils: with 
Additives or 
without Additives 

• Mineral oils 
• Hydrocrack oils 
• Polyalphaolefines 
• Synthetic Ester 

• Emulsions 
(concentrate: basic oil 
+ emulsifier) 

• Coolant Solutions 
(organic or inorganic) 

• Polar-Additives 
• EP-Additives 
• AW-Additives 
• Other Additives 

(Anti-Corrosion 
Additives etc.)  

Tab. 1. Example of dividing of Coolants [1]. 

For high cooling efficiency and washing away capabilities, water-based emulsions or solutions 
are employed. Their main disadvantage is susceptibility to leakage oils and microorganisms making 
high maintenance costs unavoidable. Furthermore, the water and oil phases must be separated 
before disposal. Water-based emulsion concentrates contain 20-70% basic oil (mostly mineral oil). 
For metal grinding operations, oil-in-water emulsions are common; the amount of oil determines the 
lubrication ability of the emulsion. Common oil concentrations in emulsions for grinding operations 
are between 2 and 15%. Water-based coolants contain up to 20 components in which, each of the 
components can themselves be multicomponent mixtures [2]. 

3. Experimental part 

This experiment deals with analysis of impact of cutting environment on the residual stresses 
after cylindrical grinding of bearing steel 100Cr6 (hardened - 61 HRC). 

3.1. Conditions of experiment  

Experiment was carried out on the samples of bearing steel (hardened 61 HRC) with 
dimensions 52 mm in external diameter, 40 mm in internal diameter and 7 mm in width (Fig. 1). 
Tab. 2 shows on conditions of experiment. 

Grinding machine 2uD P27 50 (strategy of coolant supply by flooding nozzle) 
Grinding wheel Tyrolit, 350 mm x 50 mm x 127 mm, EN 12413 
Cutting conditions vc = 37 m.s-1, vf = 11 m.min-1,  vp = 0,005 mm.s-1, ap = 0,3 mm 
Used coolant Ecocool 68 CF 2 (3% of concentration) 

Tab. 2. Conditions of experiment. 
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3.2. Measuring of residual stresses 

The measurements of residual stresses were based on the micromagnetic method. 
Micromagnetic testing was performed with Rollscan 300 (Fig. 2) and software package Microscan 
in the frequency range from 70 to 200 kHz (mag. frequency 125 Hz, mag. voltage 10 V). The 
evaluated parameter was Barkhausen noise (BN). Principle and options and of this method 
describes Gauthier [3] and Neslušan [4]. Application and the possibilities of Micromagnetic methods 
in the practice discussed Karbuschewski [5]. 

  
Fig. 1. Sample and the sensor Fig. 2. Rollscan 300 Measuring device 

Fig. 3 shows on values of BN parameter according by gradually grinding samples in straight 
series. As we can see the BN parameter are progressively increasing with numbers of grinded 
samples. This effect is caused with the increasing temperature of technological system (tool, 
workpiece and cutting environment) and increasing wear of grinding wheel. For the purpose on 
verification of impact of coolant was supply by flooding nozzle stopped by the sample no. 45. 
Cutting environment was changed to the dry grinding (without coolant) while cutting conditions 
remain same as by grinding with coolant. Immediately after exclusion of coolant was increased 
value of BN parameter by sample no. 46 almost to the 500% by comparison grinding with coolant. 
After grinding of next two samples grinding was continued with sharpened grinding wheel. After 
that values of BN were still almost two times higher than in case in using of coolant. 

 
Fig. 3. Progress of measured BN values. 

 On the photography of the microstructure of the sample no. 39 (Fig. 4a) in comparison with the 
sample no.7 (Fig. 4b) is visible heat affected zone that is clearly defined. It is obvious that there has 
been a change in the structure of the surface layer, which is related to the measured elevated BN 
parameter. On the sample no. 46 (Fig. 4c) is visible under the surface of the heat affected zone, 
which penetrates deep into the material and it is not possible to discern clearly its boundaries. There 
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is also clearly visible white layer with thickness circa 5 µm. This layer arose by high heat in surface 
layer and it is very hard and brittle. Thin white layer is unacceptable for the cyclic loaded parts. Fig. 
4d shows on the sample no. 52, which was grinded by dry grinding with deep heat affected zone. 
 
 
 
 
                                         
 

 

Fig. 4.  Photography of microstructures of steel 100Cr6 (hardened - 61 HRC) after grinding. 

4. Conclusion 

Goal of this article was to evaluate influence of cutting environment on the residual stresses by 
cylindrical grinding of hardened steel 100Cr6. It is obvious, that by using grinding with coolant is 
the cutting environment more acceptable than using by dry grinding Coolant provides cooling 
effect, which is capable decreasing the thermal affected zone and also values of BN parameter and 
thus affect the value of residual stress in surface layers of hardened steel 100Cr6. These facts were 
verified by performed experiment.   
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a) Sample no. 7 – Wet grinding 

(sharp grinding wheel) 

b) Sample no. 39 – Wet grinding  
(wear grinding wheel) 

  
c) Sample no. 46 – Dry grinding 

(wear grinding wheel) 
d) Sample no. 52 – Dry grinding  

(sharp grinding wheel) 

Mechanically 
compacted layer 

Heat affected zone 

Thin white layer Heat affected zone 
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Abstract. The paper presents numerical results of blanking process of copper blanks with different punch 
geometry (cylindrical, concave and semispherical shape of punch). The calculations are performed using 
QFORM-2D software based on the finite element method. The numerical investigations on blanking of cop-
per blanks with different punch geometry and constant clearance aimed to compare distributions of effective 
strain and flow stress in intersections of material.  
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1. Introduction 

Blanking is one of the most frequently used processes in sheet metal working. For all the work-
pieces made of sheet metal, either the blank is made by punching or the final workpiece is separated 

by trimming after forming. Both processes, 
blanking and trimming as well as piercing, 
are shearing processes [1]. Like the deep 
drawing operation, here the blank is also 
held between the punch and the die (Fig. 1). 
In recent years, numerical simulations have 
been performed based on the finite element 
method to reduce the time and cost for pro-
duction and optimal processes. The estima-
tion of the simulation results was carried out 

in several works [2-4]. The analysis of these papers shows the good compatibility between the re-
sults of numerical simulation and experimental data. Xiang et al. [2] investigated the mechanism of 
step-shaped punch in fine blanking process. The finite element method (FEM) was used as a tool to 
clarify the mechanism of the step-shaped punch based on the material flow analysis and stress dis-
tribution. According to them [2], the step of punch increases the compressive stress and improves 
the material flow in the shearing zone that prevents the crack [2]. Bui et al. [3] performed finite el-
ement analysis for micro half-blanking process. In their study [3] the FEM method was applied to 
the micro half-blanking process to analyze influences of the punch-die corner radius and the clear-

ance on the shape of the product and formability 
of a thin sheet metal. Matsunaga et al. [4] investi-
gated the effect of the restraint condition and the 
material anisotropy on the dimensions of the 
product in experimental round hole blanking pro-
cess.  

The numerical investigations, described in the 
paper, on blanking of copper blanks with different 
punch geometry (as shown in fig. 2) and constant 

a)                    b)                              c) 

 
Fig. 2. Different punch geometry:  
a) cylindrical, b) concave,  c) semispherical. 

 
Fig. 1. Scheme of blanking  process and force vs. displace-
ment diagram,  where: 1 – punch, 2 – blank, 3 – die.  
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clearance aimed to compare distributions of effective strain and flow stress in intersections of 
material. 

2. Numerical modeling with QFORM-2D 

Calculations of metal flow and study distributions of effective strain, flow stress and changes in 
force were carried out with commercial code QFORM2D based on Finite Element Method (FEM).  

2.1. Models and assumptions 

The numerical model for FEM simulation is based on flow formulation [5] where the material is 
considered as incompressible rigid-viscoplastic continua and elastic deformations are neglected.  

To reflect the real industrial process conditions boundary restrictions on the nods in surfaces 
were defined. On the working surface of the tools Levanov friction was used (1), with friction factor 
0,8: 

)25,1exp(1(
3 σ

σσ n
t mF −−=  (1) 

where m is the friction factor, nσ  is the normal contact pressure 

The copper was used as the workpiece material. Equation (2) describes the flow curve and it was 
taken from ref. [6]:  

n
p Cϕσ =  (2) 

where: C- material constant (C=420MPa for copper [6]), φ – reduced strain, n- strain hardening exponent (n=0,3 for 
copper [6]). 

 

The equipments used were a hydraulic press of load 50MN. The process parameters are present-
ed in table 1. 

Process parameters Values 
Material thickness [mm] 1,0 
Punch diameter – d (fig. 2) [mm] 40,2 
Die diameter [mm] 40,3 
Clearance [mm] 0,1 
Velocity of punch [m/s] 0,05 
Radius of punch edge [mm] 0,1 
Radius of die edge [mm] 0,2 
Angle of the punch with concave shape [0] (fig. 2b) 6 
Dimension - e [mm] (fig. 2c) 1,27 
Radius of the punch with semispherical shape R [mm] (fig. 2c) 114,7 

Tab. 1. Process parameters 

2.2. Modeling results and analysis  

Figure 3 shows the comparison of the material flow analysis (deformation of Lagrange’a grid) 
during the blanking process between a conventional (cylindrical), concave and semispherical shape 
of punch with respect to the displacement of punch. In all cases, the grid deformation occurred in 
area of the cutting edge of the punch and die. This conclusion coincides with analysis of blanking 
process in literature [1]. In addition to cutting concave stamp accompanied by a gradual deflection 
of the material under the punch (fig. 3b). In the case of a semispherical punch in a first cutting stage 
(1-10 steps of 30 steps of simulation) were also the deflection plate, and stamp began to penetrate 
into the material at a later stage. 
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a)    

    
b)    

    
c)    

 
   

Fig. 3. Numerically calculated stages of blanking of copper blanks with different punch geometry: a) for cylindrical 
shape of punch, b) for concave shape of punch, c) for semispherical  shape of punch. 

On the basis of the analysis of numerically calculated effective strains distribution in intersec-
tion of material (fig. 4), it can be stated that the maximum of their values in the different stages of 
the modeling were in the area near the edge of the cutting punch and die. In the first part of the sim-
ulation (step 1-10) the maximum values of effective strains for different shape of punches did not 
differ substantially. In the remaining stages of the simulation (10-30 steps) for the same displace-
ment of punch, highest values of effective strains were obtained for the blanking with concave 
punch (max. 5.74). They were increased by approx. 18-30% from the effective strain for the cutting 
with semispherical punch (max. 3.967) and by 10-28% with cylindrical punch (max. 4.16). The 
maximum values of effective strain for blanking with conventional and semispherical shape of 
punch were comparable. The differences did not exceed 5-10%. 

a) b) c) 

   

   
Fig. 4. Numerically calculated effective strains distribution in intersections of material with different punch geome-
try during the blanking (20 step) and for the last stage of simulation (30 step): a) concave shape of punch b) cylindri-
cal shape of punch, c) semispherical  shape of punch.  

Analyzing the numerically calculated flow stress distribution in intersection of blanked material 
with different shape of punch, it was found that the maximum of their values were in the area where 
the observed maximum values of effective strain. They were comparable for blanking with variety 
of punches. The differences were small and did not exceed 5%. The greatest value of flow stress 
found in intersection of the material blanked concave punch (max. 1246MPa). A little less maxi-
mum values of flow stresses were blanking with a conventional (cylindrical) punch (1227MPa) and 
semispherical (1185MPa). In the last stage of numerical investigations, the analysis of maximum 
values of forces obtained for blanking with different shape of punches was made. The greater value 
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of force are established for blanking with conventional and semispherical shape of punch 
(0,05MN). They were higher by approx. 20% than the force obtained for blanking with concave 
punch. 

a) b) c) 

   

   
Fig. 5. Numerically established flow stress distribution in intersections of material with different punch geometry 
during the blanking (20 step) and for the last stage of simulation (30 step): a) concave shape of punch b) cylindrical 
shape of punch, c) semispherical  shape of punch. 

3. Conclusion 

The following conclusions were drawn from numerical investigations into blanking process of 
copper blanks with different punch geometry: 

− numerically calculated effective strains distribution in intersections of material: for the same 
displacement of punch, highest values of effective strains were obtained for the blanking with 
concave punch; they were increased by approx. 18-30% from the effective strain for the cutting 
with semispherical punch and by 10-28% with cylindrical punch;  

− computer established flow stress distribution in intersections of material: the maximum value of 
flow stress found in intersection of the material blanked concave punch was greater than the 
values obtained for blanking with a conventional punch (increase by approx. 2%) and semi-
spherical (increase by approx. 5%); 

− the greater value of force are established for blanking with conventional and semispherical 
shape of punch (0,05MN); they were higher by approx. 20% than the force obtained for blank-
ing with concave punch. 
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Abstract. The paper presents a brief study of electro-discharge mechanical machining with an elastic, 
discrete electrode. The factors causing the chemical composition and surface roughness of superficial layer 
have also been taken into consideration. Attention has also been given to the relation between the material of 
electrode and the superficial layer composition. Heat affected zone obtained by BEDMM consists of several 
layers. At the top, a molten and resolidified layer, called recast layer, is observed. This layer is usually 
present because material removal in BEDMM is mainly based on melting process of the workpiece material. 
In the recast layer in machining condition the mixing and diffusion of the material hot electrode and the 
workpart can occur. 

Keywords: electro-erosion, flexible electrode, superficial layer 

1. Introduction 

Due to the present trend in constructing machines, alloys of special properties are often used. 
These materials are characterised by mechanical durability and high resistance to abrasion and 
corrosion. Cutting such materials may prove difficult because most of them are hard to cut. The 
process is made even more difficult by the fact that parts made of these alloys are of complex 
shapes. In these circumstances it is advisable to use BEDMM as the surface finishing process. 

BEDMM involves gradual removal of the extra material from the surface of the part being 
machined by electro-erosive, electro-chemical and mechanical processes [1, 2, and 3]. Apart from 
the removal of the material, mass exchange processes between the hot electrode and the machined 
part take place, being the result of the mixing of the partially melted electrodes and diffusion 
processes. As a result of those processes the chemical composition and geometrical structure of the 
superficial layer of the part is formed. Consequently, the resulting layer exhibits new properties [4, 
5, and 6]. 

2. Experimental investigations 

The investigations aim to explain the phenomena occurring in the process of electro-discharge 
mechanical machining with the brush electrode as well as to determine the influence of the 
machining conditions on the surface layer conditions. 

The following factors influencing the machining results have been examined: 
• kinematics parameters (v0 - rotational speed of the brush electrode, vf - feed-rate), 
• electric parameters (U - voltage, E - impulse energy, τ - impulse time duration) 
• material of brush electrodes (tungsten, molybdenum, chromium-nickel steel) and diameter of 

wires, 
• value of the deflection (∆) of the hot electrode components. 

The layer is shaped by the energetic effect of the discharge on the electrodes and the following 
phenomena are caused by such a discharge: 
• superficial melting of the anode and cathode, 
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• transfer of the melted material from the hot electrode onto the part surface, 
• mixing and diffusion of the particles of the transferred material into the workpiece material,  
• temperature increase of the surrounding layers, 
• very fast cooling of the superficial layer due to the heat transfer through the part core. 

The above factors have influenced the following output parameters: 
• productivity, 
• parameters describing the geometry of the surface layer (Ra, Rt, Sm, Dq, Wa, Wt, Wsm), 
• surface texture, 
• metallographic structure of the superficial layer, 
• superficial layer chemical composition, 
• microhardness distribution in the superficial layer. 

In the BEDMM process [4] a rotating metal brush is used as a tool and the process is performed 
in the presence of a machining fluid, which is water-glass in water solution with composition ratio 
lower than that used in erosion-mechanical cutting (< 10%).  

With typical parameters of machining the mechanical contact of the brush with the melted 
metal can cause the liquid metal to spread over the machined surface, as a result of which the peaks 
of roughness are flattened. An increase in pressure, with low voltage applied, can cause the 
depassivated layer to be torn off. Eventually it leads to a direct contact of the electrodes and the 
fading of the discharges. That, in turn, changes the nature of the process to electromechanical. In 
these circumstances the main process that forms the geometrical structure of the surface layer is 
furrowing the surface with each part of the brush. 

Detailed examinations of the superficial layer carried out by means of X-ray diffraction 
microanalysis have shown that apart from the removal of the material from the machined surface, 
particles of the hot electrode are transferred to the machined part. As a result of these processes a 
5÷10 µm thick modified layer is created. When molybdenum, tungsten or chromium nickel steel 
electrodes are used, the concentration of these elements in the superficial layer increases up to 10%. 

Some wires affect the surface by electrical discharges and by the above-described process of 
mass transfer from the cathode to the anode and thermo-chemical modification of the superficial 
layer. Other wires affect the surface in an electromechanical way [7]. The mechanical contact of the 
wires with the machined surface is accompanied by an electric current without any discharges. This 
electromechanical influence results in smoothing the roughness peaks created by the electric 
discharges and in the temperature increase of the machined surface. 

 
 

 
a) b) 

Fig. 1. SEM photograph of a surface (a) and profilogram of a layer (b) after being BEDMM machined, the voltage 
applied U = 12V, d = 0.3 mm (the diameter of a single wire), vo = 3.6 m/s (tangential velocity), vf = 12 mm/min (feed 
rate) 
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The final effect of the process is shown in Fig. 1a. It is a surface machined with voltage applied 
U = 12 V. The results of the research have been supplemented by the profilegram of a surface 
machined in the BEDMM process. Its analysis shows that removal of material occurs mainly at the 
peaks of the roughness. 

On closer inspection [5] the profile (Fig. 1b) of the surface appears to be asymmetrical. Two 
structures can be distinguished, the primary one, being the result of spark discharges and seen as 
craters in the shape of spherical caps, and the secondary one, being the result of mechanical and 
electrochemical processes, mainly seen at the peaks of roughness. The peaks being flat, the 
roughness of the layer has an advantageous profile. 
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Fig. 2. Residual stresess BEDMM machined workpieces U = 5.6, 8, 16 V, parameters of machining ∆ = 1 mm,  

v0 = 3.6 m/s, vf = 12 mm/min, material of workpiece carbon steel (0.45 %C) 

 
Residual stresses in the superficial layer usually occur as a result of the melting and solidifying 

of the superficial layer. Examinations carried out using the Philips-Weisman method have 
demonstrated that the stresses are positive. They occur at a depth of no more than 100 µm. After 
BEDMM roughening machining (U = 16 V) maximum tensile stress achieved 1500 MPa. Applying 
mechanical machining with a rotating brush to a part that has been BEDMM-machined creates 
compressive (negative) stresses in the superficial layer about 500 MPa. Some result of the 
investigation shows Fig. 2. 

 
Fig. 3. a)SEM photograph of the metallographic microstructure of the surface layers after the machining process 
(U = 8 Vb) using the made of chromium nickel steel (1H18N9) electrode; material of work-piece carbon steel          
(0.45 % C), b) X–ray diffraction pattern obtained from the surface layer after the BEDMM process 
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The metallographic structure Fig. 3 shows features typical of a surface machined by BEDMM. 
Superficial layer has a gradient structure with an increase of chromium and nickel content. At the 
top, a molten and resolidifier layer, called recast layer, is observed. This layer is usually present 
because material removal in BEDMM is mainly based on melting process of the workpiece 
material. In the recast layer in bedmm condition mixing and diffusion of material working electrode 
and workpart can occur due to temporary, directly contact electrodes. Below the recast layer a heat 
affected zone is present. This zone comprises the workpart material which has undergone an 
influence by heat and has not been molten. In the case of steel, usually hardened [8]. 

3. Conclusion 

The investigations into electrodischarge machining with rotating brush electrodes have shown 
that: 

• the surface layer subjected to the BEDMM process contains chemical components of the 
hot electrode (cathode), 

• analysis of the molten and resolidified layer shows an increase of chromium (up to 10 %) 
and nickel (up to 5%) content, 

• thickness recast layer achieved about 5 ÷ 10 micrometers, 
• the metallographic structure of the superficial layer reveals properties that are typical of 

electroerosion discharge machining, 
• the physical properties of the hot electrode and level of voltage significantly influence the 

machining process and its results, 
• if the process is well controlled higher hardness, higher wear resistance of the superficial 

layer can be achieved. 
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Abstract. The correct choosing of tool steel and correct heat treatment of active components of cold – 
molding tools is necessary operation for the guarantee of their functionality. The tools made by this method 
do not always fulfil required quality of the durability and period of service and loss caused by their frequent 
exchange is high. One way we can stop these negative aspects is a coating of active parts pressing tools by 
thin, hard and abrasion resistant deposit, which is suitable by definite method of the tool stress.  

Keywords: molding tool, wear resistance, tool material selection 

1. Introduction  

The final quality and utility features of molding tools are predestinated long time before semi-
product or tool itself goes to hardening for heat processing. Lot of problems, which are connected 
with possible deformations and possible destruction of moulding tools (or their parts) are generated 
by their construction that means at design documentation before the material gets to producer [1].  
Usually is not possible to design a part of „optimal shape“ in the aspect of heat treatment and then 
can right attitude to the construction of tool considerably reduce the risk of deformations or 
disruptions. The next aspect which affects the final usage attributes of the moulding tool is choice 
of material itself and correct heat treatment. The aspect of brand (of chemical composition) has got 
a primary important role. Inadequate chosen brand can easily cause early end of service life of 
moulding tool. Chemical composition (brand) of steel in majority of cases does not provide 
requested amount of information’s about quality of material and from this point is necessary, but 
not sufficient information. The quality of steel is given by its origin, primary and secondary 
metallurgy, eventually subsequent processing as annealing or moulding.  In the case of materials of 
the same brand , but supplied by two different manufactures or suppliers, differences of hardness 
after heat treatment  can be more than  10%, in wear resistance tenths of percent and these materials 
can differ in toughness. 

2. Choose of the Cold-Molding Tool Steel 

A typical requirement for the active components of cold – working tools is high hardness. High 
hardness tool prevents plastic deformation and tool wear. Tool steels primarily require high wear 
resistance, adequate toughness and plasticity. The reason for high wear resistance is not only a high 
carbon content and hardness. Typical for steels for cold work is that they contain carbides, taking 
particular act on increasing wear resistance. Carbides are chemical compounds of carbon and 
carbide-creating elements such as chromium, vanadium, molybdenum or tungsten (Fig.1.). 

   

1.2379 Vanadis 4 Extra Caldie 
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Fig. 1.  Types of carbides in the cold – molding tool steels [2]  
In general, the more frequent are carbides in the material, the longer and harder they are, the 

tool is more wear resistant. On the negative side, the material has low impact strength. This can lead 
carbides to act as an initiator of fatigue fractures. Carbides are not the sole cause of cracks and 
fractures. Long slag inclusions, various defects on the surface of the tool or sharp corners can also 
act as an initiator of fatigue cracks and fractures. Therefore, purity metallurgical process for the 
production of steel and finishing surfaces of tools or tool design can have a big impact on 
performance tools. Examples of tool steel for cold - molding in different ways metallurgical 
processing are shown in Tab.1. 

Steel Metallurgy processing 

1.2379 conventional 
Caldie ESR (Electro Slag Remelting) 

Vanadis 4 Extra PM (Powder Metallurgy) 

Tab. 1.  Examples of tool steels for cold – mold working 

2.1. Description of Steel 1.2379 

Ledeburitic 12% chrome steel, very high resistance against abrasive and adhesive wear due to a 
high volume of hard carbides in steel matrix, good toughness, very good dimensional stability, high 
compressive strength, very good base material for PVD coating as well as nitriding due to its 
secondary hardening. It´s applicative for cutting, punching, stamping tools, thread rolling dies, cold 
extrusion dies, drawing and banding tools, fine cutting tools. Chemical composition is in Tab.2. 

%C %Si %Mn %Cr %Mo %W % V 
1.55 0.30 0.40 11.80 0.80 - 0.80 

Tab. 2.  Chemical structure of material 1.2379 

2.2. Description of Steel Caldie 

Chromium-molybdenum-vanadium alloyed tool steel, very good chipping and cracking 
resistance, good wear resistance, high hardness (>60HRC) after high temperature tempering, good 
dimensional stability in heat treatment and in service, excellent through-hardening properties, good 
machinability and grindability, excellent polishability, good surface treatment properties. It is 
suitable for short to medium run tooling where chipping and /or cracking are the predominant 
failure mechanisms and where a high compressive strength is necessary. Caldie is also very suitable 
as substrate steel for applications where surface coatings are desirable or necessary.  Chemical 
structure of material is listed in Tab. 3. 

%C %Si %Mn %Cr %Mo %W % V 

0.60 0.35 0.80 5.30 - - 0.20 

Tab. 3.  Chemical structure of material Caldie 

2.3. Description of Steel Vanadis 4 Extra 

  Chromium-molybdenum-vanadium alloyed steel, very good ductility, high abrasive – 
adhesive wear resistance, high compressive strength, good dimensional stability during heat 
treatment an in service, very good through-hardening properties, good machinability and 
grindability. It is especially suitable for applications where adhesive wear and/or chipping are 
dominating failure mechanisms. However, it is also suitable for blanking and forming of Ultra High 
Strength Steel Sheet. Chemical structure of material is listed in Tab. 4. 

%C %Si %Mn %Cr %Mo %W % V 
1.40 0.40 0.40 4.70 3.50 - 3.70 

Tab. 4.  Chemical structure of material Vanadis 4 Extra 
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3. Wear Resistance of the Active Components to The Cold – Molding Tools 

3.1. Abrasive Form of Wear (Fig. 2.) 

It is a typical form of wearing the active components of cold – working tools applied by 
processing hard materials or materials containing abrasive parts as carbides or oxides, for example 
hardened strips etc. Important properties for abrasive wear resistant tool steel are high hardness, 
high contains of carbide, high carbide hardness, dimension of carbide. 

 
Fig. 2. Cutting edge abrasive wear, tool steel 1.2379, working material -  1%  carbon steel,  45HRC tempering, ext. 50x 

3.2. Adhesive Form of Wear (Fig. 3.) 

It is a typical form of wearing by machining of soft metal materials – aluminium, cupper, 
anticorro steel, low carbon steel etc. By pressure and friction the micro-welding on the interface 
tool - workpiece (material) is created. The micro-particles of tool are pulled by the relative 
movement. They remain on the working material and cause additional wear on the tool surface. 
This type of wear often causes breaking the edge of tool. The cyclic stress occurs to fatigue, surface 
active components that combines the micro-cracks. They are further expanding and deepening, 
which can lead to the destruction of the edges. Important properties of tool steels for the adhesive 
wear resistant are high hardness, low coefficient of friction tool – material, high plasticity. 

 
Fig. 3. Cutting edge adhesive wear, tool steel 1.2379, working material -  anticorro steel 1.4301, ext. 50x 

3.3. Cutting  Edge Chipping 

Due to the cyclic stress the material occurs to fatigue and create micro-cracks. This problem 
occurs after a relatively short period of operation of molding tool. Widening and deepening of 
micro-cracks occurs at excision particle surface of the tool. The most important feature of the tool 
steel by this type of damage is high plasticity. 

3.4. Plastic Deformation 

Plastic deformation occurs after crossing the compressive yield strength of the tool steel and 
causes damage or change of the shape of the active part of the tool (Fig. 4.). High hardness is the 
relevant feature meaning resistance to plastic deformation. It is very important to consider the active 
tool component when choosing hardness dimensional complexity. 

   

Fig. 4. Initiation of cracks - bruising counterpart in the transverse direction 
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3.5. Tension Cracks (Fig. 5.) 

Appearing after the excess of the material tensil strength in tension concentrators, such as 
traces of machining or grinding, sharp radii, places on the surface of affected EDM working. Cracks 
are spreading instable. The most important properties of the tool steel by this type of damage of the 
tool are high strength and low hardness. 

 
 Fig. 5.  Tensile crack on surface of the active component, ext. 30x  

3.6.  Sticking of the Work Material to the Surface of Active Tool Component  

This problem occurs when processing soft adherent metallic materials. Manifests by the 
gradually sticking a bit particles work material to the tool surface (Fig. 6.). The only way to avoid 
this problem is to reduce the coefficient of friction between the tool and the material to a minimum 
with optimized lubrication, nitriding or coating surface of tool, polishing of the surface of the tool in 
the direction of work (Fig. 7.). 

      
Fig. 6. Active mold part with sticking work material   Fig. 7. Active mold part with PVD coating 

4. Conclusion 

Selection of steel depends on the dominant mechanism of damage to the tool, considering the 
length of a batch and an application. The selection of the tool steel for the components of molding 
tool is based on the experience of specific applications for dies. The basic rule in choosing of the 
tool steel is to try to eliminate chipping and tension cracks as far as possible, even at the cost of 
increased tool wear. The reason for rather accepting the increased wear over chipping and cracks is 
that wear is predictable. Maintenance of the tool can be better planned and avoid costly downtime 
on the molding machines with unexpected interruptions.  

The basic criterion for selection of tool steels for active parts molding tools is the number of 
produced units. There are three groups of steel according to size production series: 

- Small series production – using low-alloy tool steels produced by conventional metallurgical 
technologies (1.2379). 

- Medium series production – using tool steels with high content of alloying elements, 
produced by conventional metallurgical technologies or technologies ESR (1.2379, Caldie). 

- Large series production - using tool steels with high content of alloying elements, produced 
by PM Technologies (Vanadis 4 Extra, Vanadis 6, Vanadis 10). 
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Abstract. The paper describes a method for effective detecting and avoiding missile flight trajectory 
obstacles. Missile safe distance zone is described by rotational paraboloid, which optimizes missile flight 
movement overstrained. Paraboloid equation is pole parameterized, in order to function value was radius, 
and function arguments was angular deviation line of sight obstructions (LSO).  
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1. Introduction 

Modern missiles are furnished with many various sensors and systems, determine their position 
in space. During the flight to the target missile not only tracks a moving target and the trajectory 
determined in accordance with the implemented algorithm, but also to detect obstacles in its path 
and modifies the trajectory. The system detects obstacles in the flight line sweeps the space in front 
of missile and checks how far away is the obstacle. Obstacles which are directly in front of the 
missile enforce a relatively greater distance for the implementation of avoidance maneuver, than 
those that are partially, or completely to the side. “Fig. 1” zone safe distance from the obstacle 
missile is described by paraboloid. If an obstacle is in the danger zone the warning signal is sent to 
the autopilot to change the direction of flight, so as to avoid an obstacle. 

 
Fig. 1. Comp drawing of the detection and avoidance of obstacles. 

2. The obstacles in the plane 

Area a safe distance from the obstacle missile for simplified to the plane described a parabola 
f(x). Parabola is: 

( ) 520 2 +−= xxf . (1) 

Polynomial curve f(x) parameterized polar, so that the argument of the function was the angle 
LSO (line of sight obstructions) from the missile axis ϕϕ −°= 90* , and the value of the function 
was the distance from the top of the missile to the curve f(x) “Fig. 2 “.  

( ) rf =ϕ  (2) 
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The angular dependence we have: 
ϕcosrx =  

ϕsinry =  

5cos20sin 22 +−= ϕϕ rr  

(3a) 

(3b) 
(4) 

Finally, the radius in the function of angle ( )ϕfr =  is form (5) and has a value as shown in 
“Fig. 3”. 
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Fig. 2.  Safe distance zone described by function f(x). 

 

Fig. 3.  Changing the safe distance ( )ϕfr =  in 

the function of the angle. 

3. The obstacles in 3D  

The safe distance zone is dependent on the two angles. Depending on technology used to detect 
obstacles, there are considered two cases. In the first case, the main angle is the angle of deviation 
between LSO and the missile axis γγ −°= 90* ; and the axis of rotation ϕ  missile (OZ) indicates 
which side of the missile is an obstacle “Fig. 4”. In the latter case, the angles are the deviation in the 
vertical plane XOZ γ  and the deviation in the vertical plane YOZ ϕ   “Fig. 6”. In both cases, we 
use the same formula for the parabola of revolution which defines the safe distance zone: 

( ) 52020, 22 +−−= yxyxf  (6) 

3.1. The first case 

The radius r is calculated for LSO deviation angles and determine a safe distance from the 
missile to obstacles to data angles. Radius ( )γϕ,fr =  has two components, one for OZ axis, the 

other xyr  on the plane XOY “Fig. 4”. The angular dependence follows: 

( )γcosrrxy =  (7) 

( ) ( ) ( )ϕγϕ sincossin rxrx xy =⇒=  (8a) 

( ) ( ) ( )ϕγϕ coscoscos ryry xy =⇒=  (8b) 

( )γsinrz =  (8c) 
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Substituting the angular dependence for the function ( ) zyxf =,  we get: 

( ) ( ) ( ) ( ) ( )γϕγϕγ sin5coscos20sincos20 222222 rrr −=+  

⇓  
( ) ( )γγ sin5cos20 22 rr −=  

(9a) 

 
(9b) 

After transformation obtained in the same form as in the case of obstacles in the plane is 
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Function values ( )γϕ,fr =  for the angles are shown in graphical form in Figure 5. 
 

 
 Fig. 4.  Safe distance zone in the space. 

 

 
 

Fig.  5. Changing the safe distance ( )γϕ,fr =  in the 

function of the angles. 

3.2. The other case 

Latter case provides LSO deviations in the vertical plane XOZ: angle γ , and vertical YOZ: 
angle ϕ  “Fig. 6”. OZ axis coincides with the axis of missile. 

Parameterized variables: 
γcosxzrx =  (11a) 

ϕcosyzry =  (11b) 
ϕsinyzrz =  (11c) 

γsinxzrz =  (11d) 

The aim is to obtain a function of the radius ( )γϕ,fr = . From the formula for the radius: 
222 zyxr ++=  we get a system of two equations with two unknowns. 







+=

+=
2222

2222

cos

cos

xzyz

yzxz

rrr

rrr

ϕ

γ
 (12a) 

 

141



 

 

Which solution is a pair: 
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After substituting equation (6) we have: 
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Bottom line: 

( )
( ) ( )

( )
















=

≠

−
+

+
−

+
+

=

2
,5

2
,

coscos1

cossincossin20

cossincossin54

sinsin

cossincossin80

sinsin
5

,
22

2222

22222222

22

πγϕ

πγϕ

ϕγ
ϕγγϕ

ϕγγϕ
γϕ

ϕγγϕ
γϕ

γϕ

for

for
f      (15) 

 

 
Fig. 6.   Safe distance zone in the space. 

 
 

Fig.  7. Changing the safe distance ( )γϕ,fr =  in the 

function of the angles. 

4. Conclusion 

Figures 5 and 7 show distribution of radius ( )γϕ,fr =  as a function of two angles in graphical 
form. Function values can be stored in an array of some sampling. The data from the array will 
reduce the computation time. This will allow for faster response autopilot. The article further work 
will serve as the foundation for the development of missile control algorithms with efficient and 
smooth avoiding moving and non-moving obstacles.  
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Abstract. This paper briefly describes experimental verification of the effect of speed rotating on quality 
surface and on residual stresses in sub-surfaced machined layer using x – ray diffractometry. The aim is to 
prove scientifically that change a component of the cutting conditions affect not only the surface roughness 
but also the residual stress in the machined layer. 
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1. Introduction 

1.1. Surface roughness  

Surface roughness is defined as the sum of geometric variations with relatively small distance of 
inequality. To evaluate the surface roughness was approved the European standard ISO 4287: 
Geometric specification surface - surface character. This standard defines us real and nominal 
surface. The real surface defines us the component and it gained independence from the 
environment. Nominal surface is smooth and its shape is determined by drawing documentation. By 
cutting is a cross-section and longitudinal profile. The cross-section profile is vertical to the 
direction of the track surface roughness and longitudinal profile is a named section plane which is 
positioned in the direction of feet inequality [1]. 

 

 

 

1.2. Residual stresses  

Residual stresses are one of the manifestations of the machining technology. Remain in 
components and structures through the process and still operate without external load. Significantly 
affect the functionality of the machined surface, and therefore deserve special attention. If during 
the performance of functions in the process there is an unexpected failure of components, in many 
cases is this due to the presence of residual stresses, which can significantly shorten the life of 
components [2]. 

Residual stress may arise under the machined surface only when there is in the surface layer of 
plastic deformation. Sense of residual stress (tension or pressure) depends on how the deformation 
occurred. It can also operate the following factors:  - Uneven plastic deformation induced force 
effects of the cutting wedge. - Uneven temperature influence (heating or cooling of) the workpiece. 
- Uneven phase transformation or elimination of new structural components [2]. 
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2. Experimental verification 

Precise machining gradually displaces the technological process of grinding, because we are 
able to machine surface by precision turning with such precision and quality that corresponds to the 
grinded surface. For comparison, we applied the surface quality of grinding for those workpieces. 
The application ran on the grinder TOS-HOSTIVAR. On the experiment we used blunt and sharp 
grinding wheel with three different rotation speeds of workpiece, Fig. 1. Grinding wheel rotating in 
all cases at a constant speed 2000 m.s-1, and the workpiece rotate at a speed initially 38 m.min-1, 
then 95m.min-1 and finally 255 m.min-1. During the grinding was applied cutting fluid emulsion H 
(2%). Results were recorded to the graphs were made, Fig. 2, 3, 4. 

 
 

Fig. 1. Grinding of samples                                          Fig. 2. The effect of rotational speed of the components 
                                                                                                         on Ra - finishing with sharp grinding wheel 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. The effect of rotational speed of the components      Fig. 4. The effect of rotational speed of the components 
              on Ra – roughing with blunt grinding wheel                       on Ra – finishing with sharp grinding wheel  

2.1.  Measurement of residual stresses 

The measurement procedure 

The measurement of residual stresses began by placing the parts onto the pad measuring 
system. Detectors, which were on the shoulder, focused the measured surface, Fig. 5. Stresses were 
measu-red in the axial and radial direction of parts. After preparing the part, X-ray apparatus began 
to radiate and radiated previously selected point on the part. The device measured the voltage to a 
depth of 12µm range of angles about 123° -171°. Subsequently were made scatters, from which 
calculate the value of the residual stress. These are processed and from them were created graphs 
(Fig. 6. - 8). 
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Fig. 5.  X – ray apparatus                                   Fig. 6. Residual stress after grinding roughing with sharp grinding wheel  
 
     
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Residual stress after grinding roughing   Fig. 8. Residual stress after grinding finishing 
            with blunt grinding wheel 

3. The evaluation of results roughness and residual stresses 

3.1. Evaluation of the measured roughness 

When roughing with very blunt grinding wheel, the layer was taken 5x0,03 mm. Values Ra was 
measured by changes in rotational speed of the part 38 m.min -1, 95 m.min-1 and 255 m.min-1. From 
figures 2, 3, 4 is clear that with increasing rotation speed, the surface roughness increases. 

Operation grinding roughing with sharp grinding wheel 
The initial value Ra was 0,21 µm, final values when speed was the largest, Ra = 0,33 µm.  

Operation grinding roughing with blunt grinding wheel 
The initial value Ra was 0,29 µm, final values when speed was the largest, Ra = 0,49 µm. 

Operation grinding finishing with sharp grinding wheel 
The initial value Ra was 0,22 µm, final values when speed was the largest, Ra = 0,36 µm. 

3.2. Evaluation of measurement of residual stresses 

Operation grinding roughing with sharp grinding wheel 
When measuring residual stresses, there were measured compressive stresses. With increase of 

rotation speed part, the residual stresses decrease in the axial and radial direction. Compared to the 
vo = 38 m.min-1 for a value of vo = 95m.min-1 the stresses decreased in the axial direction by 30%, in 
the radial direction decreased by 35%, and the vo = 255 m.min-1,  the stresses decreased in the axial 
direction by 40% and in the radial direction by 80%. 

Operation grinding roughing with blunt grinding wheel 
When measuring residual stresses, there were measured compressive and tensile stresses.  

With increase of rotation speed part, the residual stresses increase in the axial and radial direction 
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and the stresses occurred in compressive nature. Compared to the vo = 38 m.min-1 for a value of  
vo = 95 m.min-1, the compressive stresses increased in the axial direction by 68%, in the radial 
direction decreased by 216%, and the vo = 255 m.min-1 increased tension in the axial direction over 
78% and in a radial direction by 240%. 

Operation grinding finishing  
When measuring residual stresses, there were measured compressive stresses With increase of 

rotation speed part, the residual stresses decrease in the axial and radial direction.   Compared to the 
vo = 38 m.min-1 for a value of vo = 95 m.min-1 the stresses decreased in the axial direction by 10%, 
in the radial direction increased by 10%, and the vo = 255 m.min-1,  the stresses increased in the 
axial direction by 20% and in the radial direction by 15%. 

4. Conclusion 

In the manufacture of the components, it is necessary to pay attention to the values of the cutting 
tool wear, which by increases the wear adversely affect the quality of the machined surface, ie. 
resulting in high surface roughness. Such a negative effect is manifested mainly in places where 
high temperatures induced by machining and consequently generated a high voltage. It is 
inappropriate to apply too high or low cutting speeds when machining.  

In the process of grinding was found by measuring that the vast amount of residual stress 
occurred as tensile residual stress. For this reason, the process of grinding is  gradually pushed out 
of the technological process in finalizing and is replaced by accurate turning to avoid tensile 
residual stresses, reduce economic acquisition costs of grinding wheels, profiles and their sanding  , 
as well as to reduce the time working parts, which are needed for the required quality. 
 
This work is related to the project with the University of Zilina OPVaV-2009/2.2/04-SORO number 
(26220220101). His name is Intelligent system for nondestructive technologies to evaluation of 
functional properties of parts of X-ray-diffractometry. The main goal of the project is to transform 
new nondestructive technology for knowledge transfer to industry for evaluation of functional parts 
in surface and subsurface layers of non-destructive techniques. 
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Abstract. Fracture toughness depends on the geometrical dimensions (thickness and the crack length) of a 
specimen. This paper presents analysis of the influence of the B specimen thickness (single edge notched 
bend, SENB), which was made of high strength steel on the value of fracture toughness, JIC.  Tests were 
performed at the different environment temperatures. On the basis of experimental results, the dependence  
of fracture toughness on thickness was carried out, from which it follows that although the condition for 
plane strain domination is satisfied, the values of fracture toughness are still dependent on thickness.  

Keywords: fracture toughness, critical value of  the  J – JIc integral, influence of the specimen thickness on 
fracture toughness. 

1. Introduction 

Determination of fracture toughness characteristics should be carried out on the specimens, 
which provide the domination of plane strain before the crack front. Therefore, the guidelines in the 
current standards recommend to carry out the test on the specimens of thickness not smaller than 
those calculated by the formulas (1,2) [4]. The critical stress intensity factor, KIC, should be 
determined on the specimens of thickness not smaller than it follows from the condition (1):   
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However, the critical value of the J integral, JIC, determined on the specimens of thickness not 
smaller than calculated from the following condition (2):  
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In the formulas (1,2) σ0  is the material yield strength, α =25 coefficient for the bent specimens or 
α =175 for the tensile specimens, KIC  and JIC are the fracture toughness critical values in WIN units 
or J integral:  
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it is not difficult to show that the minimal thickness values, which satisfy the conditions (1) and (2) 
can be shown as the dependence:  
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From the dependence (4) it follows that, the specimen minimal thickness differs significantly in 
the range from (15 to 100 hundredfold) during determining KJC or  JIC. The research presented in the 
following paper has been carried out in order to determine the influence degree of the specimen 
thickness on the critical value of the fracture toughness. 

2. Materials and Research Methods  

The research has been carried out on the high strength steel - Hardox 400 (Tab. 1). Strength 
properties have been determined in the uniaxial tension test, on the standard, fivefold specimen, 
using the UTS 100, which is the modernized testing machine. The tests on fracture toughness have 
been carried out on the three-point bend specimens with the one-sided notch (SENB). Fracture 
toughness has been determined for the specimens of the dimensions: height W= 24mm, thicknesses 
B= 2; 4; 8; 12mm, a0= ~0,5W. 

 
Fig. 1. Diagram of specimens applied during the fracture toughness research. 

The load was implemented by means of the testing machine MTS-250, which was equipped 
with a system providing the implementation of load and the signals registration, used to determine 
the critical value of the J integral. The research in reduced temperature has been carried out in the 
environment of evaporating nitrogen, in a thermal chamber, equipped with an automatic 
temperature control system of the ±1 OC accuracy. The tests have been carried out in the range of 
temperatures from -50 to +20 OC.  

Critical value of the J integral, JIC, for the case of the ductile crack growth has been determined 
on the basis of the JR curve, using the potential change method [4]. In case of the brittle crack or the 
phenomenon of pop-in, JIC has been calculated in the critical moment according to Rice’s formula:  
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where EC is the strain energy calculated for the critical moment. 
 

Steel Research temperature, OC 
E 

GPa 
σY 

MPa 
Rm 

MPa 
εmax 

Hardness 
HV10 

Hardox 400 
 

+20 168 931 1144 0.155 428 

0 187 963 1174 0.117 no data  

-10 176 945 1153 0.171 no data 

-20 193 960 1181 0.150 no data  

-50 189 969 1195 0.152 no data  

Tab. 1. Strength properties for the studied steel. 
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3. Experimental Results of the Thickness Influence on the Fracture Toughness 

The characteristics of the change of the JQ critical value of fracture toughness, from the B 
specimen thickness for the particular research temperatures and specimens of different thickness 
made from steel of  hardness, 428 HV10, has been shown on the Fig. 2. The relations of fracture 
toughness from thickness have the course compatible with the relations that were published in the 
literature [14]. It is worth noting that the lowest fracture toughness values were recorded for the 
specimens of the biggest thickness, in which the plane strain dominance has been obtained before 
the crack front. Further reductions in the specimen thickness led to the reduction of the area in 
which there is the plane strain, and the relative increase of the plane strain, causing the increase of 
fracture toughness. For the specimens tested in the temperatures +20; -20 OC it was noticed that, 
after reaching the maximal fracture toughness value, the next thickness reduction caused the rapid 
drop of JQ. The specimen thickness, thanks which the maximum fracture toughness is obtained, 
decreases together with the research temperatures drop or with the yield strength growth. 

 
Fig. 2. Change of the critical value of the J integral, JQ, in the thickness function for the particular temperatures (JQ – the 
critical value of the J integral). 

On the curves, changes of the critical values of the fracture toughness from thickness were 
marked the values for which the condition (2) has been satisfied. Therefore, these values are 
classified as JIC, the fracture toughness characteristics, which were determined in the conditions of 
the plane strain dominance. However, from the figures presented, it follows that JIC values are not 
constant and they are also dependent on thickness. Temperature reductions cause that the JIC 
reduction tendencies are less steep, therefore on the specimens of the lower thickness can be 
obtained the fracture toughness values that are independent from the thickness. 

4. Conclusion 

To satisfy the condition (1) for the plane strain dominance in case of determining the critical 
value of the stress intensity factor, KIC is difficult to achieve, because of the need for testing on 
specimens of large thickness, over several mm. Often it happens that same dimensions of the 
studied element prevent us to do specimens of such thickness. In the tests done, the above condition 
was not satisfied for none of the specimens, even for the lowest research temperature. The condition 
for plane strain dominance, in the case of determining the critical value of the J integral, JIC, is 
easier to satisfy (in the fig. 2. were marked the areas, in which it was satisfied). Analyzing the 
obtained courses of the figures, JIC(B),  it is easy to notice that, in many cases the obtained values, 
despite satisfying the condition (2) placed by the norm for the plane strain dominance are still 
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dependent on thickness. In order to determine the credible JIC value, should be done the tests for the 
specimens of the biggest thickness, it is also worth to do the numerical analysis to determine the 
values of TZ  and Q, which take into consideration the stress distribution in the analyzed specimens 
[1-3, 5-14]. 

The values Q and TZ are the measure of stress triaxiality state in the local area in the front of the 
crack tip. Plane strain corresponds to the parameters values  TZ =0,5 and  Q ≥0. Determining 
fracture toughness and maintaining the above values of the Q and TZ parameters, should give 
certainty of receiving the result independent from geometrical dimensions of the specimens. 
 
Funding of research work undertaken in connection with a statutory ‘young investigator’ 1.22/5.02 
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Abstract. The paper presents experimental results of the analysis of welded joints strength. The analysis 
included two types of welded joints, in which the base material- high strength ultra steel had different 
mechanical properties in relation to the weld material. The test confirmed the earlier assumptions, because 
the destruction of the welded joints occurred at the site of the samples cut from the joint sections 
characterized by the lowest strength properties and the lowest hardness. In the article there were also 
presented graphs of the strength properties dependence in the hardness function. Taking into account studies, 
it should be noted that in the case of welded joints made of the high strength ultra steel it is difficult to obtain 
the joint strength comparable to the base material strength. 

Keywords: strength analysis, welded joints, high strength ultra steel.  

1. Introduction 

Performing the welded joint of an appropriate strength is difficult to carry out because of the 
large numbers of factors affecting the strength, especially if the base material in the joint is the high 
strength ultra steel of high mechanical properties and high fracture toughness [1, 3]. 

In the welded joints we have to deal with the structure change and geometry, which causes that 
the joints are some kind of stress concentrators [2, 4]. The analysis of the welded joints strength is 
therefore an important aspect in the welded constructions. 

The experimental results concerning the analysis of the welded joints strength were presented 
in the article. The analysis concerned the welded joints which were made according to the two types 
of welding technologies, in which the base material had various mechanical properties in relation to 
the weld material. Hardness distribution was carried out in the joints and mechanical properties of 
the materials taken from different zones of the weld joints were determined. 

2. Research methodology  

The research included welded joints made of S 960QC steel. This type of steel is ferritic, high 
strength ultra steel, characterized by: hardness 352-378 HV10, Re=1005 MPa, Rm=1087 MPa. 
Plate of 8 mm thickness was used to do the welded joints. The welds were done according to two 
welding regimes marked as A and B. The difference in the joints A and B occurs in welding linear 
energy, which is appropriately for the given joints 1.20 kJ/mm and 0.7 kJ/mm. 

2.1. Hardness measurement 

Joints hardness measurement was carried out applying Vickers’s method. Hardness was 
measured on the cross section of the joint along the horizontal measurement lines at load 10 N, a 
frequency of every 1mm (Fig.1). 
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Fig.1. Diagram of measuring hardness distribution lines in cross section of joint. 

2.2 Determining the strength characteristics 

Strength characteristics of the studied joints were determined in the uniaxial tension test on the 
modernized testing machine- UTS100. The uniaxial tension test was carried out on the specimens, 
cut from the proper sections of the welded joint along the weld axis (Fig.2). Symbols from A1 to 
A4 are equivalents of the specimens cut from the weld material, fusion line, HAZ and base material. 

 

 
Fig.2. Diagram of the cut specimens from the particular joint zones for the determination of strength properties. 

3. Research results 

3.1. Hardness distributions 

From the obtained hardness distributions for the joint A (Fig. 3a) it follows that, the lowest 
hardness occurs in the weld material 170 HV10. As the distance from the weld axis increases, 
hardness increases gradually taking the value of about 360 HV10 in the base material. On the graph 
on all of the measurement lines we can observe the local minimums located symmetrically towards 
the weld axis.  

 

a) b) 

 

 
Fig.3.  Hardness distribution in the joints (a) A and (b) B. 
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In the joint B, in the base material (exactly in the weld axis) occur the local hardness maximums 
(Fig. 3b). As the distance from the weld axis grows, we can observe the hardness decrease to about 
50 HV10 and gradual hardness growth to the value equivalent with the base material.  

3.2. Strength properties 

In the case of the A joint, the specimen taken from the weld material showed the lowest value 
of yield stress and ultimate strength (A1 curve Fig. 4a) simultaneously with the highest strain. As 
the distance from weld axis increases, the strength properties are higher, but the plasticity decreases 
to the values equivalent with the base material. In the case of joint B (Fig. 4b) the specimen from 
the weld material contained a defect that significantly prevented to determine the mechanical 
properties. Therefore, in order to get credible results the test has been repeated. The lowest strength 
had the specimen taken from the fusion line and HAZ. The common features for both of the joints 
were high strength properties and low plasticity of the base material. 

a) b) 

  

Fig.4. Tensile curves for the particular zones of the welded joints A(a) and  B(b). 

3.3. Dependence between hardness and strength properties 

Graphs of dependence of the strength properties in the hardness function were carried out for 
the analyzed welded joints. The results plotted were described by means of functions. In the A joint 
(Fig. 5a) can be observed the smaller dispersion of the results from the trend line in the case of the 
B joint (Fig. 5b). As well as in A and B the trend line more precisely describes ultimate strength on 
tension than yield stress of material in the hardness function.  If we are familiar with the 
dependence, it is easier to estimate the joint strength on the basis of hardness, without necessity of 
taking the specimens from the studied joint. 
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a) b) 

 
 

Fig.5.  Graphs of the strength dependence on hardness for the joint (a) A, (b) B. 

4.  Conclusions 

In the case of high strength ultra steel S960 QC it is difficult to obtain the strength properties of 
the joint comparable with strength of the base material. It is caused by structural changes that take 
place during the welding process [4]. 
On the basis of hardness distribution in the joint, strength properties on the currently exploited 
elements can be quite precisely determined. 

Funding of research work undertaken in connection with a statutory ‘young investigator’ 1.22/5.01 
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Abstract. Electrochemical characteristics of Mg-3Al-1Zn alloy surfaces after grinding and/or 
electrodeposition of DCPD coating were investigated by potentiodynamic polarization tests in the 
environment simulating human body conditions (0.9 % NaCl solution, 37 °C). Electrodeposition was 
realized in water solution of Ca(NO3)2.4H2O, NH4HPO4 and H2O2. The influence of this surface treatment on 
corrosion potential and corrosion current density was evaluated. Basic potentiodynamic curves obtained from 
the voltamperometric tests were analysed by Tafel analyses. The improvement of short-time electrochemical 
behaviour after DCPD electrodeposition on tested alloy surface was reported. 
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1. Introduction 

Magnesium alloys have shown desirable properties for potential application in biomaterial area, 
for example, high strength  and Young modulus close to nature bone. However, the high dissolution 
rate of magnesium alloy is a problem due to its high chemical activity. Surface modification is an 
effective approach to solve this problem and improve the application of magnesium alloy as 
potential biomaterial [1]. 

One of the most perspective coatings for implants are calcium phosphates [2]. Calcium 
phosphates have extensively been studied due to their biocompatibility, chemical stability and 
similarity in composition with the mineral phase of teeth and bone and use as bone substitutes in 
biomedical industry. Among the most studied calcium phosphates are hydroxyapatite (HAP), 
octacalcium phosphate (OCP), brushite or dicalcium phosphate dihydrate (DCPD), monetite, 
monocalcium phosphate monohydrate (MCPM), tricalcium phosphate (TCP), tetratricalcium 
phosphate (TTCP) and amorphous calcium phosphate (ACP) [3]. 

For these reasons, the aim of this study is to electrodeposit DCPD coating on AZ31 magnesium 
alloy surface and to improve its electrochemical corrosion properties by this way. 

2. Experimental material and methods  

The tested AZ31 magnesium alloy was continually casted at Brandenburgische Universität in 
Cottbus, Germany and chemical composition was analyzed at the Magnesium innovation centre 
MagIC GKSS Geesthacht, Germany. The chemical composition is listed in Tab. 1. The specimens 
for metallographic observation were prepared by conventional metallographic procedures. For 
visualization of the magnesium alloy microstructure, etchant consisting of 2.5 ml acetic acid + 2.1 g 
picric acid + 5 ml H2O + 35 ml of ethanol was used [4]. The microstructure of AZ31 alloy (Fig. 1) 
was observed by the CARL ZEISS AXIO Imager.A1m light metallographic microscope in the 
laboratories of Department of Materials Engineering, University of Žilina. The microstructure is 
created by polyedric grains of solid solution of aluminium, zinc and other alloying elements in 
magnesium. The average grain size is 220 µm. 
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Component Al Zn Mn Si Cu Ni Fe Mg 

wt. % 2.96 0.828 0.433 0.004 0.004 <0.001 0.002 balan. 

Tab. 1. Chemical composition of AZ31 alloy 

 

 
Fig. 1. Microstructure of AZ31 magnesium alloy, light microscopy, etch. picric acid + ac. acid + ethanol + water  

2.1. Experimental material surface preparation 

For the evaluation of DCPD surface treatment influence on electrochemical characteristics the 
specimen surfaces were grinded with 1000 grit SiC paper to ensure the same surface roughness, 
then rinsed with demineralised water and ethanol, and dried using a stream of air. After described 
pre-treating the DCPD was deposed on the specimens’ surfaces. Treatment electrolyte solution was 
prepared with 0.1 M Ca(NO3)2.4H2O, 0.06 M NH4HPO4, 10 ml.dm-3 of 50 vol.% H2O2. Solution pH 
was 4 and the electrodeposition was carried out at room temperature 22 ± 2 °C. Grinded AZ31 
specimen was used as the cathode, while a platinum electrode served as the anode. 
Electrodeposition was performed with constant potential -100 mV vs saturated calomel electrode 
(SCE) for 1 hour on a laboratory apparatus VSP (producer BioLogic SAS France). After 
electrodeposition specimens were immediately rinsed with demineralized water and dried using a 
stream of air. 

2.2. Experimental methods 

The surface morphology of the treated samples was assessed by a stereomicroscope Nikon 
AZ100 with a digital camera using NIS Elements software. The corrosion characteristics of the 
untreated and DCPD-coated AZ31 in 0.9% NaCl were evaluated by potentiodynamic polarization 
using a potentiostat/galvanostat/frequency response analyser VSP from BioLogic SAS France. All 
the corrosion experiments were performed at 37±1 °C. A saturated calomel electrode and a 
platinum electrode served as the reference and auxiliary electrodes, respectively. Treated and 
untreated AZ31 samples formed the working electrode in such a way that only 1 cm² area of the 
working electrode surface was exposed to the electrolyte solution in corrosion cell.  

Potentiodynamic polarization tests were carried out from -200 to + 500 mV vs SCE with 
respect to the OCP (open circuit potential) at a scan rate of 1 mV.s-1. Measured potentiodynamic 
curves were analysed using Tafel fit by EC-Lab software.  

The Tafel graph is displayed in logI vs Ewe where two linear regressions are automatically 
made using the least square method and the software deduces the open circuit potential (Ecorr) to 
linear regressions intersection and the corrosion current value (Icorr) [5]. The potentiodynamic 
polarization measurements were repeated at least three times, so that reproducibility of the test 
results was ensured. 
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3. Results and discussion 

Electrodeposition under specified conditions led to the creation of a thin layer of calcium 
phosphate DCPD (Fig. 2). As can be seen, the continuous layer covering the entire surface is 
composed of irregularly branched units that overlap each other. According to [6] the chemical 
composition of the observed layer is CaHPO4.2H2O. 

 

 
Fig. 2. Surface morphology of AZ31 after DCPD electrodeposition  

Measured potentiodynamic curves of AZ31 magnesium alloy samples before and after 
electrodeposition of calcium phosphate (DCPD) are shown in Fig. 3. The curves are plotted in semi-
logarithmic coordinates for a better interpretation of the measured data and electrochemical 
characteristics.  Based on the Tafel analysis performed by EC-Lab program V10.12 the values of 
corrosion potential Ecorr and corrosion current density icorr together with added values of corrosion 
rate rcorr are achieved. Particular obtained electrochemical characteristics are shown in Tab. 2. More 
positive corrosion potential value (-1486.2 mV) is observed on samples with the surface covered by 
DCPD. Just grinded AZ31 magnesium alloy samples show the corrosion potential value Ecorr = -
1631.6 mV. These results demonstrate that the surface of AZ31 magnesium alloy coated by DCPD 
is electrochemically nobler and hence thermodynamically more stable. Moreover, the samples 
coated by DCPD show significantly lower values of icorr. Untreated samples achieve the icorr value 
of 74.3 µA.cm-2, while samples with DCPD achieve just 1.3 µA.cm-2, which represents 57-fold 
reduction. This finding is very important for assessing the kinetics of corrosion, since corrosion 
current density is directly related to the corrosion rate and therefore tells us about the intensity of 
the ongoing corrosion process in the specific electrolyte. From this perspective, the application of 
DCPD coating presents significant progress in terms of increasing the corrosion resistance of AZ31 
surface layer. 

 
Surface treatment Ecorr [mVSCE] icorr [µA.cm-2] rcorr  [mm.y-1] 

 grinded surface -1 631.6 74.3 3.40 
surface with DCPD coating -1 486.2 1.3 0.06 

Tab. 2. Electrochemical characteristics of AZ31 Mg alloy surface after various treatments 
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Fig. 3. Potentiodynamic curves of untreated and treated surfaces of AZ31 Mg alloy in 0.9% NaCl at 37±1 °C 

4. Conclusions 

 On the basis of the measured data and analyses we concluded: 

1. DCPD layer created by electrodeposition continuously covers the entire surface of the 
substrate and is formed by irregular branched units that overlap each other. 

2. Corrosion potential Ecorr value (-1486.2 mV) of the surface covered by DCPD is more 
positive compared to untreated samples (Ecorr = -1631.6 mV). 

3. Samples with DCPD coating reach 57-fold reduction of corrosion current density icorr 
compared to untreated samples. 

4. Taking into account both electrochemical corrosion resistance criteria (thermodynamic and 
kinetic), the application of DCPD coating presents significant progress in terms of 
increasing the corrosion resistance of AZ31 surface layer. 
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Abstract. The paper focuses on fundamental principles of operation and conditions affecting the 
measurement itself using measuring instrument Werth Video Check IP 250 optical sensor. The description of 
measuring methodology model and experimental evaluation of expanded uncertainty U according to used 
measurement magnification performed in Z axis is given. 
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1. Introduction 

Measuring equipment in general as a tool guaranteeing precise product parameters identification is 
used in all sectors of production for quality assurance. Production of products is often realized from 
components produced in various industrial companies placed even on different continents. To ensure 
correct mounting of these parts, mutual convertibility, functionality and quality of the final product it is 
essential to identify the dimensions at different locations, with a guaranteed accuracy of the measured 
numerical value specified in drawing documentation. The realization process of input, intermediate and 
the final inspection of product`s dimensions is measuring equipment subjected to regular verification of 
the data accuracy obtained from them, so. calibration. The result of calibration is a calibration report 
identifying the "uncertainty" of measuring equipment and thus figure (interval) directly tying to the 
measurement result, which guarantees (with some probability) that it will find the real value in it. Choice 
of measuring equipment is placed upon the uncertainty with which it is able to identify the true value. 

The development of optical systems complying with today consumer’s very demanding metrological 
requirements in various fields of production, science and technology is essential for their future usage. The 
dimensional control with these devices introduced significant savings, flexibility and reliability. It is 
therefore a priority to identify the main metrological characteristics of these machines and determine their 
impact on the results obtained by them.  

Aim of the article is to show the fundamental principles of operation (measurement model) and 
measurement conditions affecting the measurement itself. Further the paper shows the effect of used 
optical system magnification using the expanded uncertainty. 

2. Measuring machine Werth Video Check IP 250 

The measurement result without specifying uncertainty is considered unsatisfactory. It is overriding for 
the uncertainty evaluation of any measurement to understand the basics specified by measurement model. 
Knowing this model does not entail a need to know detailed principles, features and construction details of 
the measuring apparatus. It is necessary to know the method of measurement and effects that have the 
greatest impact on the course of measurement, effects on obtained results and uncertainty. Measurement 
model thus describes not only the measurement itself but also all the environmental influences entering into 
the measurement process, which represent individual resources of the resulting uncertainty. It is not always 
possible to know in detail complex model of simply looking measurement, and therefore for the 
determination of the uncertainties we can use previous measurements, estimates based on the experience or 
of other sources of similar devices, information from the literature and etc.. 
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Measuring machine Werth Video Check IP 250 is a pillar multisensorial 3D measuring device with 
movable table equipped with tactile and optical measuring system as well. Contact system is represented by 
hand indexable head MIP from Renishaw Company and CCD camera optical system, disposing the motoric 
20 to 200 times magnification. Part of the device is system with episkopic and diaskopic lighting, control 
system with PC and evaluation software. Episcopal ring divergent yellow light illumination is provided by 
four sources, which can be individually switched on and can modify the light intensity. Motion in triaxial 
orthogonal system of the machine is secured by a servomotor-controlled or automatically through the control 
panel. Z-axis is positioned transversely to the plane of table and its vertical movement is realized by console 
carrying both of sensors.  

2.1. The principle of measurement performed by the optical sensor  

Essential to measure the distance of two points using the optical measuring device equipped with CCD 
camera is to identify the coordinate of the measuring point in the Z-axis.  This coordinate is defined as a 
distance between optical zero point and a coordinate point at which a sharp image of the measured surface is 
obtained. Constant focus distance from the axis of a focusing lens (focal length) defines only one position of 
optical system relative to the object of measurement when the image is optimally focused. When measuring 
the coordinates of points in a plane perpendicular to the axis Z, this reference position of the optical system is 
determined subjectively by operator or by software on the principle of autofocus in 2D measured part image. 
In this way the measuring system is able to determine the relative distance of the object surface from the 
sensor, which is necessary to measure the distance of two points related the object measured in the measured 
plane. If the measured points are outside from the plane perpendicular to the Z axis for proper determination 
of distance it is necessary to carry out primary measured component alignment and ensure that points are 
projected to the desired projection plane. Primary alignment is also conditioned by measuring coordinates of 
tilted plane points with optical sensor, but can be carried out in cooperation or only with contact sensor. Into 
this tilted calculated plane measured points distances are converted. Identification of measurement points 
does not need to run through the automated edge detection. This edge detection is based on contrast 
difference of object and surroundings, but can also be recognized subjectively by the operator using the 
crosshair marker. Crosshair marker is appropriate to apply when  the surfaces and edges are with burrs, 
which would otherwise be detected as part of the edges. 

  
Definition of the machine coordinates:  
Identification of part dimensions is based on a mathematical model defined by the measuring 

machine construction and therefore the local coordinate system of camera - intended by axes  
(X, Y, Z) and the global coordinate system of machine by coordinates (x, y, z) - see fig. 1.  

Generally speaking, the 
identification of the overall 
uncertainty of measuring equipment 
will therefore consist of partial 
uncertainties because of this 
measuring model. The camera 
coordinate system (X, Y, Z) is in a 
position of the working table surface 
focusing coincidence with the plane 
(x, y) and the camera optical axis is 
parallel to the Z axis. The beginning 
of machine coordinate system [0 ", 0 
', 0"], or zero point is not in fact 

identical to the beginning of local coordinate system zero point. Local coordinate zero point is 
situated at the intersection of camera optical axis and the plane of workbench (X, Y), but is placed 
in the corner of a table as shown in fig. 2 - a). 

Fig. 1. Layout diagram of measurement performed by equipment 
Werth Video Check IP 250 
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Therefore, the resulting coordinates values of a point in the global coordinate system are 
defined by mathematical settlement - ie. probe system zero point [0 ", 0 ', 0'] is identical to the zero 
point of machine coordinate system [0, 0, 0]. To simplify our analysis we use layout diagram in fig. 
1. The center of the image plane is at the beginning and the objective lens at coordinates [0, 0, f], 
where f is the focal length. We assume that the local camera coordinate system is related to the 
machine coordinate system (x, y, z). Perspective view shows 3D points firstly in the 2D image 
plane and subsequently to CCD imaging plane, while the transformation is linear. 

The optical system causes a change in the angle α to the angle α` so that the whole image is 
placed on a chip. Easily seen from similar triangles we can say that: 

  

(1) 

which similarly applies to coordinate Y. To obtain final coordinates values in machine global 
coordinate system the translation is carried out by simply moving the coordinates to the table plane 
axes. 

 
a) 

 
b) 

Fig. 2. a) local camera coordinate system (X, Y, Z) and the global coordinate system of the machine (x, y, z), b) 
dismantled camera system 

Optical measuring device with a CCD camera provides several ways to measure continuous 
scanning, discrete measurements with a constant spacing between measured points, discrete 
measurements with the variable distance of points (figure 3). 

       
a)      b)      c) 

Fig. 3. Continuous scanning of measured surface (a), discrete measurements with a constant spacing between 
measured points (b), discrete measurements with the variable distance of points (c) 

3. The performed experiment  

 Identification of capture errors at various magnifications 
The paper purpose is to identify a changing tendency of extended uncertainty U when using different 

optical sensor magnifications on device Werth Video Check IP 250 - fig. 2 - b). Z-axis was subjected under 
the test, since the calibration report does not provide information about the uncertainty in the vertical axis of 
this measuring device. 
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Experiment conditions: 
Using calibrated tactile probe in the reference position (A: 0 °, B: 0 °), we identified point A [X, Y, Z] 

situated on the gauge surface (perpendicular to the axis of the probe position) in the machine coordinate 
system. These coordinates were decisive for coming repeated measurements. By entering these coordinates 
into the program for calibrated optical sensor at varying magnifications we ensure to determine the position 
of the measured point. Repeated measurements of this point without moving the sensors in X and Y axes 
rule out the accumulation of these axes uncertainties in the result of the extended uncertainty U in the axis Z. 
The value of Z axis coordinate measured point (z1,z2,...zi) taken from n measurements (n = 30) is the input 
for identification of U. For these one to another independent measured values expanded uncertainty is linked 
to their average and is determined by calculating the selection standard deviation (fig. 4). Where for selected 
probability of 99.73% is k = 3 and therefore the expanded uncertainty is calculated using the equation (U - 
expanded uncertainty; k - coefficient o expansion; s - selection standard deviation): 

U = k · s = 3 · s
    

(2) 

 

Fig. 4. Assessment of measured results 

 Assessment 
Magnification determines the size of the captured area i.e., that the greater the magnification, the smaller 

captured area and thus the lower depth of field. Lower depth of field defines the movement of optical sensor 
objective lens in a narrow band, which affects the evaluation accuracy of the optimal focusing point position. 
Position of objective lens in this way is dependent to positioning system in the optical system itself, on the 
evaluation of image contrast - focusing, but also the measuring gauges of machine carriage. This means that 
the resulting calculated uncertainty consists of portions that are partial uncertainties caused by the mentioned 
factors.  By evaluating the measured results we get these conclusions: with the measurements performed at 
higher magnifications the greater accuracy is attainable, and conversely; it is correct for this type of optical 
measurements to use the largest possible magnification, of course, if the integrity of part surface allows to 
use them. The design and measurement methodology for future similar type measuring machines should 
include software part identification process and tools to automatically zoom to the largest applicable 
magnification. 

4. Conclusion 

The aim of this contribution was to identify the expanded uncertainty error when changing magnification 
of optical system under constant conditions. The aim was also to highlight the differences in applying various 
optical measurement techniques of shape deviations. In comparison of results it is possible to choose a suitable 
alternative for the components specific geometry as well as its size. As seen in the optical measurement it is 
required to handle both the theoretical basis and also experience for proper strategy choice. 

References 

[1] WERTH Video Check IP 250 – User manual  

[2] DADO, M. a kol. Kapitoly z optiky pre technikov: Žilinská univerzita, 1998. - ISBN 80-7100-390-5. - 348 p. 

[3] LEACH R., et al., Optical Measurement of Surface Topography: Springer, 2011. ISBN 978-3-642-10012-4. 322 p. 

162



 
 TRANSCOM 2013,  24-26 June 2013 
 University of Žilina, Žilina, Slovak Republic 
 

 

Intermetallic Phases Present in Al-Si Alloys 

Lukáš Richtárech, Dana Bolibruchová  
University of Žilina, Department of Technological Engineering, Univerzitná 8215/1, 010 26 Žilina, Slovakia, 

lukas.richtarech@fstroj.uniza.sk 

Abstract. This article describes basic types of intermetallic phases present in Al-Si alloys. Also is mentioned 
opportunity to influence the amount and shapes of these intermetallic phases by alloying elements. Iron is a 
common impurity in aluminum and its alloys that is not readily removed and which can cause adverse effects 
to ductility and castability, particularly in Al-Si based casting alloys.   
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1. Introduction 

Iron is a common impurity in aluminum alloys that arises from a number of possible sources 
and which, at least for Al-Si based casting alloys, is usually considered detrimental in one or more 
ways. It should be noted that iron does not always exert a negative influence; in certain wrought 
aluminum alloys (that is, alloys used in forged, extruded or rolled forms), iron can be a deliberate 
alloying addition that is made to improve the processing capabilities of the alloy and/or the strength 
of the final wrought product. [1] 

Iron is a natural impurity that arises during the manufacture of primary aluminum via the Bayer 
Process that converts bauxite (the ore) into alumina and the Hall-Héroult electrolytic reduction 
process that converts alumina into molten aluminum (>900°C) with the consumption of both 
electricity and carbon. Depending on the quality of the incoming ore and the control of the various 
processing parameters and other raw materials, molten primary aluminum typically contains 
between 0,03 – 0,15 wt.% iron, with ~ 0,07 – 0,10 % being average. [1] 

Iron can enter the melt during further downstream melt activity through two basic mechanisms: 
1. Liquid aluminum is capable of dissolving iron from unprotected steel tools and furnace 

equipment, and with long exposure times, Fe levels can reach 2 wt.% at normal melt 
temperatures of ~ 700°C. For a melt held at 800°C, the Fe level can reach up to 5 %; 

2. Iron can also enter an aluminum melt via addition of low-purity alloying materials, e.g. Si, 
or via the addition of scrap that contains higher background iron that the primary metal. 

These are the reasons that iron levels in aluminum alloys continue to increase with each remelt 
cycle, and why secondary alloys, particularly those Al-Si alloys destined for high pressure die 
casting (HPDC) operations, can end up containing iron levels of up to 1,5 %. In the case of HPDC, 
this is not always a bad thing as high iron levels assist in minimizing the costly problem of die 
soldering. However, typical secondary Al-Si alloys for non-HPDC operations usually contain much 
lower Fe levels ranging from ~ 0,25 to 0,8 wt.%, with values around 0,4-0,7 being most common. 
The reason these moderate iron level alloys find such wide use arises from necessary commercial 
balance between the benefits of a reduced metal cost and the acceptable loss of some processing 
capability and/or final mechanical properties. These detrimental effects of iron are considered in 
later sections, after first considering what happens to the iron impurity during solidification of Al-Si 
alloys. [1] 
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1.1. Formation of intermetallic phases during solidification 

Although iron is highly soluble in liquid aluminum and its alloys, it has very little solubility in 
the solid, and so it tends to combine with other elements to form intermetallic phase particles of 
various types. In the absence of Si, the dominant phases that form are Al3Fe and Al6Fe, but when Si 
is present, the dominant phases are Al8Fe2Si (known as alpha- or α-phase) and Al5FeSi (known as 
beta- or β-phase). If Mg is also present with Si, an alternative called pi- or π-phase can form, 
Al 8FeMg3Si6. Another common phase that forms when Mn is present with Si is Al15(Fe,Mn)3Si2, 
also confusingly known as α-phase. [1] 

The iron-containing intermetallic phases listed above are quite obvious within the 
microstructures of Al-Si alloys, and can usually be distinguished under the microscope by their 
dominant shape (morphology) and color. Both of the so-called α-phases form in a script-like 
morphology (see Figure 1b) but the Al15(Fe,Mn)3Si2 version α can also be found as a more compact, 
blocky form, and sometimes even as polyhedral crystals. The π-phase also forms with the a script-
like morphology (Figure 1d) and is often, but not always, closely connected to the β-phase (Figure 
1c) which in turn forms with a distinctive platelet morphology (Figure 1a,c). Note that although β 
phase has a platelet form in three-dimensions, when observed in a two-dimensional image or 
photograph, the platelets appear to be “needles”. The differing shapes of these iron intermetallics 
are in part responsible for the impact of iron on castability and mechanical properties. [1] 

 
Fig. 1. Typical intermetallics present in Al alloys: (a) β- Al5FeSi platelets; (b) script-like α- Al8Fe2Si; (c) π-phase 
growing from β; (d) script-like π-phase. [1] 
 
       Another critical issue for iron intermetallics and their effects is the timing at which the different 
phases during solidification and this is influenced by both the concentrations of the elements 
involved and cooling rates. Figure 2 shows a typical cooling curve of an Al-Si-Cu-Mg-Fe alloy with 
the location(s) of intermetallic phase formation indicated. Intermetallic particles that form prior to 
the solidification of the aluminum dendritic grain network (i.e. that grow freely within the liquid) or 
that form at the same time as the dendritic network (but within the remaining liquid) tend to grow 
much larger than those that form much later, during or after the period of Al-Si eutectic 
solidification, because there is less liquid space available for growth to occur during these later 
stages. Generally speaking, the larger the particle, the more detrimental it is likely to be. Increasing 
the concentration of Fe (and also Mn) tends to result in earlier formation of intermetallic phase 
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particles and hence more unconstrained growth is able to occur. A slower cooling rate also increases 
the risk of forming large particles because the time available for growth is increased. Iron-bearing 
intermetallics (especially β- Al5FeSi platelets and α- Al15(Fe,Mn)3Si2 script) can grow up to two or 
more millimeters in slowly-cooled Al-Si alloy castings with high Fe and/or Mn levels. However, 
under normal casting conditions and moderate Fe levels, these intermetallics grow more typically in 
the size range of 50-500 µm. In castings with very high cooling rates (e.g. HPDC) and/or when 
using low Fe levels (e.g. primary alloy ingot), the intermetallic particles are typically of the order of 
10-50 µm. The effects of Fe level and cooling rate (as indicated by SDAS) can be seen in Figure 3. 

 
Fig. 2. Cooling curve and rate of cooling curve for an Al-Si-Cu-Mg-Fe alloy. [2] 

 
Fig.3. Dependence on the size of β phase platelets of secondary dendrite arm spacing for an AlSi7Mg0,3 alloy 
containing various amounts of iron. [3] 

1.2. The effect of iron on the mechanical properties 

The effect of iron on the mechanical properties of aluminum alloys has been reviewed 
extensively by many experts. It is consistently reported that as Fe levels increase, the ductility of 
Al-Si based alloys decreases. This is usually accompanied by a decrease in tensile strength, 
however in general, the yield strength remains unaffected by iron, unless ductility is affected so 
much that the alloy cannot even reach yield before brittle fracture occurs. [1] 

The detrimental effect of iron begins at quite low primary Fe levels but becomes far more 
serious once a critical Fe level (dependent on alloy composition) is exceeded. The detrimental effect 
of iron on ductility is due to two main reasons: 

1) the size and number density of iron-containing intermetallics (particularly β-phase) increases 
with iron content, and therefore since these participate directly in the fracture mechanism, 
the more intermetallics there are, the lower the ductility; 

2) as iron level increases, porosity increases, and this defect also has an impact on ductility. 
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The critical iron level is directly related to the silicon concentration of the alloy. Figure 4 shows 
a section of the Al-Si-Fe ternary phase diagram that highlights the reason for the existence of 
critical iron content. As the silicon content of the alloy increases, the amount of iron that can be 
tolerated before the β-phase starts to form prior to the Al-Si eutectic increases. At the 5 % 
silicon, the critical iron content is ~0,35 %, at 7 % Si it rises to ~0,5, at 9 % it is ~0,6 and by  
11 % it reaches ~0,75 %. Also for a given Fe content, the temperature (and therefore time) at 
which β can form prior to Al-Si eutectic decreases with increasing Si content. The line AB 
between the β-phase filed and the Al phase field is the period during which the larger and more 
detrimental intermetallic particles form. [1] 

 
Fig. 4. Ternary Al-Si-Fe phase diagram showing primary Al solidification paths for all alloys with Fecrit iron levels. [1] 

2. Conclusion 

The critical iron level is directly related to the silicon concentration of the alloy. As the silicon 
content of the alloy increases, the amount of iron that can be tolerated before the β-phase starts to 
form prior to the Al-Si eutectic increases. At 5 % silicon, the critical iron content is ~0,35 %, at  
7 % Si it rises to ~0,5, at 9 % it is ~0,6 and by 11 % it reaches ~0,75 %. Also for a given Fe content, 
the temperature (and therefore time) at which β can form prior to Al-Si eutectic decreases with 
increasing Si content.  
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Abstract. The paper deals with solid-liquid limestone slurry with a low solid concentration, which appears 
widely in a mining and civil engineering industries. Experiments presented in the paper include solids 
concentration from 5% wt. to 20% wt. Measurements were performed using Anton Paar MCR 302 
rheometer. The mean size of particles was determined and the experiment procedure and measuring 
difficulties are described. The main objective of the paper is to find the best fit of rheological model for low 
and medium solids concentration of limestone slurry at limestone factory. The paper proves that the 
dependence of the shear rate on the shear stress has non-Newtonian behavior and the Herschel-Bulkley 
rheological model is most suitable to fit experimental data. 

Keywords: limestone slurry, non-Newtonian slurry, slurry viscosity, experiments in rheology. 

1. Introduction 

The efficient and economical way of pumping any solids in a carrier liquid depends on 
numerous factors. Some of them can have a significant impact on performance and costs. One of the 
most important factors is a solids concentration. In manufacturing process at limestone factory, 
where the slurry is transported, the solids concentration is a variable value. It is important to 
determine the rheological properties of transported solid-liquid mixture due to different flow 
conditions and as a result different pump capacity, and frictional losses. 

It is essential to determine the flow curve of transported slurry, because particles have  
a tendency to settle when slurry is transported through a pipe. Below the critical slurry velocity 
(terminate velocity), particles start forming a bed on the bottom of the pipe, which can cause a pipe 
plugging. 

Viscous properties are difficult to measure in an unstable system of settling particles [1]. 
Besides, slurry rheological parameters depend not only on solids concentration but also on slurry 
components which are different for different mining. There is a generally limited knowledge on 
concerning the limestone slurry rheological properties, considering the fact that the slurry can have 
different composition. 

According to Cheng there are three main categories of these physical interactions in slurries: 
� interparticles attraction promotes the formation of flocs and aggregates. This phenomenon 

occurs mostly in fine particle suspensions, 
� hydrodynamic interactions give rise to viscous dissipation in the liquid, 
� particle-particle contact brings into play frictional interactions [2]. 

At low solids concentration the effect of hydrodynamic interactions dominates and viscosity 
appears to increase linearly with increasing solids concentration (dilute solutions). Rutgers observed 
that after a certain solids concentration, the viscosity of the slurry increases significantly even with 
small increments of the concentration [3]. At high solids concentration the particle-particle 
interaction increases [4]. 

The main objective of the paper is to find the best fit of rheological model for low and medium 
solids concentration of limestone slurry at limestone factory, which is a significant input in the 
viscous energy loss of pipeline transportation [5].  
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2. Experiments 

2.1. Solids fraction 

The limestone slurry used for the study was procured from ZPW Trzuskawica mine in Poland. 
Raw material was used in aggregate manufacturing process. The chemical analysis of the limestone 
material revealed the following main composition: CaO – 73.64%, SiO2 -13%, Al2O3-1.11%,  
MgO-0.61%, Fe2O3-0.319%. The size distribution of the particles was measured using the 
Sympatec Helos BR and the weighted-average particle diameter of the sample was determined to be 
7.6 µm. The particle size distribution is shown in Fig. 1.  

 
Fig. 1. Particle size distribution in the slurry. 

2.2. Experimental procedure 

In the preparation of sample of a known solid content, clear water was manually pulled back 
from a sedimented raw material.  

Solids concentration (Cm) was measured as a ratio of mass of solids (ms) to sum of solids (ms) 
and liquid (ml) mass, which is described by equation (1). Mass of solids in slurry was determined by 
evaporating of water in a dryer while mass of liquid was determined by subtraction of mass of 
solids from the total mass of slurry (solids and liquid). It was arbitrary chosen that solids 
concentration varied from Cm=5% to Cm=20%. 

C� =
��

�����

∙ 100% , (1) 

The Anton Paar rheometer (model MCR 302) was used for the study. To provide accurate 
results CC27 measuring system was chosen for a given solids size. It uses concentric cylinder 
geometry with a rotating inner cylinder and a stationary outer cylinder. Measuring system has a gap 
between cylinders equal 1.1 mm. About 18 ml of slurry sample was required for measurements. 
Experiments were performed at temperature of 20°C with accuracy of ± 0.01°C. 

Prior to the measurements, each slurry sample was pre-sheared for 1 minute at the 1000 s-1 
shear rate to avoid sedimentation. Afterwards measurements started from the higher shear rate value 
and stepped down one by one until the shear rate reaches the minimum set point value. The digital 
readings (shear stress τ and viscosity η) were recorded at each share rate (γ) value and were 
analyzed. 

Schramm observed that in cylinder-cylinder measuring system above the critical shear rate 
turbulent flow appears [6], which we observed in experiments. Also he noticed that the inertia 
forces push the solid particles in the direction of the outer cylinder and phase separation occurs. 
This phenomenon interferes with the measurement results. For the Cm=5% this phenomena was 
observed around the 165 s-1 shear rate. For the higher Cm critical shear rate value increased. 
Therefore, measurements were performed at the shear rates from 0.1 s-1 to 160 s-1. 
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2.3. Experimental results and discussion 

For each solid concentration rheometer provided the variation of the shear stress with shear 
rate. Fig. 2 shows flow curves obtained for the Cm=(5–20)%. The flow curves appear to be  
non-Newtonian for all solids concentration by weight. For lower solids concentrations  
(Cm=5%, 10%) flow curves are close to Newtonian, but around shear rate 1 s-1 they also show  
non-Newtonian behavior. It was observed that the shear stress increased with increase of shear rate 
for all cases. The results showed pseudoplastic behavior at all solids concentration. It was also 
observed that the shear stress increased with the increase of solids concentration. There was a slight 
increase of shear stress between 0 Pa and 1 Pa for Cm=20%. For higher solids concentration 
(Cm=15%, 20%) an increase is more significant between 0.1 s-1 and 10 s-1. 

Fig. 3 shows the variation of viscosity with shear rate at different solids concentration. The 
curves also appear to be non-Newtonian. It was observed that the viscosity is decreasing with 
increase of shear rate for all solids concentrations. It can be seen that the viscosity increases with 
increase of solids concentration.  

The particle-particle contact brings frictional interactions. With the increasing solids 
concentration the frictional interactions per unit volume appear, thereby increasing the viscosity of 
slurry. According to Cheng, at low to medium solids concentration, the effect of hydrodynamic 
interactions prevails and it gives rise to the viscous dissipation of the liquid. As a result, the 
viscosity increases with increase of solids concentration [2]. There was a considerable fall in 
viscosity between 0.1 s-1 and 20 s-1 shear rates for Cm=10%, 15%, 20%.  

 
Fig. 2. Dependence of the shear rate on shear stress at different solids concentration. 

 
Fig. 3. Dependence of the shear rate on viscosity at different solids concentration. 
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In an attempt to find the model that best fit the experimental data, two rheological models, 
namely the Herschel-Bulkley and Casson were analyzed. On the base of analyzes the Herschel-
Bulkley model reached the best fitting (R2=0.99, where R2 is coefficient of determination). The 
same procedure was applied to the data from all the tests and similar results were obtained. Fig. 4 
shows a comparison of the Herschel-Bulkley fit for Cm=15%. However, it is worth to mention that 
the high R2 values were obtained in both cases.  

 
Fig. 4. Herschel-Bulkley model fit to Cm=15%. 

3. Conclusion 

The influences of solids concentration on the rheological behavior of limestone slurries have 
been investigated. Measurements were performed at the shear rates from 0.1 s-1 to 160 s-1. It was 
observed during experiments that turbulent flow and phase separation appeared for Cm=5% and 
shear rate above 160 s-1.  

It is clearly shown that the flow curves are non-Newtonian in all cases and exhibit shear 
thinning behavior at low shear rate. It was also observed that the shear stress increased with 
increase of solids concentration in all cases. The Herschel-Bulkley rheological model was found to 
give the best description of the flow curves. The viscosity increased with increase of solids 
concentration due to the frictional interactions per unit volume.  
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Abstract. A general approach of a technological process of a selected car component has been presented in 
this article. On the basis of the data which were obtained from the Quality Control Department, quantitative 
juxtaposition of the component incompatibilities of the car equipment has been created. Both the Ishikawa 
diagram and the Pareto-Lorenza diagram were used for the analysis of the identified incompatibilities. These 
are the quality management tools most often used in companies. The 5M principle was used in the case of 
the application of the Ishikawa diagram to determine main groups of incompatibilities. It has been found that 
the most significant causes are located in the management and material area, whereas as a result of applying 
the Pareto-Lorenza diagram, 10 incompatibilities which occur most often were selected. It has been found 
that two incompatibilities (I1 and I2) have the largest share and they are connected with pouring out foam 
in the element, whereas the third incompatibility (I3) is deformation in the element form due to the amount 
of occurrence in the examined period. 

Keywords: quality, the Ishikawa diagram, the Pareto-Lorenza diagram. 

1. Introduction 

Nowadays production of products which are of appropriate quality is very important for 
companies which aim at a position on both the European and world market. A company has to 
decide on such a price of the product so that its quality [1-3], for the settled price, is satisfactory for 
the customer and ensures profits for the company, which in turn will guarantee its survival on 
today’s competitive market. The research has been conducted in one of the companies of Lower 
Silesian Voivodeship, which produces elements of car equipment. The main stages of the 
technological process of the examined product has been shown in Fig. 1.  

 
Fig. 1. The main stages of the technological process of the examined product. 
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2. The quantitative analysis of incompatibilities 

The Pareto – Lorenza diagram [4-9] has been used in order to determine incompatibilities 
which occur most often in produced elements of car equipment. Tha analysis was conducted for a 
period of one year. The results were obtained from the Quality Control Department of the company. 
The obtained results have been shown in Table 1. 
 

Mark 
Types of 

incompatibilities 
Number of 

incompatibilities  

Cumulated 
number of 

incompatibilities 

Percentage 
share of 

incompatibilities 
[%] 

Cumulated share 
of 

incompatibilities 
[%] 

I1 
Pouring out foam at the 
frame construction  

90 90 30.10 30.10 

I2 
Pouring out foam at the 
,,pocket” 

80 170 26.76 56.86 

I3 
Deformation of 
,,pocket’s” line  

30 200 10.03 66.89 

I4 
Creases on upper part of 
a head rest  

27 227 9.03 75.92 

I5 Bends on lateral part  17 244 5.69 81.61 

I6 Too big protective cover  15 259 5.02 86.63 

I7 Sagging of a head rest  14 273 4.68 91.31 

I8 Sagging 12 285 4.01 95.32 

I9 Too hard head rests   10 295 3.34 98.66 

I10 
Puncture of foam on 
a head rest 

4 299 1.34 100.00 

Tab. 1. The juxtaposition of the incompatibilities for elements of car equipment in a period of 1 year. 

On the basis of percentage shares of particular incompatibilities correlated in Table 1, the Pareto – 
Lorenza diagram was created, what has been presented in Fig. 2. 

 
Fig. 2. The Pareto – Lorenza diagram of incompatibilities for elements of car equipment in a period of 1 year. 

On the basis of the conducted analysis it was found that the incompatibilities of the largest 
percentage share (Fig. 2 and Table 1), which occurred within the examined year, include Pouring 
out foam at the frame construction (I1) and pouring out foam at the ,,pocket” (I2). The share 
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of these incompatibilities amounts to 30.10% and 26.76%, therefore the two incompatibilities 
concerning filling the elements with foam totals 56.86%. However, the remaining 
8 incompatibilities constitute 43.14% of the incompatible products. The cause of the occurrence of 
these two incompatibilities of the largest share is inappropriate quality of the material for the 
analysed products and bad shapes. 

3. The identification of areas of incompatibility causes  

The Ishikawa diagram [4, 10-14] was used in order to determine the causes of the identified 
incompatibilities of car equipment elements within the examined period. It has been presented 
in Fig. 3. 

 
Fig. 3. The Ishikawa diagram for car equipment elements. 

In order to analyse the causes of incompatibilities by means of the Ishikawa diagram, the 5M 
principle was used (Management, Method, Man, Material and Machine). As a result of the 
conducted analysis it was found that the applied material is of inappropriate quality, which leads to 
pouring out the foam out of the cover. Machine parameters are badly set because of the workers’ 
inattention, their little experience and skills. There is also no schedule of machines overhaul, that 
would eliminate both badly set machine parameters and mistakes caused by instrumentation which 
is exploited too much. Among the groups of the causes responsible for arising the incompatibilities 
of elements of the car equipment, a badly used method can be distinguished. This is the result of 
inappropriate management. 

4. Conclusion 

On the basis of the conducted studies, it was found that the incompatibilities connected with the 
foam and the cover material, that is pouring out foam at the frame construction (I1) – 30.10% and 

173



 

 

pouring out the foam at the ,,pocket” (I2) – 26.76% have the largest share among ten identified 
incompatibilities (Table 1 and Fig. 2). In order to prevent the incompatibilities from occurring, the 
management should decide on implementing more accurate control of material quality before 
accepting them to the store. Alternative material suppliers should also be found, which may bring 
about competition between them and as a consequence, it will lead to delivery of materials to the 
company which are of better quality. Moreover, in the case of problems of one of the suppliers, it 
will not lead to a production standstill in the examined company. 

On the basis of the conducted analysis it was found that some of the employees have little 
experience and low skills of machine maintenance, which had been caused by lack of training (Fig. 
3). The management has planned a series of training for employees and has decided to run the 
training for them regularly. People responsible for conducting a machine overhaul, according to a 
schedule developed by its managers, have been also appointed.  

Because of the fact that 5S Practices are implemented in the company, it has also been decided 
to appoint people from among managers responsible for verification of particular S.  
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Abstract. Measuring of fatigue strength of railway axles is one of the most important procedures for 
evaluation of safety of railway vehicles. Fatigue strength of axles is measured in the mode of rotating 
bending. Using of standard specimens for this type of fatigue testing is possible to obtain basic data but this 
case also requires testing with middle-size and full scale models. Fatigue testing by rotating bending with full 
scale models is focused on critical areas of the parts and measuring of deformation at these places and of 
course formation of fatigue cracks. The paper summarizes the results of fatigue tests by rotating bending on 
standard samples and large models as well. The effect of size of models on results of fatigue testing was also 
discussed.  
 

Keywords: railway wheelsets, fatigue testing, rotating bending 

1. Introduction 

The history of rail transport is about 200 years long but problem of safety of railway 
construction is still actual. The most dangerous part of railway constructions from point of view of 
safety is a bogie, particularly axles and wheels. The European standards requirements of life of 
axles [1-4] prescribe 107 cycles as a limit for fatigue testing in the mode of rotating bending. There 
are three ways of rotating bending testing – testing of standardized specimens (see Fig. 1), testing 
with models which respect the specifics in the shape of axle and full scale testing on real axles. The 
result of testing with standardized specimens is a Wöhler curve and fatigue limit of material under 
rotation bending loading. The other two ways of testing are focused to investigate the behavior of 
critical parts of construction. Modern methods of simulations are very important source of 
information to predict damage mechanisms of failure of constructions. These methods are very 
precise to find the most critical parts of axle or wheel. But the value of stress limits and information 
about behavior of critical parts still must be given by testing of real components. Novosad et al. [5] 
presented in their paper results of statistical measuring of failures of axles. The seat of axle is most 
often the critical part of construction according to their results.  

Wheels and axles are not separate constructions and they have to be considered as a system 
where loading of one part can affect behavior of the other part of this system. There are four 
variations of cause of fatigue failures in this system: 

a) common mechanism of fatigue at axle initiated from surface or defects in the structure 
b) common mechanism of fatigue at wheel initiated from surface or defects in the structure 
c) damage at wheels using contact fatigue mechanism 
d) fretting fatigue under press fitted hubs. 
Each of this options and their influence on behavior of the axle/wheel system must be 

considered during development of a new type of wheelsets. 
Testing of fatigue strength is not the only procedure that must be done during verification of 

every new type of wheelset. From viewpoint of safety of construction, the European standards also 
mention two other procedures (except common requirements on material quality and static 
mechanical properties) that can have serious influence on fatigue resistance of wheelsets – 

175



 

 

providing and controlling of protection against corrosion and evaluation of residual stresses in 
material. The influence of corrosion on surface quality and its connection to the fatigue resistance in 
cases when fatigue crack initiates form surface is obvious. On the other hand an effect of residual 
stresses is “invisible” nevertheless this influence could be very dangerous for fatigue resistance of 
construction [6 - 8]. 

 
Fig. 1 The example of specimen for fatigue testing in mode of rotation bending 

2. Experimental procedure 

Investigation of fatigue strength of railway wheelsets in the mode of rotation bending has been 
provided in SVUM laboratory. The fatigue testing of small models is performed on the SCHENCK 
UMBI 750 rotation machine. Verifying of results obtained on the model is provided by full scale of 
real axles on resonance machine SINCO-TEC (Fig. 2). On this machine, rotating bending of the 
axle is excited by the excenter connected with a small electric motor attached to the upper cross 
girder of the frame. The wheel with the axle is fast fixed to the base. The input signals for the 
control unit come from strain gauges attached to the critical part of the axle. The end of testing is 
given by accomplishment of 107 cycles or by decrease of frequency (usually about 0,5 – 1 Hz) 
which accompanies the growth of fatigue crack. The presence and location of fatigue crack is 
approved and visualized by NDT capillary method (Fig. 3).  

 

 
 
 
 

 

Fig. 2 The equipment SINCO-TEC for full scale 
fatigue testing in mode of rotation bending in 

Fig. 3 The fatigue cracks detected using NDT capillary method 
on axle after full scale fatigue testing in mode of rotation bending 
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SVUM laboratory with installed tested axle 

Identification of critical locations of tested axle to attaching of strain gauges is provided using 
simulation analysis, most often Finite Element Method (FEM). Strain gauges are connected with 
control unit and they distribute information into the control unit to manage the test so calibration of 
these strain gauges is one the most important steps of the whole testing.  

The size factor of tested components is characterized on Fig. 4. Fatigue limit of small 
specimens is compared to the same limits measured on axle models and full scale axles. The 
differences between fatigue limits are significant and confirm the importance of full scale testing 
which is logically much more expensive than testing on small specimens. The influence of size of 
tested samples was studied by Linhart [9]. The differences are explained in his work by different 
subsurface stress gradient and by different conditions for creating fatigue persistent slip bands. 
Different size of testing specimens lead to different results and so each result has its own value. 
Results from small specimens characterize material itself, testing on models gives information 
about behavior of material under stress and processes during initiation and growth of fatigue cracks. 
Full scale test characterizes component and it is main information for constructers.   

 

 
Fig. 4 Effect of specimen size on fatigue limit 

3. Conclusions 

Fatigue strength of railway axles is studied on three types of specimens – (i) small specimens 
for evaluation material behavior under rotation bending loading for example using stair-case 
method, (ii) axle model components, (iii) real axle components. Each type of specimens require 
different attitude in testing and evaluation of results.  
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Abstract. Discussed resonance equipment provides very accurate measurements of the internal damping of 
metal materials, but it is very sensitive for several factors which can influence the results of the 
measurement. The aim of this article is to show the influence of spurious effects present in the ultrasonic 
resonance aparature. This article deals with discussion of various electrical, mechanical and thermal spurious 
effects on the results of internal damping measured by ultrasound testing device. 
 
Keywords: internal damping, spurious effect, ultrasonic resonance equipment 

1. Introduction 

 The internal damping is a property of material which describes the ability of material to 
absorb the energy of mechanical vibrations. The mass of ultrasonic resonance equipment, used at 
Department of Materials Engineering, University of Žilina is much bigger than the mass of the 
specimen. During the experiment, the internal damping of the whole ultrasonic resonance 
equipment affected by electrical spurious effects is obtained. This is why it is very important to 
understand all aspects of this equipment, with the goal to so it is possible to eliminate all spurious 
effects. 

2. Experimental equipment 

 The geometry of the ultrasonic resonance equipment is optimalised for the measurement at 
the resonant frequency about 20.5 kHz. [1] The measurement is based on evaluation of the resonant 
curve according to loading frequency. This testing device consists of electric and mechanical part. 
The electric part has two separate circuits. The first is regulating the temperature of the heating 
furnace. The second circuit consists from the computer controlled signal generator, amplifier, 
piezoelectric transducer and lock-in amplifier. The amplitude of loading force is controlled by 
voltage amplitude at transducer while the amplitude of vibrations is obtained from current. This 
device measures the internal damping of whole device, not only of the specimen. The test specimen 
has a hour-glass shape and it has to be adjusted, so it is in harmony with the resonance frequency of 
the ultrasonic horn. [2] 
 The mechanical part “Fig. 1“  is the essence of whole device. It consists from the main parts 
as an ultrasonic horn, λ – rod and test specimen. The ultrasonic horn consists of λ/4 mirror, four 
piezoceramics plates, aluminum booster and horn. The material properties of the mechanical parts 
are reflected in the effective mechanical impedancy of the equipment, which is transformed into 
electric impedance of piezoceramics transducer. In the testing device is the piezoceramics element 
used as the source of ultrasound waves and also as the sensor for measurement of electric current Ipu 
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which proceeds through the horn with a phase shift. The λ-rod has a cylindrical shape with 12 mm 
in diameter and it is manufactured from titanium. 

Individual components of the ultrasonic horn can differ in shape and some 
dimensions, but the mechanical parts must fulfill these fundamental 
requirements: 

� The components of ultrasonic horn must be connected in places of 
antinodes “Fig. 1“  to avoid mechanical stress between connections. 

� The ultrasonic horn must be mounted in a holder, in the place of 
node of the standing wave to avoid energy dissipation. 

There are piezoceramics transducers, in one of the nodes, in order to run an 
effective transformation of electric power to mechanical power and vice 
versa, to transform vibrations into electric current. [3,4] 

3. Experimental results 

3.1 Electrical spurious effects 

Parasite capacity 

 The equipment is powered by the electric current that is transformed 
onto an ultrasonic wave in the transducer. This wave spreads through the 
device, part of the energy is absorbed due the internal damping of the 
material and the wave reflects from the free ends what causes creation of a 
standing wave in the device. The final mechanical impedance is transformed 
into electrical impedance, which can be measured.   
 Unavoidable spurious effect is an electrical capacity of 
piezoceramics transducer. This parasite capacity causes a spurious electric 
current which is parallel to the regular one and causes deformation of the 
measured resonance peek “Fig.2“ . [4,5] 
 
 
Fig. 1. Mechanical part of device 
 

  
a) b) 

Fig. 2  a) Real peek with parasite capacity subtraction b) Measured resonance peek 
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Output resistance 

 Another spurious electrical influence is the electrical resistance of the components. 
Measuring devices and also the amplifier influences the obtained values of Ipu and Ua. They are 
deforming the peak. This was corrected by use of Lock-In device by which the deformation was 
removed what corrected the measured values of internal damping.  

3.2 Mechanical spurious effects 

 The thermal expansion of the mechanical part of the resonance system significantly 
influences the resonant frequency of equipment. The decrease of resonance frequency is caused by 
heating of the test specimen and the ultrasonic horn during the measurement. The temperature of the 
test specimen was monitored by thermo-camera during the measurement. Then influence of 
temperature was eliminated with procedure where the amplitude dependencies were decreased with 
constant values, so these dependencies were continuously tied up. Temperature increase for 1 °C 
causes due to the thermal dilatation shift of the resonant frequency of the system about 3 Hz. [6] 
 It is possible to measure the internal damping at frequencies close to 20 500 Hz at presented 
equipment. The actual resonance frequency changes during the measurement and it is very 
important to distinguish the thermal expansion from the changes of the dynamic modulus of 
elasticity.   
 The device consists of parts from different materials in order: steel - piezoceramics - 
aluminum - titanium. The connections of these parts significantly influence the shape of resonant 
peek.  
 After application of the cyclic loading, the specimen starts to heat. Due the thermal 
dilatation of the specimen, the length is then not exactly λ/2 what causes another spurious effect 
during internal damping measurement and causes that the width at half of the maximum of the peek 
does not correspond to the real damping of the device. Consequently the measurement of internal 
damping with use of the width on 3dB level is complicated, because it is problematic to identify 
where exactly the 3dB value is.  

3.3 Influence of specimen's length 

Resonant frequency of the specimen is clearly determined by its shape and material 
properties. The specimen must be adjusted to the resonance frequency of the equipment and the 
length of the specimen is then λ/2. 

 

 
Fig. 3. Influence of the specimen's length on the resonance frequency and measured internal damping 
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Fig. 4. Test specimen 

In “Fig. 3“ , there is the analysis of the 
depence of resonance frequency on the 
length of the test specimen. The test 
specimen had the shape of a cylinder 
with a diameter d = 12 mm. Material 
used for experimental study was stainless 

steel - AISI 304. For different lengths of cylinder specimen resonance peaks were measured “Fig.4“ . 
It is demonstrated how the length of the specimen influences the resonance frequency and the 
amplitude of vibrations while the loading voltage remains constant. These results emphasize that 
careful adjustment of each specimen must be done with the goal to obtain exact and repeatable 
results. 

4. Conclusions 

This article provides theoretical knowledge about the negative effects, which can occur 
during internal damping measurement with use of ultrasound device. The structure of the article 
consists of influence spurious effects that can affect our measurement of internal damping. Based 
on this analysis it can be stated: 
� the influence of parasite capacity on resonance peak can be removed by precise phase sensitive 

measurements of electric current and by calibration measurements, 
� measured resonant peaks may be evaluated by three possible methods: from the width of the 

peak at half height, from the height of the peak and from the energy consumption of the 
apparatus;  the most exact values are obtained by the analysis of the height of the peak because 
the width of the peak is often deformed due to the amplitude dependence of internal damping, 

� correct results are obtained when the length of the specimen is in correct harmony with the 
ultrasonic resonance equipment, 

� spurious effects can be corrected by calibration and then it is possible to acquire high quality 
results of internal damping. 
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Abstract. The aim of this paper is to show requirements requested by building the bridges and the processes 
used by production to fulfill the requirements. In the paper are considered highway bridges which are usually 
characterized by greater length and less complicated cross section shapes than railroad bridges or city 
bridges. It closer describes the production of bridge load-bearing steel structure for highway R1, Beladice-
Tekovské Nemce, SO205-00, located on the 2,097th km over the Majersky creek (Majerský potok) and 
briefly mentions bridge steel structure on highway D1 Považská Bystrica, západ – Vrtižer, object 207-00 
"Hričovský kanál" in the 7.974 km in one expansion section. These objects are in the end being compared. In 
the paper are listed new standards (STN EN) and rules (TKP20, MVDRR) valid at production and erection 
time of the objective bridge load-bearing structures. 

Keywords: Bridge, fabrication, steel structure, welding   

1. Brief descriptions 

The load-bearing structures of the bridge decks is composed of a composite steel-concrete grate 
structure acting as a continuous beam over spans of 33 m + 3 x 40 m + 33 m with total bridge 
length of 204m for bridge on R1 and spans of 32m + 32 x 40m +32m with total bridge length of 998 
m for bridge on D1 . The steel part of the load-bearing structure is made of five welded built-up 
beams with a constant height of web 1440 mm for bridge on R1 and in case of bridge on D1 the 
structure is made of two welded built-up beams with a constant height of web 2050 mm. According 
to the static design requirements, various thickness and width of flanges were used. The connection 
of the steel-concrete bridge deck with the steel structure is ensured by means of shear connectors 
welded to the upper flange. 

Fig. 1. a) View over a model of the bridge on highway R1, SO205-00, b) Cross section with longitudinal inclination  

Fig. 1c). Cross section of bridge steel structure on highway D1,207-00 
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2. Fabrication requirements of the load-bearing structure by the customer 

Before the self production of the load-bearing steel structures of the objective bridge SO 205-00 
started (for a view over a spatial model of the bridge see Fig. 1), it had been required by the 
customer, that the producer introduces the following documents for acceptance and approval: 

 
a) Necessary qualification and certificates, meaning certificated quality system according to STN 
EN ISO 3834-2, qualification for production of steel structures according to DIN 18800-7 class E, 
certified welding procedure qualification reports according to STN EN ISO 15614-1. 
b) Technological fabrication procedure of the bridge structure including occupational health and 
safety (OHS) requirements 
c) Fabrication documentation for the bridge steel structure  
d) Technological procedure of the erection, including OHS requirements at site 
 According to the accepted project documentation the following was required: 

the main load-bearing parts of the bridge steel structure  S355 NL according to STN EN 10025-3 
technical delivery conditions according to STN EN 10025-1 
limit dimensions’ deflection and the shapes’ tolerance  quality class B, according to STN EN 10029 
the surface quality class B, subgroup 3, STN EN 10163-2 
the basic material inspection certificate supervision certificate 3.2,  STN EN 10204               
flatness tolerance  class N, according to STN EN 10029 

Tab. 1. The basic material 

tension test according to STN EN 10002-1 for all rolled steel elements  
charpy impact test according to STN EN 10045-1 for all rolled steel elements, for plates the minimal 

required impact energy min. 27 J by - 50°C 
weld bead bend test according to SEP 1390 for steel plates of thickness > 25 mm 
improved deformation properties perpendicular to the 
surface of the product test according to STN EN 10164 

increased requirements Z 25 were applied to the 
steel plates of a crossbeams  

chemical composition test, determining the carbon 
equivalent CEV according to STN EN 10025 

to heat, maximal value 0,43 according to STN EN 
10025-3 

ultrasonic testing of steel flat products – steel plates of 
crossbeams’ flanges and webs in raster 100 x 100 mm 

acceptance class S2, according to STN EN 10160  

ultrasonic testing of steel flat products – other steel 
plates in raster    200 x 200 mm 

acceptance class S1, according to STN EN 10160 

weld edge testing, in width 100 mm (75 mm) from root 
of a weld edge  

by a double sound according to STN EN 10160 

shear connectors - pegs according to STN EN ISO 13918, welding 
according to STN EN 14555 

Tab, 2. The basic material tests 

3. Steel load-bearing structures of the bridge and their fabrication 

The fabrication of steel load-bearing structures of the bridge SO 205-00 was performed by the 
company MONT IRP s.r.o. located in Žilina. The company MONT IRP s.r.o. is a holder of all the 
qualification mentioned in 1a) and followed standards STN 73 2601, TKP20, STN EN 1090-2, STN 
EN ISO 3834-2 during the production and the pre-production phases.  

3.1. Pre-production phase Material purchase, evidence, storage, documentation 

In the producer’s technological procedure of fabrication (TP) was elaborated a procedure of the 
material evidence and inspection in compliance with the requirements in technical report. All 
delivered material had been associated with the material certificates STN EN 10204 including steel 
plates’ numbers and heats. The steel plates dimensions were specially ordered, organized into the 
flame cutting patterns so, that by cutting the material there is minimal number of transversal welds 
and minimal waste.  
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flame 
cutting 
pattern 

dimensions [mm] 
weight  
[kg] 

Qty. 
[pieces] quality EN 10204 

Attest no. heat plates TÜV 
EN 10204 – 3.2 thickness width length 

PL254 PL 25 1 980 9 560 

29 718 7 

S355NL 

4022/2010 

15615Y 504986 

430028/01 – Teil 3 
PL254 PL 25 1 980 9 560 S355NL 

36816Y 
503397 

PL254 PL 25 1 980 9 560 S355NL 503398 
PL254 PL 25 1 980 9 560 S355NL 503399 
PL254 PL 25 1 980 9 560 S355NL 

4781/2010 36823Y 
503394 

430028/01 – Teil 4 PL254 PL 25 1 980 9 560 S355NL 503395 
PL254 PL 25 1 980 9 560 S355NL 503396 

Table 3. An example of material evidence 

3.2. Production phase  

Cutting of materials 
 
All material processing was performed in accordance with the requirements of STN EN 1090-2 

[1].Cutting planes were elaborated for each plate pattern. Flame cutting was performed by the use 
of NC machines (plasma cutting for steel plates of thickness up to 20 mm, oxygen-acetylene cutting 
for steel plates of thickness more than 20 mm). For each plate number were registered cut items 
during production, so that each item has assigned plate no., heat no. and certificate no. All the items 
were marked immediately after cutting by means of stamping and markers. Items had already 
assigned edge preparation for weld connection; the edge preparation was performed for thicker 
plates by burning and grinding and for thinner plates by mechanical machining.  

Workshop welding of the steel structures  
 
Before welding the load-bearing bridge steel structures, see point 1., company MONT IRP s.r.o. 

had prepared technological fabrication procedures in accordance with the requirements listed in 
STN EN 1090-2 and certified welding procedure qualification reports according to STN EN ISO 
15614-1[2] for range of performed welds considering the weld dimensions, the welding positions, 
type of a weld, etc. Consequently, welding procedure specifications (WPS) were prepared acc.to 
STN EN ISO 15609-1[3] for all the welds performed on the bridge steel structure with the listed 
non-destructive testing (NDT). For individual beams were developed procedures for connecting the 
particular items of the beam together with the evidence of the items, attests, welders, and NDT 
reports (quality level B acc.to EN ISO 5817 [4] and B+ acc. to EN 1090-2 [1]). The welders met the 
qualification in accordance with STN EN 287-1 [5]. Fillet welds (FW) on the beams were 
performed by the use of automatized welding (carts BUG-GY – also with performed WPQR) (see 
Fig. 2. (a)). Butt welds (BW) on the flanges were performed manually with use of inlet and outlet 
plates (see Fig. 2. (b)). The bottom and upper flanges were designed of a variant thickness to be 
done in continuous change in the ratio ¼. (see Fig. 2. (c)). After welding, inspection and NDT, the 
welds were threated so that no notch damage occurs, grinding the weld’s surface to plane level with 
the basic material. 

185



 

 

Fig. 2. (a) Automatic welding, (b) Manual welding with leading scabs (c) Various thickness of flange with edge 
preparation for welding 

Production assembly – the bridge structure sections assembly  
 

For the manufactory joining of each assembly block, the drawing documentation with the 
required dimensions and the particular level and directional points was prepared. System of marking 
and the geodetic nodes was listed in each drawing (the evidence of fabrication assembly was listed 
even in the production diary). The measurement was done by a geodesist and for each measurement 
of the bridge structure there was elaborated an inspection protocol with the coordinate system 
drawing used for erection on site.  

Assembly and measurement of a wedge plate  
 
An experimental placing and measurement of wedge plates was realized in the workshop. There 

was an inclination of the wedge plate in both directions, because crossbeams were inclined both (in 
the longitudinal and transversal direction related to the plane), so each wedge plate was unique with 
different dimensions. Bearing surfaces of the wedge plates and the bottom flange of the crossbeam 
were controlled by the use of a feeler gauger. Inclination of the wedge plates was controlled by the 
use of a digital water-level. Machining of the wedge plates were performed by grinding. The wedge 
plates were marked on their face together with orientation direction.  

Sheer connectors, welding method 781 
 
Appropriate tests for sheer connectors welding according to STN EN ISO 14555 [6] were 

performed. Operators have certification according to EN 1418[7]. Sheer connectors Ø 19 x 150 
made of steel S235J2G3 + C450 according to EN ISO 13918 [8] were used. Before each of sheer 
connectors welding, there has been performed an operating test by welding 10 pieces of pegs, which 
were visually controlled and were tested by bending angle over 60°. Testing of sheer connectors 
welding was registered in the book of operating supervision for bolts welding. Consequently there 
was a macro-structure test performed (see fig. 4 (c)).  

4.  Workshop acceptance 

In the workshop acceptance the specified section of the bridge steel structure was assembled in 
workshop, finished without the surface treatment (see fig. 4 (a), (b)). Acceptance was performed in 
compliance with the requirements of the customer and TKP20 with registered report. After the 
successful acceptance of the steel structure two layers of anti-corrosion protection were realized 
according to the customer requirements and the technological procedure specification for the paint-
coat system. 
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Fig. 4. (a) (b)  View over the bridge section assembly at the workshop acceptance (c)The shear connectors bending test 

5. The erection 

The assembly of bridge load-bearing structures was realized in compliance with the accepted 
technological procedure of the erection. The erection was set to be started from pillars in axis no. 3. 
Placing the beams of the bridge structure was performed step by step in the direction of Zvolen (to 
axis no. 6) and then from pillar no. 3 in the direction of Nitra (to axis no. 1). First the left bridge 
(direction Zvolen) had been assembled and after it had been welded up completely, the same 
procedure was applied for the right bridge (direction Nitra). 

Table 4. The basis of erection procedure 

1. 
First the bridge bearings on pillar no. 3 were performed (the bridge bearings were “freely” placed to the prepared gap on the top 
of the pillar) and afterwards “on-pillar beams” were placed on the bridge bearings and PIŽMO temporary supports. 

2. Joining the beams by erection reinforcement and their geodetic fixation was performed. 

3. 
After the satisfying measurement results and their acceptance by the customer, the assembly connections were realized. After the 
welded connections had been realized, all the NDT tests of the welded connections were performed.  

4. 
After a geodetic fixation, the assembly continued by adding another structural part. Its geodetic fixation was performed; relevant 
modification of weld edges and the assembly connections were adjusted.  

5. 
Consequently adding the “between-pillar beams” on PIZMO supports was performed and the structural parts were connected by 
an assembly reinforcement step by step as the beams were being added.   

6. 
The same procedure was applied by realizing the other parts of the steel load-bearing structures of the bridge – first the “on-
pillar beams” were welded in axis no. 4 and after this the assembly connections of these structural parts to the “between-pillar 
beams” were welded. The welded joints were sandblasted and painted with primer and middle layer. 

7. 
The bolted fixation of the bridge bearings to the structure was realized in the required position and after the customer’s 
acceptation, the embedding of bearings and their activation was performed. 

8. After the bridge bearings activation, disassembly of the supporting structure (PIZMO) was performed. 
9. The next step was realization of the composite steel-concrete deck. 
10. Following a written appeal by the performer of the civil works in the Erection diary, the erection reinforcement was removed.  
11. Next, the top paint-coat was applied by the use of assembly platforms.   
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Fig. 5.Bridge on R1 (a) The scheme of bridge erection, (b) The assembling supports of the bridge, (c) View over the 
bridge deck after the concreting,   (d) Side view over the finished bridge, (e) Bottom view over the finished bridge 

Fig. 6. Bridge on D1 (a) One lane of the bridge, (b) Overview of first lane assembled 

 

6. Conclusion 

In the paper is briefly explained the process of bridge load-bearing steel structure production and 
erection. The bridge structure of SO205-00 on highway R1 was set in EXC4 according to EN 1090-
2. High requirements were applied to quality of welding and raw material, smooth surface with no 
fatigue stress concentration, designed shape with tight geometrical tolerances, exact material 
evidence as by pressure equipment and surface protection with durability of 15 years. To compare 
the two bridge structures, the bridge on D1 from 2 beams was more economical considering weight 
per one meter of the road and also more economical from the view of production, two beam are 
quicker to produce and assembly than five beams. 
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Abstract. This paper presents a model of heat treatment of Hardox steel with particular emphasis on cooling 
rate on mechanical properties (hardness). Based on own research and data from the manufacturer there were 
presented material characteristics of the steel Hardox 400 and Hardox 450. 
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1. Introduction 

Hardox steels, according to the manufacturer's information, are defined as "high quality wear-
resistant steels." They are characterized by high resistance to abrasive wear, the possibility of 
machining with specialized tools, weldability, high mechanical properties and resistance to shock 
loads. Hardox steel producer is Swedish company SSAB-Oxelösund producing six brands of these 
materials. The criterion of their classification and designation is hardness given in Brinell scale. The 
exception is there Hardox HiTuf characterized by the lowest hardness. Other brands designations 
are as follows: Hardox 400, Hardox 450, Hardox 500, Hardox 550 and Hardox 600. Among 
presented species of these materials most widely used in Poland are Hardox 400 and Hardox 450 [1, 
2]. The application of these steel brands is reduced, inter alia, to structural elements of specialized 
trucks semi-trailers. 

2. Characteristics of Hardox steel  

 The characteristic features of Hardox steel are: fineness in normalized state (after heat-
treatment resulting in fine-dispersion after-martensitic structures), very high strength properties and 
specially emphasized by the manufacturer good resistance to abrasive wear. 
Discussed characteristics of steel are achieved by precisely balanced chemical composition and low 
content of harmful impurities of phosphorus and sulfur. Tab. 1 shows chemical compositions and 
selected mechanical properties of Hardox 400 and Hardox 450 steel. Within the same brand Hardox 
steels have diversified carbon and alloy additions contents (Cr, Ni, and Mo). This diversification is 
dependent on sheet thickness and cooling rate. In this way, with constant content of boron (max 
0.004% B) is regulated hardenability of these materials in order to achieve homogeneous sheet 
structure. In addition to carbon content Hardox structure is determined by alloying additions: nickel, 
manganese, chrome, molybdenum and aforementioned boron. Their influence on structures and 
properties of Hardox steel is varied and their amounts are selected in such way that they strictly 
regulate their hardness [3, 4]. 
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sheet thickness 
            [mm] 

Maximum content [%] CEV CET 

C Si Mn P S Cr No Mo B 

 
 
 
 

Hardox 
400 

3-10 0.150 0.700 1.600 0.025 0.010 0.300 0.250 0.250 0.004 0.33 0.23 

10-20 0.150 0.700 1.600 0.025 0.010 0.500 0.250 0.250 0.004 0.37 0.27 

20-32 0.180 0.700 1.600 0.025 0.010 1.000 0.250 0.250 0.004 0.48 0.29 

32-45 0.220 0.700 1.600 0.025 0.010 1.400 0.500 0.600 0.004 0.57 0.31 

45-51 0.220 0.700 1.600 0.025 0.010 1.400 0.500 0.600 0.004 0.57 0.38 

51-80 0.270 0.700 1.600 0.025 0.010 1.400 1.000 0.600 0.004 0.65 0.41 

80-130 0.320 0.700 1.600 0.025 0.010 1.400 1.500 0.600 0.004 0.73 0.48 

Hardox 
450 

3-10 0.190 0.700 1.600 0.025 0.010 0.250 0.250 0.250 0.004 0.41 0.30 

10-20 0.210 0.700 1.600 0.025 0.010 0.500 0.250 0.250 0.004 0.47 0.34 

20-40 0.230 0.700 1.600 0.025 0.010 1.000 0.250 0.250 0.004 0.57 0.37 

40-50 0.230 0.700 1.600 0.025 0.010 1.000 0.250 0.600 0.004 0.59 0.36 

50-80 0.260 0.700 1.600 0.025 0.010 1.400 1.000 0.600 0.004 0.72 0.41 

Hardox 
500 

4-13 0.270 0.700 1.600 0.025 0.010 1.000 0.250 0.250 0.004 0.49 0.34 

13-32 0.290 0.700 1.600 0.025 0.010 1.000 0.500 0.300 0.004 0.62 0.41 

32-40 0.290 0.700 1.600 0.025 0.010 1.000 1.000 0.600 0.004 0.64 0.43 

40-80 0.300 0.700 1.600 0.025 0.010 1.500 1.500 0.600 0.004 0.74 0.46 

Hardox 
550 

10-50 0.370 0.500 1.300 0.020 0.010 1.400 1.400 0.600 0.004 0.72 0.48 

Hardox 
600 

8-30 0.45 0.700 1.000 0.015 0.010 1.200 2.500 0.800 0.004 0.73 0.55 

30-50 0.47 0.700 1.000 0.015 0.010 1.200 2.500 0.800 0.004 0.84 0.59 
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Tab. 1. Hardox steel chemical compositions taking into account thicknesses of metal plates specified by the 
manufacturer 

3. Influence of alloy additions 

The increase of Hardox steel hardenability affects among other things nickel. In amounts not 
exceeding 1.6%. Increases hardenability, in solution way strengthens steel, and may impair ferrite 
grains during hot rolling [5]. The increases of Hardox steel hardenability also cause carbide-formed 
elements such as chromium and molybdenum that delay tempering processes. This is due to a lower 
than cementite rate of coagulation of carbides of chromium and molybdenum. In Hardox steels 
chromium and molybdenum are used together which enhances the effect. The molybdenum 
contents in range 0.25 ÷ 0.60% has a positive effect of secondary hardness and prevents irreversible 
temper brittleness at temperature of 250 ÷ 400 °C. Just as phosphorus, molybdenum increases the 
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tendency to temper brittleness. As boron and molybdenum strongly increases the hardenability of 
hypoeutectoid steel. This effect is also dependent on the grain size. It is the stronger the finer grain 
is and steel contains less carbon. 

Operation of boron, delaying the release of ferrite and pearlite reaction is particularly clear in 
the presence of molybdenum. Fig. 1 shows diagrams of CTPc for steel with similar to Hardox steel 
chemical composition. 

 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. CTPc diagram for steel of chemical composition (0.16% C, 1.45% Mn, 1.48% Cr, 0.81% N,. 0.41% Mo), a) 
with the contents of 0.0017% B b) without boron [4] 

Considering the roles of selected elements in chemical composition there can be determined that 
nickel (in amount up to 2.5%) slightly reduces the austenitizing temperature, does not affect temper 
processes course and reduces the temperature of steel transition into the brittle state. Therefore, the 
values of breaking work for Hardox steel from 20J, for Hardox 600 to ÷ 45 J for Hardox 400 at -40 
° C temperature (for samples in accordance with the direction of plastic working). 
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4. Conclusion 

The effect of addition of boron and other elements such as boron, niobium and titanium has 
significant impact on reducing carbon ratio CE (CEV) with simultaneous increase in mechanical 
properties of Hardox steel. Significant role in Hardox steels has molybdenum and boron. Fig. 2 
shows the influence of boron on the course of CTPi line for steel with chemical composition similar 
to Hardox 400. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 2. The effect of addition of boron on the location of the CTPi graph lines in steel with chemical composition: 
0.16% C, 0.60% Mn, 1.92% Ni, 0.27% Mo, close to Hardox 400 [3] 

 
 

Authors of works [6÷8] indicate that boron bonds to austenite boron carbides M23(C,B)6. 
Other elements (Nb and Ti) bond to stable carbides, nitrides and carbonitrides limiting grain growth 
of austenite during steel hardening process. Tempered martensite structure compared with the 
structure of tempered at the same temperature bainite has higher mechanical properties. Also, the 
ratio of yield stress to ultimate strength in function of ductile-brittle transition temperature is 
preferred in case of structures with after-martensitic orientation [3÷5]. 
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Abstract. This paper discusses about the intermodal interference phenomena in liquid-core optical fiber 
(LCOF) and its temperature sensitivity variations. The optical waveguide consists of fused silica micro 
capillary with 50µm diameter core filled with the liquid paraffin. Following the core width and refractive 
indices contrast are more spatial modes simultaneously guided, what gives a possibility of observing the 
interference. The interference pattern alternation with the temperature variations is observed. The 
experimental results are then compared to the simulations obtained data.     

Keywords: Intermodal interference, temperature measurement, liquid-core fiber, sensor. 

1. Introduction 

With the idea of the intermodal interference investigation in optical fiber [1, 2], were a lot of 
optical sensors configurations proposed. The alternation of the interference pattern with some 
perturbations, in the form of stress, pressure [3], temperature [4], refractive index [5, 6] etc. can be 
used for a relatively exact definition of those physical parameters values definition. Many of their 
applications can be found in the industry, chemistry cause of their special features as 
electromagnetic interference resistance or the material stability [7]. But there is a query for a new 
structures and novel approaches, which could be used for some other special applications, or has 
more suitable resolution efficiency. The instance of such a application is using the capillary fiber [8] 
or some modified photonic crystal fibers [9].  

We investigated an intermodal interference dependence on the environment temperature for 
structure of micro capillary filled with liquid paraffin. As shown there is a shift of the interference 
pattern with the temperature variations, what was also confirmed by numerical simulations. 

2. Intermodal interference 

In optical fiber the light is propagated in modes. The modes can be described by many 
parameters. One of them is a phase constant β that depends on the optical fiber parameters, used 
wavelength. 

The output signal from quadratic detector at the end of the fiber can be expressed as 

( ) ( ) ( ) ( )∫ ∑ ∑⋅⋅=
S

i i
ii dxdyzyxzyxyxczs ,,,,, *ψψ        (1) 

where z is a length of the fiber, c(x,y) is the detector sensitivity, ψi(x,y,z) are the functions 
describing the propagating modes and are equal to ψi,0(x,y).exp(jβiz) for symmetric modes, where 
ψi,0 are the modal functions, βi are the phase constants of particular modes, x and y are the 
coordinates perpendicular to the direction of the propagation, S is area on which the modal function 
is nonzero and * denotes complex conjugation.  
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Expression (1) for a symmetric modes can be written as  

( ) ( ) ( )

( ) ( ) ( ) ( )dxdyzjyxyxyxc

dxdyyxyxyxczs

S
kl

lkkl

kS
k

k

∫ ∑

∫ ∑

≠

∆⋅⋅+

⋅⋅=

βψψ

ψψ

exp,,,

,),(,

*
0,0,

*
0,0,

                    (2) 

∆βlk = βl – βk is phase constants difference. First integral of Eq. 2 represents the sum of particular 
mode intensities. The second integral of Eq. 2 is the interference term. It is clear that while the 
sensitivity c does not depend on coordinates its value is zero, because 

( ) ( )∫ =⋅
S kl dxdyyxyx 0,, *

0,0, ψψ  for kl ≠                                    (3) 

It means that the intermodal interference can be observed only when the detector sensitivity is 
not uniform or when the eigen-functions are transformed into non-orthogonal functions. We let 

zβφ ∆= be the total phase difference accumulated along the intermodal interferometer. While an 

external perturbation is imposed on the sensing section phase changes by the amount of dφ. The 
physical quantities (temperature, strain, pressure and refractive index n of surrounding medium) can 
lead to phase changes. 

3. Methodology 

For a measurement it was used the capillary fiber with 50µm core diameter (Fig.1), filled by 
liquid paraffin. This configuration gives a formation of multimode waveguide, where the 
interference conditions are fulfilled.  

 
Fig. 1. Cross-section capillary capture. 

The measurement configuration consists of two single mode fiber (coupling, detection) and 
liquid core sensing element (Fig.2).  

 
 

 Fig. 2. Measurement configuration. 

Using the SM coupling fiber is the optical power coupled into the core of LCOF, where more 
modes are guided. The output power is subsequently scanned with the detection SM fiber connected 
to the optical spectral analyzer (Anritsu MS9710B). The temperature variations were realized by 
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using the Peltier Thermoelectric Module. Thermoelectric term signify the temperature control with 
used voltage. Connecting the terminals visa versa can be achieved the cooling effect. For a 
temperature scanning was used Cu/Cu-Ni the thermocouple. 

In a purpose of comparison to experimental obtained results was performed a simulation using 
FDTD method. In simulation were the materials defined using the appropriate dispersion 
characteristics and thermo-optic coefficients. In the case of liquid paraffin was used following 
dispersion equation [10]: 

 4

5

2

3 )107735159.4(104011175.4
463002593.1)(

λλ
λ

−− ×−+×+=n     (4) 

which was adjusted to our measured refractive index value. With a temperature variations we 
consider the thermo-optic coefficient dn/dt=-3.5e-4/°C [11]. For fused silica was used Sellmeier 
equation from [12]: 
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λ
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λλn    (5) 

and the thermo-optic coefficient dn/dt=1.28e-5/°C[13]. 

4. Experimental results 

The experiment presents the heating of 15cm long liquid-core optical fiber and the observation 
of formed interference pattern. The output interference pattern originates in the difference of phase 
constants of two modes. By setting the configuration into the required position is possible to 
observe the interference of two arbitrary modes. In our case was chosen the interference of  LP01 
and LP02 modes. Both modes propagate through the liquid core formed by liquid paraffin. Because 
the thermo-optic coefficient of fused silica is lower than coefficient of paraffin, what means that its 
refractive index changes with temperature only slightly, the influence on the phase constants 
characteristics is mainly a consequence of liquid paraffin refractive index variations.  

So with the heating of the liquid-core fiber, changing refractive index there is a visible change 
of the interference pattern. For a room temperature the interference pattern has some period T0 with 
the starting phase value ϕ0 (Fig.4). With the increasing of temperature is the period still, but the 
phase is changing. The fact, that phase depended on temperature hints its using as a temperature 
sensor. The shifts for a four different temperature values are shown in Fig.4. 

 
Fig. 4. The interference patterns for a four values of environment temperature (vertically shifted). 

For expression of such an element sensitivity is used the phase shift ratios. The one period 2π 
corresponds to 12.84nm so with selection of the reference point we can easily define the phase 
changes. As a reference temperature was chosen the room temperature 23°C. With increasing of the 
temperature to 25°C the interference pattern shifts  3.17nm what corresponds to ∆ϕ= 1.550 rad, for 
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28°C it was ∆ϕ=3.840 rad and for 32°C ∆ϕ=8.055 rad for used length of fiber. The sensitivity was 
calculated for these three ratios as an average value equal 0.813 rad/°C.  

As mentioned together with the experimental results we also perform the simulations. The 
comparison of the interference pattern obtained by the room temperature 23°C is shown in Fig.5. 

 
Fig. 5. Comparison of interference patterns, experimental and simulation data (for room temperature 23°C). 

The results obtained from experiment and simulations are presented in Fig.6. Here is the cure 
of experimental data together with an error bars. Because the interference patterns are not ideal, and 
they have to be mathematically analyzed, there is some error originated.  

 
Fig. 6. The interference patterns for a five values of temperature. 

The difference between the simulation and experimental curves could be caused by the heating 
manner. In experiment we used the 15cm long liquid-core fiber but the size of the Peltier Module 
was only 5cm long. So there was not even heating, what could have an influence on the phase 
constants characteristic and the overall interference patterns. 

5. Conclusion 

We realized the liquid-core optical fiber, where with the appropriate combination of two 
materials is the temperature sensing possible. Because the refractive indices of used materials 
changes with temperature in different proportion we get a response to environmental temperature 
variation in the form of phase shifts of interference pattern. Based on this fact, we are able to sense 
the temperature 0.813 rad/°C.    
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Abstract. On the basis of the experimental research courses of stress forces during combined extrusion for 
different dies shapes are presented. It has been proved that increase of the slope of the resistant part of dies 
for different values of relative deformations in backward direction and for constant value of the relative 
deformation in forward direction does not influence the change of maximum values of the punch stress 
forces. 
 

Keywords: aluminum, combined extrusion, forward extrusion, backward extrusion. 

1. Introduction 

Cold extrusion [1,2,3,4,5] of metals is a method of plastic working that enables the production 
of parts of intricate shapes with a smaller number of operations and obtaining elements with the 
required high accuracy. The advantages of extrusion include material savings and high productivity 
as well as low prime cost of the manufactured products. Disadvantages, on the other hand, comprise 
high elementary stress, resulting in shortening tool life. As the accessible references [6,7,8] contain 
no information connected with the problems of combined extrusion, it seems advisable to undertake 
investigations concerning the issue of defining stress forces of combined extrusion for different 
shapes of die inserts. 

2. Investigation results and their analysis 

The objective of the conducted investigation is to define the values of stress forces of free 
combined extrusion for different shapes of die inserts for the steady value of relative strain ε1 in the 
forward direction and different values of relative strains ε2 in the backward part. 

The experimental investigation has been conducted on the testing machine ZD_100 with the 
stress 1 MN using the stamping die for combined extrusion. The diagram of combined extrusion for 
different inclination angles α of die inserts is presented in Fig. 1. The extrusion station was 
equipped with stroke induction sensors enabling measuring the punch stroke and the value of stress 
force. The signals from sensors through the analogy-to-digital converter using POM_16 software 
were converted into diagrams of punch stress forces according to the stroke [9,10,11]. 

The researchers used planar and conical die inserts with the inclination angle of the resistive 
working part α = 150 and 300. The diameter of inserts in which the material moved forward is 10 
mm, which represents the value of relative strain in the forward part ε1=0.84. The diameter of insert 
in the backward part is 25.2 mm. Planar conical punches with the working part diameter φ15,17,19 
mm were used, which together with the diameter of die inserts gives the following relative strain 
values in the backward part: ε2 = 0.36, 0.46, 0.58. Aluminium rings (ENAW-1050A) with the 
dimensions do×ho φ 24.95 ×16 mm were used as the charge. The extrusion process was realized 
without lubrication. 
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The work piece element’s mechanical properties, calculated on the basis of statistical tension 
test that was carried out according to PN-EN 10002-1+AC1[12], were presented in Tab. 1. 
 

Material R0.2 

[MPa] 
Rm 

[MPa] 
A 

[%] 
A11.3 

[%] 
Z 

[%] 
A1 99.5% 24 82 46 34 86 

Tab. 1. Aluminium A1 99.5% (ENAW-1050A) properties. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The diagram of combined extrusion of aluminum products with the conical punch  

1. - conical die insert, 2. – planar conical punch, 3. – ejector, 4. – charge, 5. – extrusion product. 

On the basis of the experimental investigation the graphs of the punch stress force according to 
the punch stroke were obtained for different values of relative strains ε2 and steady value of the 
relative strain ε1, as presented in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The graph of the punch stress according to the stroke of the combined extrusion for the steady value of 

relative strain ε1=0.84 and different values of relative strains ε2 for the planar die insert. 
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It can be noticed that in the first stage of extrusion the stress of the conical part of the punch 
causes a slow increase of the force value. The moment the process of forming the forward and 
backward parts of the product begins; there is an intensive increase of the force value. In the final 
stage of extrusion there is even a small decrease of the extrusion force.  Increasing the relative strain 
value in the backward direction ε2 causes the increase of stress forces value because of greater 
material strengthening. 

The graphs of punch stress force according to the stroke for inclined die inserts are presented in 
Fig. 3 and 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. The graph of the punch stress according to the stroke of the combined extrusion for the steady value of relative 

strain ε1 = 0.84 and different values of relative strains ε2 for the die insert with the inclination angle α=15º. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The graph of the punch stress according to the stroke of the combined extrusion for the steady value of relative 

strain ε1 = 0.84 and different values of relative strains ε2 for the die insert with the inclination angle α=30º. 
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The process of extrusion was realized for the punch stroke 14 mm. The earlier ending of the 
process (Fig. 4, ε2 = 0.85) was caused by the material reaching the ejector, which resulted in a 
considerable increase of force values. 

The increase of the inclination angle of die inserts caused a slight decrease of the stress forces 
value but only for the maximum value of the relative strain value ε2 in the backward part. 
Comparing the graphs for different angles of insert inclinations it can be noticed that the bigger the 
value of the angle α the smaller the intensity of the stress value increase in the initial stage of 
extrusion, but the maximum values of extrusion forces are similar. 

3. Conclusion 

The following conclusions can be drawn on the basis of the conducted research: 
- the increase of the value of relative strain ε2 in the backward part causes the increase of the 

extrusion force value for different angles of die inserts inclinations 
- increasing the inclination of the resistive part of the die insert causes the decrease of the 

extrusion force value, but only in the initial stage of the process, regardless of the value of 
relative strain ε2, whereas maximum values are similar. 

- the results of the research on combined extrusion of the stampings, presented in the paper, may 
provide guidance on the designing of technological processes in industry. 
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Abstract. The article shows experimental results of mild cutting of surface layers of polycrystalline silicon 
photovoltaic cells with a picoseconds UV laser. Current technology makes a strong point on reliability and 
quality of photovoltaic microprocessing. Using short impulse lasers guarantee best quality of cutting edge 
without burr, HAZ and changing crystalline structure of the base material, with is very important due to 
electrical conductivity of the solar cell. 

Keywords: Laser ablation, polycrystalline silicon, photovoltaic cells. 

1. Introduction 

Ever-shrinking structural sizes and high integration densities characterize today's 
semiconductor industry. The tools for processing semiconductor materials and dielectrics have to 
keep up with this development. High-precision lasers work without contact and can be used for 
drilling, cutting and the ablation of thin layers [1]. 

 
Fig.1. Edge of a silicon wafer a thickness of 300 µm cut with a high average power picoseconds laser of the TruMicro 
Series 5000. No chipping and heat affected zone can be detected. 

The separation of chips on a silicon wafer with mechanical saws is increasingly difficult with 
wafers becoming ever thinner. The TruMicro 5235 microprocessing laser, on the other hand, 
separates chips in a contact-free manner and with no material loss at the edges of the cut. In Fig. 1, 
you can see the cutting of a silicon wafer. The high edge quality yields a higher resistance to 
breakage. This significantly reduces production rejects, saving production costs. As structure sizes 
get smaller, and integrated devices such as transistors get closer together, insulating dielectrics need 
to get thinner as well. These thin inter-level dielectrics cause capacitive losses proportional to their 
dielectric constant k. Silicon dioxide is the material that is commonly used, and has a relatively high 
dielectric constant of k=4. Using materials with the same thickness but a lower dielectric constant 
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(“low-k materials”) results in higher chip performance with less power consumption compared to 
silicon oxide. 

The low-k materials are typically more brittle and have a lower adhesion than silicon dioxide. 
For the wafer dicing process, this increases the risk of chipping and delamination of the low-k 
layers when using a blade saw. Using ultra short pulsed lasers permits high speed and high quality 
scribing of these low-k layers without the drawbacks of a mechanical treatment. This low-k scribing 
can either be combined with a subsequent full laser wafer cut or with dicing by blade saw. 

The latest trends in packaging try to accommodate Moore's Law by going in the z direction. 
This expansion means stacking two or more dies to reach higher performance per chip area. One 
way to connect two or more dies is by making short, direct connections through the silicon substrate 
of each die. For this purpose, blind holes, reffered to as "Through Silicon Vias" (TSVs), are drilled 
into the silicon. The use of the TruMicro Series 5000 allows the production of TSVs with no heat-
affected zone. For these lasers, only a combination of sufficiently high pulse energy combined with 
a high pulse repetition rate on the order of 200 to 500 Kilohertz results in high throughput [2,3]. 

2. The experimental part 

Research was conducted with using the TruMicro 5235c laser which is located in our 
laboratory. The nominal parameters of the laser are: 

� Wavelength: 343 nm 
� Average power: 5 W 
� Maximum pulse energy: 12.5 µJ 
� Pulse length: 6.2 ps 
� Frequency: 400 kHz 

The following table is showing parameters used in examinations for each test sample 
photovoltaic cell. 

 Test sample 1 Test sample 2 Test sample 3 

Pulse energy [µJ] 12.5 12.5 12.5 

Pulse overlap [%] 72.5 45 10.1 

Pulse distance [µm] 5 10 20 

Pulse length [ps] 6.2 6.2 6.2 

Cutting width [µm] 100 100 100 

Frequency [kHz] 200 100 50 

Power [W] 2.5 1.25 0.625 

Tab. 1. Parameters used in examinations. 

3. Results and discussion 

Table 2 shows results of attempts a notch in cells photovoltaic made by short-pulse laser. 
Samples were subjected to the impact of the laser beam with the parameters that are included in 
Table 1. To fixed parameters of each sample were used different cutting speeds as shown in Table 
2. Each photo included in table 2 showing results of cuts in magnification 126x made on optical 
microscope OLYMPUS SZX10. 
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Fig.2. View of a single photovoltaic cell and surface of the sample before machining in magnification 126x. 

 

Cutting 
speed 

[mm/s] 
Test Sample 1 Test Sample 2 Test Sample 3 

2000 

   

1500 

   

1000 

   

500 

   

100 

   

Tab. 2. Results of our research a laser cutting with a different speed. 
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Fig. 3. View of the structure of the surface of sample 3 with cutting speed 1500 mm/s in magnification 200x on the left 
and 750x on the right. 

4. Conclusion 

Making analyzing the results of short pulse laser cutting we can see that the removal of the 
material takes place the cold ablation technique. Laser TruMicro 5235c allows you to cold 
machining of the material. Result of this process is shown in the Fig. 3 where we can see the grain 
structure that is not damaged on the surface polycrystalline silicon which is used to the production 
photovoltaic cells. 

Our research using the laser TruMicro 5235c are in the early stages of development but 
promise to be very promising for the future. Laser cutting of polycrystalline silicon materials can be 
very helpful in the production of photovoltaic cells. Currently, solar cells are largely used in the 
production of energy from renewable sources. Develop skills a laser cutting the photovoltaic cells 
may reduce manufacturing costs of finished solar panels. Reduction of prices allows for a wider use 
of them in the households. 
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Abstract. This paper deals with influence of severe plastic deformation obtained by air shot peening 
technology with different parameters on the fatigue life and fracture surface character of X70 microalloyed 
pipeline steel. Results show creation of plastically deformed surface layer which increases the fatigue 
strength and fatigue limit of tested notched specimens. Fracture surfaces show a multiple fatigue crack 
initiation caused by symmetrical distribution of notches on the circumference of the specimen. 
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1. Introduction  

Severe plastic deformation of surface layers created by application of shot peening (SP) with 
high values of intensity significantly changes the surface properties (so called severe shot peening) 
[1]. When treated properly, this deformed surface layer greatly delays fatigue crack initiation. Main 
advantage of SP is its applicability on various components with difficult geometry even with sharp 
notches, which as is it well known, greatly decrease fatigue life of a component. Compression 
residual stresses created during the SP plastic deformation change the stress distribution in the notch 
what can greatly increase fatigue life of notched components [2]. 

In this study, X70 microalloyed pipeline steel was considered for experimental studies of 
rotating bending fatigue behavior of notched specimens after surface treatment by conventional shot 
peening and severe shot peening compared to specimens after fine turning. 

2. Experimental material and surface treatment 

As experimental material was used X70 microalloyed pipeline steel with chemical composition 
and mechanical properties shown respectively in Tab. 1 and Tab. 2. Three sets of notched 
specimens, with stress concentration factor of Kt = 2, were machined from X70 pipe in the 
longitudinal direction. 

 
C Si Mn P S Nb V 

0.09 0.30 1.71 0.016 0.002 0.05 0.06 

Tab. 1. Nominal chemical composition of steel X70 in wt. %. 

 
UTS (MPa) Yield stress 

(MPa) 
A (%) 

605 495 21.6 
Tab. 2. General mechanical properties of steel X70 [3]. 
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One set was left in the state after fine turning with no other surface treatment (NP – not peened 
surface). Second set of notched specimen were treated by conventional shot peening (CSP) and the 
third set by severe shot peening (SSP), parameters of both shot peening treatments are in Table 3. 
Reader can refer to [1, 4] for more information about most important shot peening parameters as 
Almen intensity and coverage. In Fig. 1 is shown the microstructure of a surface layer, longitudinal 
cut of one of each series of specimen. It is obvious that after fine turning, there is a small uniformed 
plastically deformed layer on the surface caused by the machining process (Fig. 1a). After 
conventional shot peening, the plastically deformed layer is deeper and not so uniformed (Fig. 1b). 
Severe shot peening caused very intensive plastic deformation what created very deep plastically 
deformed layer in the treated specimens (Fig. 1c). 

 

Treatment 
Shot diameter 

(mm) 
Almen Intensity 

(0.001 inch) 
Coverage 

(%) 
Conventional shot 

peening (CSP) 
0.42  8A 100 

Severe shot  
peening (SSP) 

0.42  16A 1000 

Tab. 3 Parameters of shot peening treatment. 
 

   

(a) (b) (c) 
Fig. 1 Character of plastically deformed layer of (a) NP, (b) CSP and (c) SSP specimen, etch. Nital. 

3. Results and discussion 

3.1. Fatigue test results 

Rotating bending fatigue tests (stress ratio R = -1) have been carried out at room temperature at 
a nominal frequency of 30 Hz on the NP, CSP and SSP notched specimens. Results of fatigue tests 
for notched specimens, bending stress vs. number of cycles to failure (or run - out) (S - N curve) 
are shown in Fig. 2. For more information about fatigue tests and their evaluation the reader can 
refer to [5-9]. 

 
Fig. 2 Fatigue test results of notched specimens 
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According to fatigue test results, the fatigue limit evaluated for NC = 3×106 cycles is σa = 230 
MPa for NP specimens, σa = 280 MPa for CSP specimens and σa = 350 MPa for SSP specimens. 
According to fatigue test results it is obvious, that severe plastic deformation and the surface 
strengthening greatly delay the fatigue crack initiation and significantly increases fatigue life. 

3.2. Fracture surface analysis 

After comparison of the fracture surfaces of notched NP specimens (Fig. 3a), notched CSP 
specimens (Fig. 3b) and notched SSP specimens (Fig. 3c) it is obvious, that surface treatment by 
shot peening increases the number of initiated and propagated cracks through the cross section of 
the specimen. The effect of multiple initiated cracks is not so significant when compared notched 
NP (Fig.3a) and notched CSP specimens (Fig. 3b).  This means that stress distribution in the notch 
was not significantly affected by dimples and they did not served as more intensive place for fatigue 
crack initiation, but the compression residual stresses together with the surface work hardening 
increased the time necessary for the initiation and delayed crack propagation. This does not count 
for notched SSP specimens, where is observed a significant increase of the number of initiated 
cracks (Fig. 3c). 

 

   

(a) (b) (c) 
Fig. 3 SEM images of the fracture surface of notched fatigued specimens: a) NP specimen, σa = 280 MPa, Nf = 2 ×105 
cycles, b) CSP specimen, σa = 290 MPa, Nf = 9.65 ×105 cycles, c) SSP specimen, σa = 410 MPa, Nf = 8.90 ×104 cycles. 

 

  

(a) (b) (c) 
Fig. 4 SEM pictures of details of the fracture surface of notched specimens at different stages of propagation (NP 
specimen, σa = 290 MPa, Nf = 3.20 x 105 cycles): a) transcrystalline fatigue fracture with fine striations, b) tire-trucks, c) 
final fracture - transcrystalline ductile fracture with dimple morphology. 
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Fatigue cracks in all the specimens propagated by transcrystalline fatigue mechanism and fine 
striations with orientation perpendicular to the direction of crack propagation were present (Fig. 4a). 
Due the tangential motion of new surfaces on the crack tip during the fatigue crack propagation, so 
called “tire – trucks” can be observed on the fracture surface (Fig. 4b). The final fracture is 
characteristic by transcrystalline ductile fracture with dimple morphology. Big dimples present on 
the surface of final fracture were created by fracture of ferrite grains and the small dimples by 
fracture of lamellar pearlite (Fig. 4c). The fact, that all specimens had the same character of fatigue 
crack propagation and final fracture confirms that shot peening influences only surface and 
subsurface layers of material. 

4. Conclusion 

After analysis of the influence of shot peening on X70 microalloyed steel notch fatigue 
properties and fracture surface appearance it can be stated: 
- work hardened surface layer created by conventional and severe shot peening increases the 

fatigue life of experimental material in conditions of rotating bending fatigue tests of notched 
specimens, 

- shot peening application creates symmetrical distribution of dimples on the circumference of the 
notch, what causes increase of the number of initiated fatigue crack, 

- fatigue cracks in steel X70 propagate by transcrystalline fatigue mechanism with striations, 
- character of fatigue crack propagation was the same in all specimens, what confirms that shot 

peening affects only surface and subsurface layers of material, 
- final fracture has character of transcrystalline ductile fracture with dimple morphology with two 

dimple characters, big dimples for ferrite grains and small dimples for lamellar pearlite. 
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Abstract. Submited article deals with specific unconventional machining methods, such as laser, plasma or 
cutting with water jet. Based on the characteristics properties and possibilities of these methods, article 
suggests their application for the production of specific components in the automotive industry. 
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1. Introduction 

In various areas of mechanical engineering are increasingly used unconvetional machining 
methods instead of usual methods. By the term “unconventional machining methods” are marked 
methods, which unlike conventional material removal, does not use mechanical (kinetic) energy (in 
most cases), but the use of physical or physico - chemical principle of material removal, without 
taking unnecessary force on the material and without producing splinters. There are many reasons 
why to use an advanced methods of machining in mechanical engineering, especially the possibility 
of cutting a wide range of materials, complex shaped parts with required quality and without the 
need for further processing. The area of usage for these technologies are mainly for car industry, in 
which they are used for production of the components from various new materials with different 
properties. In our conditions, the most frequently used unconventional machining methods include 
laser beam machining (LBM), plasma beam (PBM) and water jet machining (WJM). 

2. Laser beam machining 

Machining by laser (Laser-Beam Machining - LBM) is classified into one of the many 
applications of laser beam. It's a kind of machining, in which material is removed by effect of 
highly concentrated beam of photons emitted from the laser head. It is a thermal machining process 
- highly concentrated light energy concentrated in a small area is changed to a heat energy, where 
the material is due to large amount of energy melted or evaporated, thus achieving the desired 
shaped parts. [1] 

 
 

1. Active environment 
2. Excitation radiation 
3. Impermeable mirror 
4. Samipermeable mirror 
5. Laser beam 

 

             Fig.1. The principle of laser device 

211



 

 

2.1 The use of laser beam 

Laser is a versatile tool for the cutting (thermal cutting of materials). The process of cutting 
depends on the type of material and the used gas. This is done in several ways: 
 
1) laser sublimation cutting - laser beam heats the surface of the material to a temperature of 
evaporation and supplied internal gas eliminates emerging steam at the forefront of cutting area, 
creating narrow cut with high quality cutting surface. It is used for very small thickness (such as 
cutting of plastics). 
 
2) Laser fusion cutting - a strong current of inert gas removes molten material from the cutting 
zone. Surface of the material is heated only to the melting temperature, therefore is required less 
energy per length unit of the cut. The disadvantage of this method is worse quality of the cut, due to 
solidified melt drops at the bottom of the cutting area. 
 
3) Laser cutting with active gas – as active gas is used mostly oxygen, which causes the burning 
exothermic reaction while burning base material, by this process is achieved faster heating, higher 
cutting speed and surface quality of the cut. [2] 
 

Cutting with a laser beam is the most used technology for almost all kinds of construction 
materials. The most used types of lasers for materials processing are Nd - YAG and CO2 lasers. For 
cutting metal materials are suitable CO2 lasers with an output 1-8 kW and solid-state laser with a 
power output of 0.5 to 4 kW. For cutting steel are preferred CO2 lasers that are optimal for thickness 
6-7 mm but can be used for cut even larger thicknesses up to 20 mm. By using a CO2 laser to cut 
aluminum, it can be achieved cuts up to a thickness of 12.7 mm. Using a mixture of gases such as 
Ar + H2 can cut stainless steel up to 70 mm thick and light metals to thickness 80 mm. To process 
ceramics, composites and plastics, also for the micromachining area of thin metal profiles, for metal 
objects labeling, removing material from printed circuit boards, or for microcutting soft and hard 
biological tissues in human medicine, are used gas excimer lasers with short wavelength. [2] Laser 
beam machining has many applications in various industries. The automotive industry is faced with 
a wide range of materials of varying thickness and quality. This is the reason and oportunity for 
using either a laser beam in 2D or 3D, or welding. 
 
3. Plasma beam machining 
 

Gases heated to a temperature higher than a few thousand ° C creates a special state of matter 
(plasma). The plasma state is a matter completely or incompletely ionized, ie with a high energy 
content. Some properties of this compound resembles a gaseous state and other properties of a solid 
state. It is a gas consisting positively and negatively charged particles in an amount such that the 
resulting charge equal zero. This means that in the plasma state is plasme electrically neutral. 
Plasma cutting is a process where a neutral gas (for example compressed air ) passes at high speed 
through a nozzle into the arc generated by high-voltage spark and the gas subsequently ionizes. The 
electrical circuit connect with the metal surface, an plasma arc creates with high temperature, which 
can melt metal and then gas flowing at high speed remove molten metal from the cutting gap. 
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Fig.2. The principle of material cutting with plasma beam 

 
3.1 Use of the plasma beam 

 
Cutting metal materials with a plasma beam is used in all sectors of industry. In the automotive 

industry it is used for cutting various axle, chassis braces and retainers, also for various parts of 
cargo trucks. Plasma spraying in the automotive industry is particularly suitable for repair and 
renovation of the surface of machine parts (higher resistance to abrasion, cavitation and erosive 
wear) and also the application of coatings to various components. Plasma beam cutting is mainly 
used for conductive materials. With plasma beam is possible to cut materials like stainless steel, 
high alloyed steels and non-ferrous metals. It is not suitable for cutting plastic. With plasma beam 
technology is impossible to make impassable holes, respectively cavities. Thickness of cut material 
vary, depending on the type of device and plasma gas used. Plasma cutting process affects the 
following parameters: 
 
• nozzle diameter, 
• plasma gases, 
• distance between the burner and the material 
• cutting speed. [2] 
 

When cutting austenitic steels it is possible to achieve smooth cuts. Aluminum alloys is 
recommended to cut with water plasmatrons up to 100 mm. Cutting copper alloys is more 
complicated and for larger thickness (2-30 mm) there can occur wrapping of the material on the 
bottom edge of the cut. For cutting materials with gas stabilization stainless steel can be cut up to a 
thickness of 100 mm and 125 mm aluminum alloy under the given operating conditions. 

 
4. Water jet machining 

4.1 Pure water jet 

Cutting materials with pure water jet works by removing material with a high-pressure stream 
of water that passes through a nozzle with a diameter of 0.3 mm. The beam is 2 to 4 times higher 
speed than the speed of sound. Using high-pressure water pump is pumped with a flow rate 12.7 l 
min-1. When increasing the pressure above the limit occurs an undesirable effect on the cutting 
effectiveness, involving higher pressure losses and increased noise, which can cause deterioration of 
the environment and high costs for water filtration.  
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4.2 Abrasive water jet AJM 

Waterjet Cutting with abrasive ingredient works by removing the material by mechanical action 
of the flow with high speed and also kinetic energy per unit area. Adding abrasive material to the 
flow, increases the mechanical effect of removing the material. 
Abrasive water jet cutting has many advantages, such as: 
 
• application for turning, milling, drilling, punching, 
• high speed, 
• the possibility of cutting multicomponent composites, 
• Low thermal effects on the material surface, 

 
Fig.3. Cutting with water jet 

 
4.3 The use of water jet 

Pure water jet can cut soft materials used in the chemical, paper and food industries. The soft 
materials include, for example rubber, which is cut by clean water jet to thickness 50 mm, plastics 
to 20 mm thickness and the foam thickness up to 100 mm. Water jet with the addition of abrasive 
material is used for cutting hard materials such as titanium and stainless steel, abrasive water jet is 
able to cut such materials to a thickness of 100 mm. Water jet cutting is widely applied in material 
cutting across all sectors of industry, whether flat material cutting or shaped materials (glass, 
aluminum, steel, iron, titanium). In the automotive industry is used for cutting 3D parts (chassis, 
bumpers, dashboards, headrests and armrests, upholstery and interior materials based on PVC), 
rubbers, carpets, ceramics, seals and other mechanical components. 

5. Conclusion 

This article deals with the topics, that will be subjects of research in the dissertation work. 
During the experiments will be compared individual technologies of machining for selected 
materials, used in the automotive industry, based on surface quality, accuracy, heat affected zone 
and microstructure. The aim of work will be to determine the appropriate method of unconventional 
machining for individual components, taking into account technological, environmental and 
economic factors. 
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Abstract. The paper presents fundamentals of the V-block method and the characteristics of mathematical 
model used in this method. The V-block method also known as a reference methodcan be used for 
measurement of roundness and waviness deviation of large cylinders utilized in paper industry, shipping 
industry or in metallurgy. Such cylinders, due to their significant mass and dimensions cannot be measured 
by traditional radius change methods.V-block methods can be also successfully used to perform 
measurements directly on a machine tool.Furthermore this paper show simulation of the various angles α and 
β, i.e. parameters of the V-block method,  for 16-50 UPR(undulations per revolution)  of the V-block 
waviness measurements. The results of the simulations were presented in table. This table show optimal 
angles combinations of the V-blockwaviness measurements of cylindrical surfaces. 

Keywords:V-block method, reference method, roundness, waviness  

1.  Introduction 

About 70% of all engineering components have an axis of rotational symmetry [1], so 
cylindrical elements are very important group in mechanical parts. 

For determining the technical quality and practical features of the surface texture, all 
itsirregularity profile components should be analyzed [2]. Especially roundness deviation and 
waviness of cylindrical surfaces should be measured. 

Modern industry applies two groups of methods to measuring roundness and waviness of 
cylindrical elements: the V-block method also called reference methods and radius change methods. 
The radial methods can be divided into two main groups: ones employing a rotary sensor, and ones 
employing a rotary table (see Fig. 1).   

 
Fig. 1. Radial roundness measurements: (a) using the rotary sensor, (b) using the rotary table [3] 

In the majority of cases nowadays measuring instruments are based on radius changes methods, 
because this method is simple and accurate. But it has some drawback. In this method the 
workpiece (1) should be placed on the measuring table (2) of the instrument. In many kinds of 
industry such as power industry, paper industry, metallurgical industry and shipbuilding, there are 
large-size cylinders that cannot be placed on the measuring table [4,5]. So these radial measuring 
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instruments cannot be used in heavy industry. Furthermore modern industry needs instruments that 
can be used directly on machine tool for a quick check of roundness and waviness profile in the 
serial production [6].  

Responding to these requirements, researchers have developed new method called V-block 
method. 

The V-block method is a widely accepted method for measuring the roundness of a cylindrical 
workpiece, which enables fast and simple setting of the target workpieces [5]. 

2.  Characteristic of V-block measuring methods 

V-block methods can be divided into: two-point, three-point and n-point methods. In the V-
block method used for roundness and waviness measurement, one can distinguish points of supports 
that are base points and points of measurement. Their position with regard to the assumed co-
ordinate system is determined by the angles α and β. The angle α is the angle between the tangents 
up to the supports of the measured object (anglebetween  S2 and S3 points of Vee), whereas the 
angle β is the angle between the direction of measurement and the co-ordinate axis X. The values of 
α and β shown in Fig. 2 are the angular parameters, which are responsible for detecting particular 
harmonic components of the measured profile. 

 
Fig. 2. The principle of measurements of roundness and waviness profile by V-block methods 

As shown in Fig. 3 in reference method measured deviation ∆F does not coincides with 
roundness deviation ∆Z.   

 
Fig. 3. Comparison of the profile F(φ) measured by a V-block method with a profile R(φ) measured by a radial method  
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That is why the basic problem of V-block method application is the necessity to obtain 
information on the dominant type of form error, for which, by means of an appropriate coefficient, 
called the coefficient of detectability, it is possible to estimate the roundness deviation ∆Z. 

nK

F
Z

∆≅∆ . (1) 

where ∆F - measured deviation and Kn – coefficient of detectability for  n-th harmonic. 
Summarize the coefficient of detectability is the function of the method parameters. i.e. the 

angles α and β, as well as the number n determining for regular profiles, the so-called n-lobbing. 

Rn

Fn
n C

C
K =),( βα . (2) 

where CFn – amplitude for n-th harmonic of the measured profile, CRn – amplitude for n-th 
harmonic of the real profile. 

At the beginning reference methods had low accuracyand were applied to the approximate 
roundness measurement. For this reason, mathematical model was developedto increase 
measurement accuracy of the V-block method. Interesting mathematical model presented by 
Adamczak in Ref. [5]. He described coefficient of detectabilityKn with the following dependences:  

22
nnn YXK += . (3) 
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 This mathematical model enabled the development of computer programused to carry out V-
block measurements of roundness and waviness of cylindrical surfaces.   

3. Selection of  the V-block method parameters to waviness measurements of 
cylindrical surfaces  

In order to determine the optimal V-block method parameters used to measure waviness 
deviations,  computer simulation was carried out.For this purpose the coefficients of detectability 
Kn for 16-50 UPR (undulations per revolution), were calculated. The calculation were performed 
for various combination of the angels α and β. Angle α was examined for 10° to 89°, and angle β 
was examined for 90° to -90°. 

In simulationa method quality index (6) was applied, which is harmonic average of the 
coefficient of detectability Kn. 

∑

−
=

=
−fn

n n

f
j

K

n
W

16
1

15
),( βα . (6) 

where 

50=fn . (7) 

Application of a method quality index allowed authors to determine combination of the angles 
α and β for which all detectability coefficients in the range K2-K50 are not equal to zero and they 
reach satisfactory values, becausesuch combination of angles allows users to obtain high  V-block 
measurement accuracy.Table 1 presents the simulation results. 
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Tab. 1. Optimal V-block method parameters  used to measure waviness of cylindrical surfaces 

Table 1 present combination of angles for which method quality index (7) is maximum (i.e. 
high values of detectability coefficient Kn). The simulation results, show that method quality index 
reach maximum value for pairs of angles: α=10̊, β=-84,5̊  because Wj(10̊,-84,5̊)=3,03, and  α=89̊ , 
β=-1̊ becauseWj(89̊,-1̊)=28,12 (green mark in tab. 1). It appears that these combination of angles are 
the most appropriate, but all the pairs of angles shown in Table 1 may be used in the V-block 
method to accurate measurements of waviness of cylindrical surface. 

4. Conclusion 

Developed concept of waviness measurements by the V-block methods meets requirements of 
modern technological processes, because this method allows measurements roundness and waviness 
deviation of large cylinders. These methods can be also successfully used to perform in-situ 
measurements directly on a machine tool. 

The results of simulation given in Table 1 show variety reference methods parameters (i.e. 
combinations of angles α and β) which can be used to measure waviness deviation of cylindrical 
surfaces. Furthermore computer simulation results indicate that the three-points, unsymmetrical 
inverted reference method is most appropriate for waviness measurements, because value of the 
detectability coefficientsKn in many cases are high for negative angle β (see Table 1). 
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Lp. α̊ β̊ Wj Lp. α̊ β̊ Wj Lp. α̊ β̊ Wj Lp. α̊ β̊ Wj 
1 10 -84,5 3,03 21 30 -35 1,81 41 50 -45 1,78 61 70 -24,5 1,88 
2 11 -87 2,72 22 31 -36 1,80 42 51 -46 1,79 62 71 -28 1,88 
3 12 88 2,71 23 32 -37 1,80 43 52 -47 1,79 63 72 -31 1,96 
4 13 -69,5 2,51 24 33 -38 1,80 44 53 -48 1,79 64 73 -10,5 2,14 
5 14 -75,5 2,42 25 34 -39 1,80 45 54 -49 1,79 65 74 -15 2,18 
6 15 -70 2,21 26 35 -40 1,80 46 55 -50 1,79 66 75 -19,5 2,27 
7 16 -74,5 2,08 27 36 -41 1,80 47 56 -51 1,80 67 76 -14,5 2,55 
8 17 -88,5 2,08 28 37 -42 1,79 48 57 -52 1,79 68 77 -20 2,65 
9 18 -84,5 2,10 29 38 -43 1,79 49 58 -53 1,80 69 78 -25 2,55 
10 19 62 1,97 30 39 -44 1,79 50 59 -54 1,81 70 79 -30 2,55 
11 20 65 1,94 31 40 -45 1,78 51 60 -55 1,81 71 80 -13,5 2,89 
12 21 68,5 1.89 32 41 -46 1,77 52 61 -56 1,82 72 81 -14,5 2,91 
13 22 -27 1,85 33 42 -47 1,77 53 62 -56,5 1,80 73 82 -13 2,94 
14 23 -28 1,84 34 43 -48 1,77 54 63 -57,5 1,82 74 83 -7 3,84 
15 24 -29 1,84 35 44 -49 1,77 55 64 -59 1,83 75 84 -6 4,56 
16 25 -30 1,84 36 45 -40 1,77 56 65 -60 1,83 76 85 -10 4,77 
17 26 -31 1,83 37 46 -41 1,77 57 66 -61 1,84 77 86 -10 5,18 
18 27 -32 1,82 38 47 -42 1,77 58 67 -62 1,83 78 87 2 15,81 
19 28 -33 1,82 39 48 -43 1,78 59 68 -63 1,83 79 88 -1,5 23,68 
20 29 -34 1,81 40 49 -44 1,78 60 69 -21,5 1,89 80 89 -1 28,12 
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Abstract. From the perspective of materials processing, manufacturing practice in recent years can be seen 
the arrival of many new technologies. In the area of cutting of materials, in number of cases replace 
conventionally used for cutting and clipping on CNC-controlled machines, laser cutting technology. 

This paper describes the principle of  laser cutting technology, the parameters of that technology and 
their impact on the quality of the cutting edge. Characterized by laser cutting machines, construction, 
distribution of the laser beam generator according to the principle and the media. Describes the principle of 
generation laser beam CO2 and Nd:YAG laser. Gives examples of cutting edge after laser machining. 
 
Keywords: Laser cutting, CO2 laser, Nd:YAG laser, laser beam, laser cutting parameters. 

1. Introduction 

Laser cutting is a technology, that uses a laser in cutting of different kinds of materials, mostly 
metals such as carbon steel, aluminum, stainless steel and copper alloys. It is widely used in the 
metal fabrication industry to increase cutting speed and cutting capacity, reduce production costs, 
increase productivity and improve cutting quality. 

Cutting is done by aiming the energy produced by the high-power laser at a small portion of the 
object to be cut. That small portion is pierced first before a cut is made. 

2. CO2 laser 

Among the most commonly used laser in cutting is the carbon dioxide laser (CO2 laser), a kind 
of gas laser that is also used in welding. It is capable of emitting a maximum of 100 kW at 9.6 µm 
and 10.6 µm and of cutting 20-30 m/min of one millimeter-thick material. [1] 

Laser (Light Amplification by Stimulated Emission of Radiation) is a device that generates a 
highly concentrated monochromatic and coherent beam of light. The light is produced through the 
process of stimulated emission. [1] 

Light of a specific wave length passes through  tubes filled with some “active-gainmedium” (in 
CO2 laser is a medium mix of gases CO2, N2, O2) and is amplified (increases in power). 
Surrounding mirror sensure, that most of the light makes many passes through the gain medium, 
being amplified repeatedly. Part of the light, that is between the mirrors passes through the partially 
transparent mirror and escapes as the beam of Laser light (Fig.1). [1] 

 

 

Fig.1. Resonator of CO2 Laser  [4] 
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A diagram of a laser beam delivery system is shown below (Fig. 2), consisting of: [2] 
 

1. CO2 laser resonator, where the excitation of carbon atoms produces single wavelength light 
emission, 

2. depolarising mirror, 
3. and 4. telescope optics, 
5. beam benders, 
6. focussing lens, 
7. cutting head, 
8. cutting nozzle, 
9. work material sheet.  
 
The focussing device consists of either a zinc-selenide lens or a parabolic mirror which brings 

the laser beam to a focus at a single point. Depending on the laser beam power, a power density of 
more than 107 W/cm2 is achieved at the focus point. [2] 

 

Fig. 2.  Laser beam delivery system [2] 

3. Nd:YAG Laser  

The Nd:YAG laser is an optically pumped laser. The rod itself is a special type of glass 
(Yttrium Aluminum Garnet) doped with neodymium. It is optically clear although a tint may appear 
depending on doping concentration - it invariably appears violet when photographed with a flash. 
The rod is pumped optically by a flashlamp, or CW high-pressure krypton lamp. In newer lasers, 
laser diodes are used as the optical pump. Mirrors are high-reflection dielectric type and usually 
transparent to visible light. Although impossible to grow a rod yourself, rods and cavity optics are 
available surplus. This makes the YAG laser high power laser (Fig.3). [4] 

 

Fig. 3. Resonator of Nd:YAG Laser [4] 
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4. The Laser Keyhole 

The keyhole phenomena induce in metal bath an irradiation effect, which will provide the 
energy needed to vaporize the base material. The heat transfer process at the interface between the 
solid-liquid phase involve beside the thermal conduction also the convection effect due to the 
movement of the melted metal into the metal bath. Only the vapour presence combinated with 
thermal conduction and convection effect will provide a good cutting. 

In laser cutting the keyhole effect produce the major consequence:  
• The heat souce will generate sudden variation in time and space of the material temperature 

and powerfull evaporation will occure. The rapid vaporizing will generate an increasing pressure 
which facilitate the process transformation of liquid metal into vapour. The hot gas escaping from 
the keyhole forms a plasma or plume above the workpiece.  

The reflectivity of the metal is only important until the keyhole cut begins. After forming the 
first drop of melted metal, the level of absorbed energy will increase because the metallic bath has a 
low reflection degree, causing the temperature to significantly increase up to the point where metal 
steams form.  

The laser beam is focused to produce an incident power at the surface of the material; power 
which will initialize the vaporisation and the formation of the keyhole effect. Keyhole of cutting is 
dependant on focused spot power density (laser power and focused spot size), cutting speed, 
material, melting temperature, material reflectivity, material conductivity, and the like. 

 

Fig. 4. Model of the Keyhole [5] 

5. Parametres of Laser Cutting 

Cut quality depends on the following variables: [3] 

• Beam generation: 
- Laser power. 
- Pulse frequency. 

• Beam delivery: 
- Distance between the cutting nozzle and the work-piece. 
- Focal length of the focussing optics. 
- Focal position. 
- Cutting speed. 

• Cutting gas configuration: 
- Type and pressure of cutting gas. 
- Diametre and type of nozzle. 

• Material characteristics: 
- Material Type. 
- Material thickness. 
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6. Advantages of Laser Cutting 

Laser technology has the following advantages: [3] 
• high accuracy, 
• excellent cut quality wherever it can be applied, 
• small kerf, 
• high processing speed, 
• compared to other thermal cutting processes, very narrow heat-affected 

zone, 
• many different types of materials can be cut, 
• it can cut intricate shapes, very small holes and bevelled surfaces, 
• no contact between the focussing head and the job and therefore no force 

applied to the work-sheet, 
• real-time control of the laser power over a wide range of amperage (1-

100%) enables a power reduction on tight curves and pulse piercing. 

7. Conclusion 

Based on the information, summarized in the submitted article is to be noted that the  laser 
cutting technology is highly productive and applicable to the production of large quantities of 
components of a wide range of materials. Research brings ever new knowledge about technology, 
that we now take for unconventional and developed. In recent years, there were discovered many 
new technologies and assume that the future, it will be the same. Laser cutting is a relatively new 
technology, that has a lot of detail that you need to upgrade. Laser cutting is now widely used and a 
large number of scientists and technologist is upgrading works on and every day bring 
improvements and streamlining. 
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