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UTILIZATION OF VEHICLE CONTROL-DIAGNOSTIC 
SYSTEM IN EVALUATION OF ENERGETIC PARAMETERS 

 
 

 In modern tractors and farm machinery newest electronic and information technologies, 
controlling not only engine work parameters but also operation of other sub-assemblies 
of the vehicle, are used. It enables real time exchange of information between controllers 
of tractor engine or whole agricultural unit. Evaluation of technical condition is possible 
on level of real time monitoring of diagnostic parameters, as well as by means of portable 
diagnostic systems. Utilization of on-board control-diagnostic systems, with installed 
automatic tests algorithms controlling operation of particular sub-assemblies, is also 
possible. Goal of this paper was evaluation of energetic parameters of John Deere 6920 
tractor by means of on-board diagnostic system utilization. Tractor engine energetic 
parameters obtained as a result of such investigations enable evaluation of energetic 
"saturation" of a tractor. Establishing characteristics of changes course for: torque, 
power and unitary fuel consumption enables determination of rotation speed range for 
optimal operation of an engine. Using on board diagnostics of agricultural tractor as 
well as additional external diagnostic system Service ADVISOR eases location of 
damages and failure repair in tractors and farming machinery. It also enables 
determination of unitary fuel consumption ge, precisely enough to be used in establishing 
its value for practical purposes. 

 
INTRODUCTION 

Analysing present situation and tendencies taking place in the word of 
motorization, increase in electronics, information techniques and mechatronics 
utilization becomes clearly noticeable It has significant effect on development of  con-
structional solutions as well as quality of operation of cars and commercial or 
agricultural vehicles. On one hand, it enables increase of work efficiency of exploited 
equipment, and on the other hand it leads to significant complication of construction 
[9]. Increasing number of various steering systems for particular subassemblies is 
introduced in vehicles It should be emphasised that areas of their operation often 
overlap, what results in necessity of integration of these system operation [1]. That is 
why, since 1980s, in cars, introduction of, based on various communication protocols, 
serial data buses has begun. Subsequently, unification of cars steering systems into 
common on-board diagnostic system (OBD), later adopted for commercial and 
agricultural vehicles, took place [2, 5, 10]. 
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Introduction of serial data bus, for example CAN type, enabled operation, on the 
same set of data, of even dozen or so controllers responsible for work of vehicle 
subassemblies. Utilization of data transmission protocols enables real time exchange 
of information between controllers. Moreover, its introduction simplifies assessment 
of cars technical condition [7,8]. It is especially important when exploited vehicles are 
scattered over significant area, and there are difficulties to use some of other 
measurement methods. 

Utilization of serial data bus enables evaluation of technical condition of vehicle 
through monitoring diagnostic parameters in real time. Moreover, serial bus makes 
possible cooperation with external diagnostic system and is a basis for on-board 
control-diagnostic system, which is programmed to perform auto-tests of particular 
subassemblies [4]. 

Knowledge of energetic parameters, from the vehicle user point of view, is 
necessary to obtain good economics of vehicle work and is a basis for determination of 
its technical condition [6]. There are many methods of measuring energetic parameters 
such as power or torque. Some of them require transporting vehicle to particular place 
or disassembly of some of vehicle subassemblies. That is why, in this paper, method of 
measuring energetic parameters in place where vehicle is used was utilized.  In order 
to measure fuel consumption, control-diagnostic system cooperating with mobile 
diagnostic system was used. Equipped with on-board diagnostic system, John Deere 
6920 agricultural tractor was object of this research. 

 
METHODS 

In order to evaluate energetic parameters such as torque and power output of 
agricultural tractor, PT 301 MES device was used. It enabled measurements of these 
parameters on power take-off shaft (PTO) (Fig. 1). This device is a mobile 
dynamometric stand enabling measurements in vehicle workplace. The only limitation 
for its use is possibility of connecting it to a source of, depending on its load level, 400 
or 240V current supply. Measuring range for maximal torque and maximal power, that 
can be absorbed by the brake, reaches 5800Nm and 340kW respectively, and depends 
on time of operation and conditions at the site. 

 
 

Fig. 1. Diagram showing mobile PT 301 MES dynamometric station [4] 
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Investigated tractor reflects tendencies in modern construction solutions of 
vehicles. John Deere 6920 tractor is based on modular design. Its diesel engine is fully 
electronically controlled and equipped with eight, connected into common steering-
diagnostic system, controllers managing particular subassemblies. The system enables, 
through diagnostic connector, two-way communication with external diagnostic 
system Service Advisor. 

Before conducting research, equipment and technical condition of investigated 
tractor had been checked by means of visual inspection and interview with tractor user. 
Next action was communication through diagnostic connector between engine steering 
units and portable computer equipped with diagnostic system Service ADVISOR. 
After connection with on board diagnostic system was established, verification of 
previously gathered informations was conducted. Subsequently, it was determined 
what steering units are available in the system and what parameters can be monitored. 

In order to take measurements, the tractor was placed on even surface and in line 
with the brake axis and power take-off shaft of the tractor was connected with a 
terminal of the brake by properly chosen transmission shaft. Following task was 
determining rotation speed ratio of the engine and the dynamometric stand by 
establishing ratio of rotational speed between the tractor engine crankshaft and power 
take-off shaft iwom = 1,995. Measurements of torque Mo and power Ne were carried out 
under full load and variable rotational speed. Readings of surrounding temperature Tot 
and atmospheric pressure pa were also registered. 

During conducted research, in real time, following diagnostic parameters were 
registered in Service ADVISOR diagnostic system: hourly fuel consumption Gl [l·h

-1], 
engine rotational speed , power take-off shaft rotational speed, air temperature Tot, 
atmospheric pressure pa, fuel temperature Tp, coolant temperature Tch and temperature 
of hydraulic oil Th. At the same time load, was put on the power take-off shaft by 
means of engine test bench PT 301 MES, and value of breaking power and rotational 
speed of the brake were registered. 

Relying on above mentioned data, reduced torque Mozr and reduced power Nezr 
were calculated. Obtained maximal values of measured parameters were compared 
with producer specifications. Measurements of energetic parameters: power and torque 
were carried out in conformity with DIN 70020 standard, while calculating them to 
reduced conditions according ISO 3046 standard. 

Measurements of hourly fuel consumption Gl were conducted simultaneously with 
measurement of torque Mo and power Ne. Obtained results of hourly fuel consumption 
Gl [l·h

-1] were registered in Service ADVISOR diagnostic system. At the same time 
readings of air temperature Tot, atmospheric pressure pa and, in order to determine fuel 
density ρp, fuel temperature Tp were registered. Based on these measurements hourly 
fuel consumption Gc expressed in [kg · h-1] was calculated according to formula: 

 

plc GG ρ⋅=  [kg · h-1];     (1) 

 
Than specific fuel consumption was determined according to formula: 
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where: Gc – hourly fuel consumption [kg · h-1], Ne – power output [kW], Mo – torque 
[Nm],  n – engine rotational speed [rpm]. 

Moreover, flexibility coefficient e (3), enabling evaluation of suitability of vehicle 
for traction tasks, was determined. This coefficient is product of torque flexibility 
coefficient em (3) and rotational speed flexibility coefficient en (3). 

 

M

N

N
nm n

n

M

M
eee ⋅=⋅= max ;      (3) 

 
where: Mmax – maximal torque [Nm], MN – torque at maximal power  [Nm], nN – 
maximal power rotational speed [obr · min-1], nM – maximal torque rotational speed 
[obr · min-1]. 

 
EXPERIMENTAL RESULTS AND DISCUSSION 

Course of, registered in Service ADVISOR diagnostic system, hourly fuel 
consumption Gl and engine rotational speed n during taking measurements for John 
Deere 6920 tractor were presented in Figure 2. In order to make tractor measurement 
results analysis more accurate, measurement intervals were plotted on curves of course 
of both measured parameters, and whole measurement was divided into four periods. 
Analogous analysis was used for evaluation of John Deere 6820 tractor [4]. Obtained 
results are presented in Table 1 and Figure 3. 

 

 
 
Fig. 2. Progress of changes in hour fuel consumption Gl and engine speed n while preparing external 
speed characteristics for John Deere 6920 tractor (registered in the Service Advisor diagnostic system 
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In order to ensure proper measurements conditions, thermal state of engine, by 
means of registering temperature of coolant Tch, was monitored. Simultaneously, 
during measuring fuel consumption, temperature of fuel Tp, which was later used to 
recalculate volumetric fuel consumption (l·h-1) to, expressed in (kg·h-1), mass fuel 
consumption. Obtained results were presented in table 1. 

First period included beginning of registration of parameters in Service ADVISOR 
diagnostic system and preparation of the investigated tractor for measurements. During 
this period, check-up of diagnostic parameters determining thermal condition of the 
engine and drive transmission system were conducted. In case of investigated vehicle 
these were: coolant, engine oil and hydraulic oil temperature. Second period, although 
the engine did not work with maximal possible fuel charge, represents increase of 
engine load with simultaneous increase of fuel consumption. Compared with 
investigation of John Deere 6820 tractor [4], this period comprised greater amount of 
measurement intervals, and rotational speed ranged from 2150 to 2250 rpm.  

 
Table 1. Fuel consumption measuring results for John Deere 6920 tractor at maximum load and 
variable engine speed on the basis of data from the Service Advisor diagnostic system 

Vehicle mileage P = 850 hours. PTO nominal rotational speed n = 1000 obr/min.  
PTO ratio iWOM = 1,995. Weather conditions: pa = 1016 hPa, Tp = -4 °C. 

Measured quantities Reduced quantities 
On. n 

[rpm] 
Mo 

[Nm] 
Ne 

[kW] 
Gl 

[l·h-1] 
Tp 

[ºC] 
ρp 

[kg·m-3] 
Gc 

[kg·h-1] 
gp 

[g·kWh-1] 
Moz 

[Nm] 
Nez 

[kW] 
Gc 

[kg·h-1] 
gpz 

[g·kWh-1] 

1 2246 12,7 3,0 17,9 21,0 831 14,87 4986,8 12,1 2,8 14,87 5221,8 

2 2210 253,6 58,7 20,5 21,0 831 17,04 290,2 242,2 56,1 17,04 303,8 

3 2195 328,8 75,6 23,3 21,0 831 19,36 256,2 314,0 72,2 19,36 268,3 

4 2167 407,6 92,5 27,3 21,0 831 22,69 245,3 389,3 88,3 22,69 256,9 

5 2147 437,1 98,2 28,5 20,0 832 23,71 241,4 417,4 93,8 23,71 252,7 

6 2123 447,0 99,4 28,4 20,0 832 23,63 237,8 426,9 94,9 23,63 249,0 

7 2079 462,9 100,8 28,2 20,0 832 23,46 232,9 442,0 96,2 23,46 243,8 

8 1983 481,4 100,0 28,0 20,0 832 23,30 233,0 459,8 95,5 23,30 244,0 

9 1899 508,2 101,1 28,0 20,0 832 23,30 230,5 485,3 96,5 23,30 241,4 

10 1803 534,4 100,9 27,7 20,0 832 23,05 228,3 510,4 96,4 23,05 239,1 

11 1712 553,0 99,1 27,7 20,0 832 23,05 232,5 528,1 94,7 23,05 243,5 

12 1624 557,1 94,7 27,1 20,0 832 22,55 238,0 532,0 90,5 22,55 249,2 

13 1528 562,5 90,0 26,3 19,0 833 21,91 243,4 537,2 86,0 21,91 254,8 

14 1444 565,2 85,5 25,8 19,0 833 21,49 251,4 539,8 81,6 21,49 263,2 

15 1357 574,7 81,6 24,2 19,0 833 20,16 246,9 548,9 78,0 20,16 258,5 

16 1261 572,5 75,6 21,7 19,0 833 18,08 239,1 546,7 72,2 18,08 250,4 

17 1173 567,0 69,7 19,3 19,0 833 16,08 230,8 529,4 64,8 16,08 241,7 

18 1081 534,4 60,5 17,4 19,0 833 14,49 239,5 358,1 41,0 14,49 250,8 

 
Third period, similarly to one for 6820 tractor [4], included irregular course of both 

parameters. Increase of load governed by controller of dynamometric stand, causes 
variable reaction of the engine resulting from its work with maximal fuel charge,  what 
makes it difficult to stabilize the load during the course of measurement.  It should be 
noted that in case of 6920 tractor rotational speed range, for this period, was narrower 
(2050 - 2150 rpm), and variability of fuel consumption was significantly grater. It 
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enables statement that work of the engine with rotational speed grater than 2000 rpm is 
not beneficial. It should also be mentioned that significant increase of unitary fuel 
consumption occurred, after above mentioned rotational speed was exceeded. 

Course of hourly fuel consumption Gl and rotational speed of the engine was stable 
in fourth period.  In this period, rotational speed ranged from 1100 to 2000 rpm.  For 
this interval, course of torque curve (Fig. 3) was flat, and at the same time specific fuel 
consumption was the lowest. However, analysing course of external characteristics of 
power Nez, torque Moz and specific fuel consumption, it was noted that the most 
favourable conditions for work of 6920 model are when rotational speed ranges from 
1500 to 2000 rpm. 
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Fig. 3. Progress of changes in torque Moz, power Nez, hourly Gl and specific fuel consumption gez for 
John Deere 6920 tractor external speed characteristics on the basis of data from the Service Advisor 
diagnostic system 
 

Obtained readings of minimal specific fuel consumption gemin for the investigated 
tractor were 239,3 g·kWh-1  for rotational speed of about 1800 rpm. Conducted 
research shows that minimal specific fuel consumption was obtained with the engine 
working with rotational speed for which maximal power is delivered. Comparison of 
obtained values of specific fuel consumption with research of Kamiński [3] (from 225 
to 273 g·kWh-1) shows that for the investigated tractor specific fuel consumption was 
below mean values.  Analysing course of specific fuel consumption curve it can be 
stated that optimal rotational speed, for this engine work, ranges form about 1500 to 
2100 rpm. However, taking into consideration discussed before course of process of 
increasing load put on the power take-off shaft, this range should be narrowed to 2000 
rpm.  

In order to evaluate technical condition of the investigated tractor, comparison of 
obtained result with factory specifications for effective power Nwom at nominal range 
of revolution of power take-off shaft was conducted. In investigated vehicle, Nwom was 
96,2 kW which is  97,5% of value stated by a producer.  Therefore, vehicle technical 
condition can be considered good. 
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Results show that torque flexibility em = 1,13 and rotational speed flexibility  en = 
1,39, while flexibility of the engine as a whole e = 1,57. When compared with research 
of Kamiński [3], obtained coefficients are relatively low. It is related to course of 
torque and power curves, which in case of investigated vehicle have different character 
than in case of older generation vehicles, what results from a method of controlling 
work of ,powered with common-rail system, engine. It is clearly visible that nominal 
power is not equal to maximal power, and for rotational speed ranging from 1700 to 
2100 rpm power is at similar level. Torque curve characterizes with flat course for 
rotational speed ranging from 1200 to 1700 rpm. Based on analysis of course of all 
curves it is possible to determine range of the engine work optimum rotational speed to 
be from 1500 to 2000 rpm. 
 
CONCLUSIONS 

Measurements of energetic parameters: effective power Ne, torque Mo, by means of 
utilization PT 301 MES dynamometric stand, in range of nominal rotational speed of 
power take-off shaft, enable precise evaluation of technical condition of investigated 
tractors in place where they are used. For the investigated vehicle difference was 2,5%, 
when compared with producer specifications , what proves its good technical 
condition.  

Determining characteristics of torque, power and unitary fuel consumption course, 
and taking into consideration course of measurement registered in diagnostic system, 
enabled determination of engine work optimum rotational speed range, which, in case 
of John Deere 6920, was from 1500 to 2000 rpm. 

Utilizing control-diagnostic system in vehicle with simultaneous use of external 
diagnostic system enables, accurate enough for practical purposes, determination of 
course of specific fuel consumption ge and its dependence on rotational speed.  This 
system enables elimination of need for utilization of, interfering with engine powering 
system, research apparatus. That, thanks to lack of necessity of its installation, 
rationalizes measurement, and therefore, eliminates risk of accidental malfunctions. Its 
only necessary to carry out research which aim is to determine accuracy with which 
fuel consumption is measured by control-diagnostic system.  

Moreover, introduction of diagnostic system, thanks to communication with 
vehicle on-board diagnostic system, contributes to significant facilitation of detection 
and removal of failures both in cars as well as tractors or agricultural equipment.  
System enables identification of faults generated by tractor control systems, 
monitoring and recording of all vehicle work parameters. It can be used while 
servicing a vehicle, but it also enables, if necessary, analysis of recorded data in off-
line mode. 
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UNIT OF ADAPTATION GRIPPERS OF INDUSTRIAL 
ROBOTS 

 
 

In the paper presents a new approach to decision the problem of adaptation grippers of 
industrial robots to changing negative force-torque loads at the time of technical robot-
ized kit fixing in the device of position working. Capabilities and basic elements of unit of 
adaptation grippers for industrial robots presented. 

 

INTRODUCTION 

One of the major problems with the use of industrial robots (IR) in machining flexible 
automated production is a problem of adaptation grippers IR (GrIR) to changing negative 
force-torque loads arising from the adjustment of each t-th position working PWt-1 at the 
time of fixing technical robotized kit (TRK), which includes long handling object HOt-1, 
which is clamping in grippers of IR (GrIR+HOt-1), clamping elements PWt accessories.  

The interaction of technological items robotized system: on one side – the influence of a 
force HOt GrIR clamp on the other – force clamp HOt GrIRt-1 is called “dual connection” 
[5]. Intensity clamp HOt-1 device of PWt far outstrips the amount of clamp force HOt by de-
vice of PWt, which is obvious. The result of this interaction is force conflict (FC) [7].  

Analysis of information sources showed that over the research of many researchers in-
volved. Proposed some methods to adapt ShPR FC phenomena represented in many infor-
mation sources [5, 6, 7, 8]. Methods of adaptation are mostly passive in nature.  

 
THE AIM  

The aim of this work is to present the proposed construction the unit of adaptation GrIR 
to FC, which is mounted on GrIR and reduces the negative impact of force-torque excitation 
on elements of IR.  

The analysis of existing methods of adapting past can be divided into the following 
types [2, 3, 6, 8]: passive, active, combined and integrated.  

Passive adaptation – involves in the construction GrIR compensating mechanical de-
vices that react to the occurrence of unwanted effects force-torque and due to the ductility of 
structural elements compensate for installation errors that arise while fixing HOt-1 in device 
of PWt. This kind of adaptation of a number of disadvantages that reduce the possibility of 
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using it to systems that are moving manipulation of IR occurs at high speeds, due to pres-
ence of unwanted vibration ultimate level of manipulation, the need to re-establish the com-
pensation of errors when serving each PWt, but at the same time adapting this method is 
very simple in implementation.  

Active adaptation – is realized by practicing corrective movements all degrees of mobil-
ity IR. This kind of adaptation is limited primarily kinematic features junctions parts of IR 
manipulation, relatively large energy consumption of corrective movements drive train 
parts, requires certain hardware and software control systems improvements IR. Indisput-
able advantage of this type is reliability adaptation and lack of critical loads on the elements 
and components of IR manipulation.  

To combine the advantages outlined above approximation methods suggested to use the 
combined type of adaptation that does not require improvements IR and control systems 
through the use of mechanical devices compensating simplifies implementation and opera-
tion.  

 
THE PRESENTATION OF THE MAIN PART 

As an example hardware implementation of the combined type of adaptation method 
presented unit of adaptation (UA), which conditionally divided into two blocks: Mechani-
cal and Information. Mechanical block compensating role played by the compliance unit, 
which includes compensators angular and linear errors installing HO to avoid unwanted 
vibrational processes in the endpoint trajectory displacement of IR manipulation unit 
compliance mechanism for fixing the fixed position (MFFP). Pliability joints secured by 
using their spring design elements.  

Information recording unit provides information about available installation error, 
converting mechanical quantities of forces and moments in the electric signal, further 
processing and signal control output to enable or disable the MFFP. The specified func-
tion is achieved by using force-torque sensor as a sensitive and perceptive about forces 
and moments that occur during consolidation HOt-1 device of PWt clamping elements. 
Sketches of the basic units and units represented in Figure 1. 

 

 
 

Fig. 1. Basic elements of UA GrIR to the effect of FC 
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Moving TRK (GrOR + HOt-1) in the service area of device of PWt compliance re-
corded MFFP unit that provides opportunities to move at high speeds and at the same 
time avoid unwanted vibrational processes in endpoint positioning GrIR. When clamp-
ing HOt-1 device of PWt HOt-1 attached force-torque to load from the clamping device 
elements. Moment of load application is fixed information block, which produces sin-
ghalese unfastening of MFFP to provide certain elements compensating compliance. 
Thus, since the vast majority are device of PWt force-torque, is centering and setting 
compensation of errors. Change force-torques loads on HOt-1 shows the passage of 
time fixing process, where the change signal from the sensor is constant. This suggests 
that the transition is set to take place, all the error installing themselves compensated, 
so an information pack produces signal to turn on MFFP and recording site in compli-
ance compensated position, the final link of IR removed from service area device of 
PWt. 
 
CONCLUSIONS 

Using the combined method of adapting the example of the proposed UA increases 
flexibility of automated production technology enables to increase the functionality of 
the conversion process in establishing long HO in device of PWt. 
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A COMPARISON OF THE TRIBOLOGICAL BEHAVIOURS 
MATERIALS MODIFIED OF BORON  
IN THE SLIDING PAIRS 

 
The aim of the present work is to determine the influence of technologically produced 
boron surface layers on the friction parameters in the sliding pairs under lubricated 
friction conditions. The tribological evaluation included ion nitriding, powder-pack 
boronizing, laser boronizing, hardening and tempering surface layers and TiB2 coating 
deposited on 38CrAlMo5-10, 46Cr2 and 30MnB4 steels. Modified surface layers of 
annular samples were matched under test conditions with counter-sample made from 
AlSn20 bearing alloy. Tested sliding pairs were lubricated with 15W/40 Lotos mineral 
engine oil. The tribological tests were conducted on a T-05 block on ring tester. The 
applied steel surface layer modification with boron allowed creating surface layers with 
pre-determined tribological characteristics required for the elements of sliding pairs 
operating under lubricated friction conditions. Boronizing reduces the friction coefficient 
during the start-up of the frictional pair and the maximum start-up resistance level is 
similar to the levels of pairs with ion nitride surface layers. 

 
1. Introduction 

The surface of engineering components are subjected to higher stresses and greater 
fatigue, abrasion and corrosive damages than the interior. Therefore, more than 90 pct 
of the service failures of engineering components are initiated at the surface. Surface 
modification techniques are employed to improve the resistance to failure by produ-
cing a hard and wear resistance layer around a soft and tough core. Two major classes 
of treatments available for enhancing the surface properties are thermal and 
thermochemical. Thermal treatment, such as flame and induction hardening, modify 
the microstructure without modifying the surface chemistry, whereas in thermochemi-
cal methods, the surface chemistry is altered. Nitriding and quenching and tempering 
are well know surface treatment methods [1].  

The boride layer is formed by diffusion of boron atoms in the base metal at high 
temperature [2-5]. Diffusion of boron into the surface of various metals and alloys 
results in the formation of metallic borides which provide extremely hard (up to 
2000HV), wear and corrosion resistant surface [6, 7]. This treatment is a thermoche-
mical treatment in which a material is kept in a boron-giving environment from 850 to 
1000oC for 2-10 h [3, 8]. Various processes adopted for boronizing include pack 
boriding, molten salt boriding, vacuum boriding, laser boriding, etc. The resulting 
layer may consist of either single-phase boride (FeB or FeB2) or polyphase boride 
layer (FeB and FeB2). The tribological properties variations of FeB and FeB2 layers 
depend on physical state of boride source used, boronizing temperature, treatment 
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time, and properties of the boronized material [9]. Industrial boriding can be carried 
out on most ferrous and non-ferrous materials. Boronizing is very effective, especially 
on grey and ductile iron or low alloy steel with chromium. If boronizing is applied to a 
material surface the resultant boride layer increases the wear resistance considerably. 
Furthermore, it decreases the friction coefficient [8]. The use of ceramic materials for 
many tribological applications has increased considerably over the past two decades. 
This is the effect of the unique combination of properties of these materials, such as 
low bulk density, high corrosion resistance, low thermal expansion and high hardness 
over a wide range of temperature. Titanium diboride (TiB2) belongs to this group of 
materials and is well known for its high hardness, high melting point, a relatively high 
strength, high chemical stability at high temperature and high wear resistance [10, 11]. 
Titanium diboride is promising class of advanced materials which have a great 
potential for tribological application. 

 The current boronizing processes allow obtaining surface layers of high hardness 
and high resistance to corrosion and wear, with low brittleness and no tendencies 
towards cracking [4]. However, the operation characteristics of these layers depend on 
the chemical composition, the structure of the surface layer, the method and 
parameters of their production, as well as any possible thermal treatment. The 
modification of the surface layer with boron should be selected upon the required 
operating characteristics and the operating conditions of the kinematic sliding pairs [5-
7]. Thus, it is crucial to determine the influence the boron modification the elements of 
the sliding pair has on the operating conditions and wear during the lubricated friction. 

 
2. Experimental 

The aim of this work is to determine the influence of technologically produced 
boron surface layers on the friction parameters in the sliding pair. The tribological tests 
were conducted on a T-05 block on ring tester (Fig. 1). Three types of steel were used 
in the creation of annular samples, 38CrAlMo5-10, 46Cr2 and 30MnB4 (Fig. 1).  
 
a) 

 

b) 

 

 
Fig 1. Simplified scheme of the block-on-ring tester (a) and the sliding pair; 1-annual sample, 2-
counter-sample (b)  
 

Annular samples from 38CrAlMo5-10 steel were ion nitrided in the atmosphere H2 
+ N2, in the temperature of 500oC and in the time of 6h. Annular samples from 46Cr2 
steel were borided in powder, in the temperature of 950 oC in the time of 8h, and then 
were isothermally quenched and hardened. In the boronizing process, powder of the 
following composition was used, B4C (30%), Al2O3 (68%), NH4Cl and NaF). 
Annular samples from 46Cr2 steel were also laser-borided, with the use of CO2 laser 
(power of beam P = 2 kW, spot diameter d = 4 mm, energy density 160 W/mm2, 

1 

2 
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tracking speed v = 16 mm/s, gas carrier –argon). The boronizing process consisted in 
covering the annular sample with the layer of amorphous boron and liquid glass, and 
melting with the laser beam. Also, the annular samples from steel 46Cr2 were covered 
with the TiB2 coating using PVD method (temperature 400oC, time 40min, pressure in 
ionization chamber p = 2,5 x 10-2 bar). Annular samples from 30MnB4 steel were 
hardened and tempered, hardening in the temperature of 800oC and drawing temper in 
the temperature of 450oC. Modified surface layers of annular samples were matched 
under test conditions with counter samples made from AlSn20 bearing alloy. Tested 
sliding pairs were lubricated 15W/40 Lotos mineral engine oil.  

The on-site tests were executed by following a specified algorithm, which 
included the initial grind-in of the samples and the correct co-operation process at the 
pre-determined load parameters. The grind-in was executed on a test site at a load of 5 
MPa until a complete adhesion of the annular sample and the counter-sample was 
achieved. It was assumed for the starting phase that the pair would be accelerated from 
a speed of n = 0 to 500 rpm in 30 seconds. The friction coefficient to temperature ratio 
was measured as a function of pressure, while the measurements of the pair co-
operation under the pre-determined friction conditions were taken at the annular 
sample rotational speed of 100 rpm and at a jump unit pressure p = 5, 10, 15 and 20 
MPa. The course of the friction coefficient, temperature and wear as a function of 
variable load were registered at real-time during the tests. 

 
3. Results and discussion 

The co-operation of a sliding pair is characterised by the large dynamics of the 
measured parameters’ values, due to external forces. Determination of these changes’ 
tendencies is especially important in the start-up stage of the frictional work. The 
assessment of the occurring changes is possible by registering the friction coefficient 
as a function of variable sliding speed (Fig. 2). The registered charts present the typical 
courses of the friction coefficient for the ‘ring-block’ frictional pairs under the load of 
20 MPa. During the first start-up phase, a rapid increase in the frictional resistance 
occurs, followed by its significant drop. The registered courses of the friction 
coefficient for the higher sliding speeds are diversified. There are sliding pairs, with an 
increase in the sliding speed of the annular sample, which cause the increase in the 
friction coefficient. These variations occur in the pairs with nitrided surface layers, 
after exceeding the sliding speed of 0.6 m/s and after 0.2 m/s for the pairs with the 
TiB2 coating. The measured value of the friction coefficient level in the associations 
with the laser borided layer and TiB2 coating equals approximately 0.11. As for the 
pairs with 30MnB4 steel annular samples, an increase in the sliding speeds leads to the 
stabilisation of the friction coefficient values, while the powder-park boronizing pairs 
exhibited a decrease in this value (to its lowest possible level µ = 0,02) along with an 
increase in the sliding speed. 

Another significant aspect pertaining to sliding pairs is to determine the value of 
the start-up moment (Fig. 3). During the tests, the lowest friction resistances were 
recorded for the pairs with ion nitrided, powder-pack borided and hardened and 
tempered surface layers, which have similar values of approximately 8 Nm (at 20 
MPa). Significant increases of the friction moment (by about 20%) occur in pairs with 
TiB2 coating and laser borided surface layer of annular samples. Similar moment 
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changes are observed at the pressure of 10 and 15 MPa. The pairs with nitrided surface 
layers and TiB2 coating reach the friction moment value at about 2 Nm under singular 
pressures (at 5 MPa), while the pairs with laser and powder-pack borided surface 
layers have the friction resistance values higher by 15%. The observation of the 
friction parameter changes during the start-up phase tells about the behaviour of the 
system during its further work. The most favourable operating conditions are present 
in sliding pairs in which the friction coefficient increases in the initial stage of start-up, 
and then decreases significantly and stabilises itself at a constant level. The value of 
the moment determines the energy demand of the system upon its start-up. Those 
sliding pairs which exhibited the tribochemical equilibrium within the shortest time 
generate optimal conditions for their further operation. The changes registered are the 
result of physiochemical processes and the changes in the friction surface micro-
geometry due to the adaptation of the system to the conditions of external forces  [12, 
13]. In the sliding pairs, which exhibit a significant decrease in the friction coefficient, 
the improvement in the friction conditions depends on the increase in the effectiveness 
of the lubrication by the oil coat, due to the existing tribochemical changes. These 
changes are shaped by the existing load state of the kinematic sliding pair, the 
temperature levels and the chemical reaction occurring within the area of friction. As 
an effect of the changes in the oil chemical composition and the synthesis of new 
chemical compounds, a boundary layer is created, which strengthens the anti-wear 
layer by changing its structure and decreases the movement resistances. These changes 
lead to the further decrease in the friction resistance, accompanied by the increase in 
the sliding speed of the annular sample [12, 13]. The pairs with stable courses of the 
friction coefficient the surface layer of the element provides sliding characteristics, 
which allow the equilibrium of tribochemical phenomena within the contact area. This 
equilibrium allows inherent regulation of the processes occurring within the friction 
area, which stabilises the resistance values despite the increase in the sliding speed. 

 
 

 
 
 
 

            
 

 

Fig. 2. Influence of surface treatment annular 
sample on change of friction coefficient vs. 
rotation speed and load 20MPa; A – ion 
nitrided, B – pack borided, C – quenched and 
tempered, D – coated TiB2, E – laser borided 

Fig. 3. Influence of surface treatment annular 
sample on moment of friction in function 
load of kinematics pair; A – ion nitrided, B – 
pack borided, C – quenched and tempered, D 
– coated TiB2, E – laser borided 
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In order to determine the effect of the test duration on the friction processes, the 
measurements of friction resistances were made in pre-determined load conditions 
(Fig. 4). The registered courses of the friction coefficient indicate a similar character 
of changes in the surface layer of pairs with nitrided, powder-pack borided, hardened 
and tempered layers. Despite the initial differences between the friction resistances 
after 300 seconds of operation, the level and the character of these changes is uniform, 
and the friction coefficient value is about 0.09. In the surface layer of other pairs, a 
significant increase in the friction resistance is noted; the pairs with powder-pack 
boronizing annular sample have the resistance coefficient of approximately 0.15, and 
0.17 for the TiB2 coating. The temperature values taken in the friction areas at the end 
of the test fall between 80 and 90 °C and can be ranged ascending, for the annular 
samples used as follows: hardening and tempering, powder-pack boronizing, ion 
nitriding, laser boronizing and TiB2 coating . 

 
 

Fig. 4. Influence of surface treatment annular sample on friction coefficient and temperature in 
function time of test; A – ion nitrided, B – pack borided, C – quenched and tempered, D – coated TiB2, 
E – laser borided 

 
In order to determine the effect of the test duration on the friction processes, the 

measurements of friction resistances were made in pre-determined load conditions 
(Fig. 4). The registered courses of the friction coefficient indicate a similar character 
of changes in the surface layer of pairs with nitrided, powder-pack borided, hardened 
and tempered layers. Despite the initial differences between the friction resistances 
after 300 seconds of operation, the level and the character of these changes is uniform, 
and the friction coefficient value is about 0.09. In the surface layer of other pairs, a 
significant increase in the friction resistance is noted; the pairs with powder-pack 
boronizing annular sample have the resistance coefficient of approximately 0.15, and 
0.17 for the TiB2 coating. The temperature values taken in the friction areas at the end 
of the test fall between 80 and 90 °C and can be ranged ascending, for the annular 
samples used as follows: hardening and tempering, powder-pack boronizing, ion 
nitriding, laser boronizing and TiB2 coating . 
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Fig. 5. Influence of surface treatment annular sample on friction forces and temperature depending on 
load and rotation speed 100 rpm annular sample; A – ion nitrided, B – pack borided, C – quenched and 
tempered, D – coated TiB2, E – laser borided 
 

Significant changes of the friction force and temperature values within the friction 
area occur under singular pressures p = 5, 10, 15 and 20 MPa (Fig. 5). The friction-
force level values for the pairs with ion nitriding, powder-pack boronizing, hardening 
and tempering samples are similar and do not exceed 200 N (at 200 MPa). Its value for 
the laser boronizing pairs is 270 N and amounts to 341 N for the TiB2 pairs. The low-
est friction force values at low-pressure conditions (at 5 MPa) were measured in pairs 
with nitriding and powder-pack boronizing samples. At the pressure of 10 MPa, the 
friction force increases by 50% in pairs with powder-pack borided surface layer in 
comparison to the pairs with nitrided layer. Further increase of pressure up to 15 MPa 
in a pair with powder-pack borided surface layer decreases the tendency toward the 
rise of the friction force. The hardening and tempering, laser boronizing and TiB2 
coating pairs exhibit the intensity of changes within the pressure range of 5 to 10 MPa 
at a similar level. The temperature measurements following the conclusion of the tests 
have indicated the lowest heat in sliding pairs with the hardening and tempering sam-
ples (below 80oC). The highest temperature values were noted for the pairs with the 
TiB2 coating (about 111oC) and powder-pack borided surface layer (104oC) . The 
change of the surface pressure affects the temperature increase within the pair’s adhe-
sion area proportionally. In the nitrided and powder-pack borided surface layer pairs, 
the intensity of the temperature increase is smaller for the low-pressure range (5-10 
MPa) than for the higher pressures (10-20 MPa). In the surface layer of all other pairs 
tested, however, the changes tend to be quite the opposite; higher singular pressures 
will decrease the intensity of the temperature increase within the friction area. 

The registered courses of the friction force and temperature reveal the ability of 
the sliding pairs to adapt to the friction conditions in the extension of the pair’s opera-
tion time. The changes occurring in the reaction of the pair to the stabilised forcing 
upon the start-up, and to the time flow, explain whether the system allows for a long-
term and reliable operation or not. In the initial period of the pair’s operation, there is 
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always an intense increase in the friction coefficient, followed by its drop and stabili-
sation or increase. The stabilisation of the friction resistances indicates the adaptation 
of the pair composition to the existing forces and the generation of stable anti-wear 
and anti-seizure layers. The layers ensure the separation of the co-operating surface 
layer areas and a reduced rate of direct adhesion between the surface irregularities 
[12]. These conditions create a state of equilibrium between the processes of layer de-
struction and creation within the tribochemical processes occurring in the friction pair. 
The changes of the friction resistance and temperature allow assessing the probability 
of the kinematic sliding pair’s failure caused by the acting external forces and the 
emergency use of the pair [13]. 

These load conditions were also used for the wear measurements of the AlSn20 
bearing alloy. The lowest wear was measured for pairs with nitrided, pack borided, 
quenched and tempered samples and did not exceed 0.01 mg of the bearing alloy’s 
mass, while the value dispersion was below 20% (Fig. 6). The pairs with the TiB2 
coating and laser borided surface layer exhibit almost twice the wear of the AlSn20 
above, amounting to 0.015 mg for the laser borided surface layer and  0.018 mg for the 
TiB2 coating. 

The occurring differences 
in the wear of bearing alloy 
and the absence of measurable 
surface layer annular sample 
wear changes are the effect of 
the interaction between the co-
operating surface layers, as 
well as of the physiochemical 
changes of their surfaces, 
induced by external forces. 
These phenomena result from 
the elementary wear processes 
occurring within the contact 
area of the sliding pair, on the 
elementary surfaces of the 
cooperating layers. The 
lubrication factor is crucial for 
these processes, as it creates 
favourable or unfavourable 
friction conditions, depending 
on its transformation. These 
changes contribute to the generation of boundary layers on the layers created, which 
are either highly resistant to ruptures or are quickly destroyed under variable operating 
conditions. The co-operation conditions also include the secondary phenomena of the 
friction and wear process. Among these are the effects of the wear products on the 
frictional surface layers, transmission of one element’s particles onto the other, 
electron emissions and the corrosion current flow [14]. The material transmission 
processes were observed mostly in sliding pair with pack borided surface layer and 
TiB2 coating (Fig. 7). 

 
 

Fig. 6. Influence of surface treatment annular sample on wear of 
AlSn20 bearing alloy under various load conditions: A – ion 
nitrided, B – pack borided, C – quenched and tempered, D – 
coated TiB2, E – laser borided 
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Despite the presence of a lubricating factor, oxidation processes are also present in 
the mixed friction conditions and create oxides on the surface layers of the cooperating 
elements (Fig. 8). The oxides lead to the decrease of the friction and wear factors 
within the friction processes; however, in unfavourable conditions, hard and brittle 
oxides increase the wear [15]. The high wear of bearing alloy observed in pairs with 
the TiB2 coating is explained by the increased initial surface roughness and the load of 
the system. Due to the influence of the hard areas on the areas of the second material, a 

stress concentration occurs, which leads to the interaction between the two surface lay-
ers and a more intense abrasion of the softer material. These changes may lead to 
smoothening of the surface and removal of its irregularities which eliminates the po-
tential sources of further material transfer and stabilises the wear process. However, 
the hard wear products created in the friction process induce chipping, slicing and 
grinding, which intensify the wear process. The phenomenon of macroscopic diffuse 
aluminium flow occurring in the section of the surface plastic deformation may lead to 
increased aluminium concentration, in the TiB2 coating, adhering directly to the fric-
tion surfaces [16]. This increases the bearing alloy wear, especially because the created 
TiB2 coating is characterised by a non-uniform and undirected distribution of the peak-
to-valley height. The examination of the rough layers indicates that the wear of the 
surface layer in the friction process depends not only on the peak-to-valley heights, but 
also on their shape and the direction of the machining lines. Decreased surface wear is 
observed with the greater surface roughness when the co-operating surface layers have 
the machining lines parallel to the sliding direction [17]. 

a) 

 

b) 

 
  

Fig. 7. SEM images of (a) pack borided surface layer and (b) TiB2 coating layer after test 

   
Fig. 8. SEM analysis of pack borided surface layer after test  
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4. Conclusions 

On the basis of these investigation, the results of this study can be summarised as 
follows: 
1. The applied steel surface layer modification with boron allow creating surface 

layers with pre-determined tribological characteristics required for the elements of 
kinematic sliding pairs operating in the conditions of mixed friction.  

2. The process surface layers on annular samples, generated by nitriding, boronizing 
and hardening and tempering, as well as by PVD, did not demonstrate measurable 
wear. 

3. Powder-pack boronizing reduces the friction coefficient during the start-up of the 
frictional pair and the maximum start-up resistance level is similar to the levels of 
pairs with ion nitrided surface layers.  

4. The use of hardening and tempering 30MnB4 steel in sliding pairs ensures the 
operating parameters and bearing alloy wear ratio are similar to the sets with 
nitrided steel. 

5. The highest friction resistance and bearing alloy wear levels were measured in 
sliding pairs with laser borided surface layer and the TiB2 coating samples. 
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MODEL THAT RATES TECHNICAL EFFECTIVENESS  
OF PRODUCTION 
 

This paper is about the model that rates technical effectiveness of production. This paper 
is applied on selected company, which has problems with technical criteria that are 
important for technical effectiveness of production. The last section of this paper presents 
proposed model that rates the technical effectiveness of production, which could be used 
(maybe with modification) in the production companies.   

 
INTRODUCTION 

Maximising productivity and the effectiveness of operations are a key element of 
companies' strategic plans and is a key concern for business managers in every indus-
try. Developments in technology, globalisation and pay-for-performance compensation 
programs have led to unprecedented improvements in worker productivity, shareholder 
value and worldwide standards of living [2]. 

The pace of change has been very rapid with companies needing to adapt very 
quickly to these changes in order to prosper, or in some cases even to survive. One of 
the three conditions necessary for an economy to be economically efficient is to be on 
its production-possibilities frontier. If it is not on the production-possibilities frontier, 
more could be produced with the given resources and technology. Any position below 
the production-possibilities frontier is inefficient, because we can increase production 
and value [1]. 
 
THE LEVEL OF EFFECTIVENESS 

Effectiveness is functional characterization of business activities. It characterises 
overall rationality of business activities as an individual system, which operates only 
on the base of effectively assured marginal relations with surroundings. [4] Effective-
ness is the term, which reflects some conditions of company development. Their 
change in actual time will change contents of effectiveness too. Globosity and hetero-
geneousness of objective conditions causes, that effectiveness is synthetic and hetero-
geneous term.  

Synthetic is described by focus of effectiveness on substantial issues of company’s 
economic development, beginning with discovering and use of resources (labour 
force, working resources and working things), their transformation on useful things 
and ending with their consumption.  

Application of the term effectiveness in various context causes, that it practically 
gets heterogeneous character. Effectiveness could be understood as a successful manu-
facturing activity, use of a new technology or work organization, decrease of the rate 
of production usage and total costs, increase of the side-run, uniformity of production 
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and products quality, elimination of work difficulty and raising workers performance 
etc. So effectiveness reflects the new qualitative elements in the manufacturing activi-
ties, eventually in other parts of reproduction process. Effectiveness could be under-
stood as the ratio of achieved results and amount incurred, and this ratio should be 
maximised. It means to achieve the maximum or optimal results with minimum or op-
timal resources. In general effectiveness could be understood as the optimal utilisation 
of sources, means and human work results by exploiting laws of nature, society and 
thinking in achievement of socially useful goals [6]. 

The level of effectiveness reflects quantitative and qualitative rate of conformity of 
goals (estimated on the base of knowledge and objective socio–economic laws) and 
resources necessary for their achievement [5]. 

The theory is using various terms of effectiveness [7]: 
� Technical effectiveness – consist in exploitation and transformation of natural 

forces and material to the human applicable forms,  
� Economic effectiveness – is based on use of social laws (especially economic) 

for universal development of economy, 
� Social effectiveness – reflects effectiveness of given social system in compare 

with former system, as well as effectiveness of currently developing economic 
systems. 

 
THE QUALITY AS THE IMPORTANT FACTOR OF TECHNICAL 
EFFECTIVENESS 

The quality is the important factor of technical effectiveness, because it represents 
the ratio between the inputs and outputs. 

It should be noted that the production of certain types of mouldings there is a huge 
waste in the selected company. Even if the company declares that it uses almost all of 
the waste through re-injection of the rigrid material, that material is no longer anything 
like as good properties as the original material was [3]. The evaluation assessed the 
quality of mouldings based on data the company obtained from the company for a pe-
riod of 31 days (randomly selected days) and the data were compiled from 3-the shift 
operation.  

The production process was rated for a random 31 days and it showed that in each 
reporting date, there have been a large number of rejects, which suggests that in the 
production is an ongoing problem with low-quality products. 

The production in the selected company is in compliance with all legal require-
ments that are imposed on different types of manufactured products. However, it is 
possible to observe in the company's quality management system's many weaknesses. 
In the manufacture of products the company should implement a system of compre-
hensive quality management, but this system should not only be a stated objective of 
the company, but should prove to be as real acts, which the company would have to 
prove their interest in the Quality Management System (QMS) [6]. 

 Quality control extends to all levels of flow (processing) of materials, because 
the total control process includes an input control of raw materials, intermediate con-
trol of semi-continuous production and final product inspection (Fig. 1). If the material 
does not comply with quality requirements, it should not be released for processing, 
respectively to distribution. 



 31 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Total quality control [6] 
 
 
THE PROPOSED MODEL OF TECHNICAL EFFECTIVENESS 

It can be stated that at present it is not yet developed a comprehensive evaluation 
model of technical effectiveness of production of plastic moldings, and therefore can 
not be used in the practice. The companies don’t intend with technical effectiveness in 
many cases, respectively they involved with the technical effectiveness only when it is 
quite obvious, that the production did not meet even the minimum criteria of effective-
ness. This fact makes the reality that in many companies is often impractical spend 
huge investments and eventually these companies haven’t got benefit from this activity 
because their use is not on the production frontier and technical effectiveness of pro-
duction is not at the desired level [6]. 

Proposed model was applied to the selected company, but it can be stated that after 
adjusting the input parameters, the model can be used with other companies that spe-
cialize in the manufacture of plastic moldings. 

  Proposed model for the rating of technical effectiveness of production of plastic 
moldings consist of a number of successive steps and consistent practice respecting all 
the steps of the model should contribute to a substantial increase in production effec-
tiveness in production companies. 

  Model that rates the technical effectiveness is based both on the procedures that 
rate technical and technological parameters of injection moulding process, as well as 
the previously known procedures used in the evaluation of technical effectiveness. The 
model tries to find an adequate link between these two evaluations and to combine 
them into a single unit desired level. The proposed model is showed in the Fig. 2 [6]. 
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MODEL THAT RATES TECHNICAL EFFECTIVENESS 
  
  
 
 
  
 
 
  
 
 

 

Quantitative factors 
Weight of 
criteria 

The required indica-
tor values 

Qualitative factors 
Weight of 
criteria 

Machine failure 0,08 effort to minimize 
Machine Maintenance 0,04 effort to minimize 

Machine type 0,09 

Rebuilding of the ma-
chine 

0,06 effort to minimize Machine Operator 0,08 

Machine Performance 0,08 effort to maximize 
Defective products 0,08 effort to minimize 

Staffing 0,15 

Energy Consumption 0,08 effort to minimize 
Sprue system 0,1 effort to minimize 

Readiness for Innovation 0,1 

Type and multiplicity of 
the form 

0,09 effort to minimize The geometry of the product 0,15 

Duration of cooling 0,02 effort to minimize 
Acceptance of the produc-
tion plan 

0,13 

Consumption of material 0,08 effort to minimize 

Injection Time 0,07 effort to minimize 
Type of material 0,15 

The level of product 
quality 

0,1 effort to maximize 
Required characteristics of 
the final product 

0,08 

Operable time of the ma-
chine 

0,04 effort to maximize Machine availability 0,07 

Stoppages 0,08 effort to minimize 
Overall 1,00  

Overall 1,00 

Fig. 2. The proposed model of technical effectiveness [6] 

Criteria Technical effectiveness Rating 
All qualitative and quantitative criteria on the 
asking level 

Very good level 1 

All quantitative on the asking level and at least 
half of the qualitative criteria on the asking level  

Good level 2 

All qualitative on the asking level and at least 
half of the quantitative criteria on the asking 
level 

Sufficient level 3 

At least half of the quantitative and half of the 
qualitative criteria on the asking level 

Technical effectiveness frontier 4 

At least half of the quantitative criteria on the 
asking level and more than half qualitative crite-
ria under the asking level 

Small problems 5 

At least half of the qualitative criteria on the 
asking level and more than half quantitative cri-
teria under the asking level 

Middle problems 6 

More than half quantitative and qualitative crite-
ria under the asking level 

Big problems 7 

Evaluation of quantitative factors Evaluation of qualitative factors 
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CONCLUSION 

This article is based on the need to monitor and rate the technical effectiveness of 
production as one of the most important competitiveness aspect of mechanical busi-
nesses and their application on the global market. This work is oriented on the rating 
of effectiveness of production by moldings from plastics and as the most deciding as-
pects were selected especially technical and also economic effectiveness.  

By rating the effectiveness of production was laid the big stress on the fact, that ef-
fectiveness is the combination of the technical and the economic effectiveness.  

Technical effectiveness was mostly rated with the simulation software Moldflow 
Plastics Insight. The most important section is the proposed model, that rate technical 
effectiveness of production. This model was applied to selected company, where was 
well founded the assumption, that effectiveness of production is not on the desired 
level [6]. 
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HIGH SOLID COATINGS QUALITY  
IN SELECTED CORROSION MEDIA  

 
The ecological approach to surface treatments with organic coatings requires a 
reduction in the proportion of coatings containing volatile organic solvents, 
VOCs - Volatile organic compounds. One of possible solutions is to substitute 
solvent paints by water diluted and high-proof materials. The contribution 
presents the results of research aimed at establishing high solid coatings quality 
by accelerated laboratory tests in conditions of artificial atmosphere. 

 
INTRODUCTION  

Environmental protection and particularly big economical costs for production of 
coatings with high content of volatile organic solvents have a major impact on the 
development and use of new - ecological (green) coatings. The objective of this effort 
is to reduce the amount of volatile organic compounds (VOCs - Volatile organic 
compounds) released in any production process into the atmosphere as much as 
possible. One form of solution is the substitution of this paint by water-based high 
solid (HIGH SOLID) materials. [1,4]  

The paper deals with features evaluation of high solid coating compared to 
synthetic paint coatings after exposure to corrosive environment. Electro-chemical 
characteristics of the pre-treated blasted surfaces on the basis of electrode potentials 
were evaluated [2]. 

 
MATERIAL AND METHODS 

For the experimental work hot-rolled steel sheet S235JRG2 with thickness of 2  
mm was used. Pretreatment of the surface was carried out by a laboratory pneumatic 
blasting machine TJVP - 320 at a pressure of 0.4 MPa and the nozzle distance from the 
sample 200  mm. Pretreatment of surfaces was carried out using two types of angular 
abrasives: 

a) GBM natural garnet - almandine - Fe3Al 2(SiO4)3, grain size 0.56 mm, 
b)  brown corundum - Al2O3, grain size 0.56 mm. 
Roughness parameters were determined by stylus profilometer Surftest SJ - 301, 

Mitutoyo, according to EN ISO 4287 - Profile method. The activity of the blasted sur-
face was evaluated on the basis of changes in electrode potential versus saturated calo-
mel electrode i mmediately after blasting, also after 1, 3, 6, 12, 24, 72, 120, 240 and 
576 hours of exposure of the samples in the interior and exterior. The test electrolyte - 
SARS “simulated acid rain" of pH = 5.0 was used, which by containing present ions 
simulates a slightly acidic atmospheric rain. Its composition is shown in Tab. 1. 
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On the blasted surfaces, at 0.2 MPa 
pressure following coatings were applied by 
spraying: 
- S2330 - the dispersion of pigments and 
fillers in a mixture of epoxy resins based on 
bisphenol A and low-viscous epoxy resin 
reactive diluent modified with the addition 
of solvents and additives.       - 

- S2556 FERRO COLOR S - synthetic anti-
         corrosion coating (2in1).  

Average thickness of the dried coating was 95 µm. To evaluate the adhesion of the 
coatings after exposure to the corrosive environments two methods were used – Cross-
cut test - STN EN ISO 2409 and Pull-Off Adhesion Test - EN ISO 4624. To determine 
the quality of the coating samples were exposed to two environments, in a humid 
environment with the presence of sulfur dioxide (SO2) according to EN ISO 3231 and 
by the full i mmersion of the samples in 20% solution of potassium ferrocyanide (K4 
[Fe(CN)6]) in distilled water (STN 03 8135). To assess the protection effectiveness of 
selected coating, on part of the samples was made experimental cut before entering 
into the corrosive environment, according to DIN 53167. 
 
RESULTS 

Arithmetic mean deviation of the profile (Ra) measured after blasting with brown 
corundum reached the value of 6.03  mm and after blasting with almandine 5.23  mm. 
Fig. 1 shows measured values of specimen potential after blasting by corundum and 
almandine. Blasted surfaces reached approximately the same value of the surface 
activity. For both surfaces, the decline in activity more pronounced in exterior 
exposure samples, which showed an increase in the measured corrosion potential. 
Corrosion processes on the metal surface run more intensively due to the nature of the 
environment in the exterior. Surface activity decreases with increasing time of 
exposure of the samples.  

 

Table 1. Composition of SARS solution at pH 
= 5. 0 

Chemical 
Concentration 
[ mmol . l-1] 

HNO3 0.01 
NaCl 1 

(NH4)2SO4 1 
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Fig. 1. Surface activity in the interior and exterior after blasting by 
a) brown corundum,  b) almandine 
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Adhesion of each coating was evaluated on samples in the unexposed state and after 
576 hours of exposure in corrosive environments by cross-cut test and pull-off test. 

Table 2 shows the preview of the final appearance of the samples after 576 hours 
in a humid atmosphere with sulphur dioxide, after the grid examination. In another, the 
quality of coatings was evaluated by pull-off test, the results graphically shows figure 2.  

 

 

 
 
 
 
 
 
 

a) 
 
 
 
 
 

a) 
 
 
 
 
 

b) 
 
 
 
 
 

b) 

Fig. 3. Evaluation of protective efficiency of applied coatings on the samples after exposure in: a) 
condensing chamber containing SO2, b) 20% NaCl  
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Table  2.  Cross-cut test of the samples before and 

after exposure in simulated aggressive environments 
Fig. 2. Change in adhesion before and after 
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Effect of the pretreatment on the decrease of coatings adhesion did not 
significantly express. Adhesion of both applied coatings due to their exposure in the 
corrosive environment decreased. Higher adhesion was reached for high solid coating 
(S2330) after exposure of samples in both corrosive environments. Coatings were 
degraded by forming of osmotic blisters (Fig. 3), the number and size with increasing 
exposure time was expanding.  

In the next phase of experiments corrosion in the vicinity of artificially created test 
sections was evaluated (Fig. 3). Corrosion and corrosion distance from this section 
gives an indication of the electrochemical influence of anticorrosive pigment used in 
the coating [3]. More protective effect in selected type of corrosion environment was 
showed for high solid coatings.  
 

CONCLUSION 

Results of the experiment 
confirm, that almandine - 
mineral blasting medium can be 
used for pretreatment of steel 
surfaces, though it is necessary 
to consider his lower durability 
and secondary pollution of the 
surface. Experimental results 
showed improved quality of 
high solid coating materials with 
low solvent content. Because of 
their environmental aspects, they 
represent the future of the barrier 
coatings to protect steel surfaces.  
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Fig. 4. View of the cuts on the samples after exposure in: 

a) condensing chamber containing SO2 , b) 20% NaCl 
solution, mag. 40x 
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RESEARCH OF LAP THERMAL DEFORMATION  
AT OPERATIONAL DEVELOPMENT OF OPTICAL 
SURFACES AT THE EXPENSE OF A TEMPERATURE 
VARIATION OF POLISHING SLURRY 
 

The outcomes of experimental research of temperature influencing of polishing slurry on 
machining accuracy of optical surfaces are resulted at different rotational speeds of the 
lower link at operational development by laps with a different profile of cross section. 
The guidelines on perfection and implementation of optical surfaces operational 
development at the expense of a temperature variation of polishing slurry are given. 

 
INTRODUCTION 

Nowadays in the sphere of optical-mechanical industry, the production of complex 
and unmanufacturable, the so called “high-tech” lenses, which demands machinery ac-
curacy, gathers pace. Taking into account labour and material resources, the task of 
advanced manufacturing process creation of optical details that will allow to reduce 
workers’ qualification and to increase the quality of output goods, is of current impor-
tance.  

The most labour-intensive process of the workflow is tweaking; it takes up to 40% 
of time spent on part cutting. The fundamental quality rating of workpieces is achieved 
at this stage, so its perfection gives a promising lead for the problem solving. 

Currently, at the tweaking stage of optical details, pitches of different mixture are 
mostly used as polishing materials. However, the process control as well as the form of 
the workpiece surface is based mainly on practical methods. These methods are not 
clearly characterized and their efficiency is defined purely by the performer’s skills 
and experience, considering strong requirements for the form accuracy of the optical 
surface [1].  

From the authors’ point of view, at the tweaking stage, the use of tools with mem-
braneous foamed polyurethane substrates gives a chance to reduce the time spent on 
polishing from 1,5 to 5; to increase the yield by 85%, to cut the use of accessory mate-
rials; in other words, to intensify the process of final treatment of sensitive optical sur-
faces and to stabilize the derivable accuracy parameters. 

Owing to the research done before, it is evident that while using the polishing 
foamed polyurethane substrates, we can successfully control the tweaking process at 
the expense of thermal variations of polishing suspension in the cutting zone. At the 
same time, this process of control in combination with the above mentioned advan-
tages, can decrease the performer’s qualification because of its realization simplicity. 
That is why, doing research in this field is of interest.  
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THE OBJECTIVE OF THE GIVEN RESEARCH 

Nowadays at the tweaking stage of optical surfaces, there are no guidelines con-
cerning the choice of optimal form of a lap body. The constructions of lap bodies that 
are used can be theoretically divided into three groups with different forms of cold 
face, that is with different profile of cross section: dilative, concentric and convergent 
from the centre to the brim. 

According to the theoretical research carried out by the authors [3], intended ther-
mal deformations for these types of lap bodies are different. That is why, for using 
thermally controlled tweaking, the choice of optimal form of a lap body is essential. 

The aim of the research work was to define the influence of a lap body profile on 
machinery accuracy of optical surfaces and the stability of the achievement of desired 
precision parameters in the terms of tweaking thermal variations. 

 
THE OUTCOMES OF THE EXPERIMENT AND THEIR DISCUSSION S 

As test subjects, laps of different constructions have been used (Fig. 1), made of 
aluminum alloy AL2 State Standard 1521-76. The polishing foamed polyurethane sub-
strate PPM-1-1 TC OP.004, adjusted in compliance with recommendations, was put on 
the interior lap surface [2]. 

 

 
a) b) c) 

 
Fig. 1. The constructions of the lap bodies used in the research work: a – with the dilative profile; b – 
with the concentric profile; c – with the convergent from the centre to the brim profile. 

 
During the research process, the treatment of convex spherical surfaces within a 

radius of 39,02 mm and optical lenses 57±0.3 mm in diameter made of glass LK7 fixed 
in devices on a pitch layer with the help of elastic methods has been carried out. As a 
preliminary, the intermediates were polished with  free abrasive on a steel tool; aque-
ous suspension of white electrocorundum M10 with the relationship between solid and 
liquid phase S:L = 1:3 was used as  abrasive. The divergence of the intermediates from 
the standard following the flexure pointer was sustained within h = -4±0.5mkm. The 
quality control of the polishing process on the lack of scratches, popouts and the 
smoothness of microrelief was implemented visually with the help of a sixfold magni-
fying glass. 

The tweaking of optical surfaces was carried out on a batch-produced machine 
model 6SHP-100M on the following conditions:  the detail rotational speed is 90, 180 
and 360 revolutions per minute; the tool sweep frequency on a detail is 40 double 
strokes per minute; the tool amplitude is 45 mm; the time spent on one detail polishing 
is 30 minutes; the pressure in the cutting zone is 0,013 MPa. 
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a) 

 
b) 

 
c) 

 
Fig. 2. The dependence of the form N total error of the machined surface of the optical lenses on the 
temperature of the polishing suspension at lower link rotational speed of 90 (a), 180 (b), 360 min-1(c) 
while using a lap with: 1 – the dilative profile; 2 – the concentric profile; 3 – the convergent profile 
from the centre to the brim profile 
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At this stage, the polishing suspension with the relationship between solid and 
liquid phase S:L = 1:40 was used as a technological medium. Up-to-date batcher 
PAS-30T provided the polishing suspension delivery with the consumption of two 
litres per minute and its temperature in the range from 16 to 40°C accurate within 
±0,5ºC. 

The form accuracy of machined surface was checked with interferometric method 
with the help of trial glass and the polishing quality considering tape, thin coating, 
scratches, spots was controlled by means of a sixfold magnifying glass. 

Figure 2 shows the dependence of form N work surface total error at different 
temperature variations of the polishing suspension and at different detail rotational 
speed at operational development by laps with a different profile of cross section. 
According to the research, irrespective of lap bodies constructions, temperature 
increase of cooling mixture from 16 to 40°C entails work surface radius rise, so it 
leads to form N total error increase. 

While treating at low speed (nd = 90 revolutions per minute), it was noted that at 
temperature above 28°C matt layer didn’t come off but remained in the centre of the 
work surface after treatment time. Besides, lustre was seen on a lap work surface, 
and it’s because of the prevalence of the detail influence on the lap. At the same 
time, the detail is a tool against the laps. The increase of treatment time and the 
pressure in the cutting zone leads to partial metal transition in the centre, that is to 
“matt ring” formation. This phenomenon was observed while using all three types of 
lap bodies. The presence of short finish precluded the form accuracy control by 
means of work trial glass, that is why form N total error control was fulfilled with the 
help of indicated spherometer, and it also didn’t help to conclude about form ∆N site 
error at given temperature variations (Fig. 3). Hence, we can conclude that the 
tweaking with the foamed polyurethane substrates use is not effective at this 
rotational speed of the detail.  

At the detail rotational speed of 180 revolutions per minute, the defective layer 
made at the previous treatment came off completely. According to figure 2b, while 
using a lap with the convergent profile at the given rotational speed, the dependence 
of the form total error is linear, besides, one interference ring change took place at 
4oC. The form site error is constant at all temperature variations and does not exceed 
0,3 interference rings. The linearity is broken for the other two types of laps: while 
treating the polishing suspension at temperatures above 28oC, the treatment is more 
intensive. So, for a lap with the dilative profile of cross section (Fig. 2a), the change 
of N total error on one interference ring at temperatures below 28oC occurs every 
8oC, and at temperatures above 28oC occurs every 4oC. While using a lap with the 
concentric profile of cross section (Fig. 2b) at temperatures of cooling mixture above 
28oC the same change of N total error takes place every 3oC. The form ∆N site error 
(Figs. 3a, 3b) for these laps ranges from 0,3 to 0,8 interference rings at all 
temperature variations and the intermediates rotational speed. According to the 
research, one can realize the tweaking process control at the given rotational speed, 
using a lap with the convergent profile. 
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a) 

 
b) 

 
c) 

 
Fig. 3.  The dependence of the form  ∆N site error of the machined surface of the optical lenses on the 
temperature of the polishing suspension at lower link rotational speed of 90 (a), 180 (b), 360 min-1(c) 
while using a lap with: 1 – the dilative profile; 2 – the concentric profile; 3 – the convergent profile 
from the centre to the brim profile 
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The dependence of the form total error formation on the temperature levels off at 
higher rotational speed (nd = 360 revolutions per minute) for the dilative and concen-
tric laps: the change of N on one interference ring occurs every 4oC and  3,5oC ac-
cordingly. It is preferable to use these types of laps at  high rotational speed to get the 
optical surfaces of mid-coefficient accuracy, as the form site error (Figs. 3a, 3b) varies 
in a wide range and is not stable. 

The laps of the convergent profile illustrate the most stable operation and the linear 
error dependence on the temperature at the rotational speed of 360 revolutions per 
minute (Fig. 2b), in this way the change of the form total error on one interference ring 
occurs every 3oC, and the site error doesn’t exceed 0,3. So, 1oC of temperature varia-
tion of the polishing suspension leads to the change of the curvature radius of the work 
surface by 6,8 µm. In other words, the coefficient of the curvature radius change (Crc) 
of the work surface is constant at all temperature variations and makes Crc = 0,592 
µm/oC, while using the above mentioned type of the lap. So, we have come to the con-
clusion that it is preferable to use the given form of the lap body to get the desired 
characteristics of high-precision optical surfaces. 

 
CONCLUSIONS 

1. The radius of the work surface increases with the temperature rise of the polish-
ing suspension that results in the form N total error increase. The dependence for the 
laps with the convergent profile is linear. 

2. It is not effective to treat the tweaking with the foamed polyurethane substrates 
at lower link rotational speed of 90 revolutions per minute. 

3. It is possible to get the desired precise characteristics of sensitive optical sur-
faces while using the laps with the convergent profile at the rotational speed of 180 
revolutions per minute and 360 revolutions per minute. 

4. The coefficient of the curvature radius change (Crc) of the work surface while 
using the lap with this profile is constant at all temperature variations and makes Crc = 
0,592 µm/oC.  

 
Abbreviations  

Tps – temperature of the polishing suspension in the cutting zone; nd – the detail rota-
tional speed; N – the form total error of the optical surface; ∆N – the form site error; 
Crc – the coefficient of the curvature radius change of the work surface. 
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MICROSTRUCTURE EVALUATION OF TRIP STEEL  
USED IN A CAR CRASH ZONES 

 
 

The paper deals with evaluation of TRIP (transformation induced plasticity) steel 
microstructure. These special steels are commonly used mainly in automotive industry for 
crash zones of car’s bodies. The TRIP steel has high strength compared to AHSS steel, 
but on the other hand a good plastic properties. The microstructure properties of TRIP 
steel were investigated by a light microscope and evaluated by a computer program 
ImageJ. Microstructure charakteristics of TRIP steel was investigated on shape-
complicated part made by deep drawing process. 

 
INTRODUCTION  

In the automobile industry, great attention focused to the development of materials. 
Steel is still one of the major materials which is needed for car production. Current 
safety requirements bring increase of using stronger steels and decrease the total 
weight of the car. In another direction is there effort to reduce fuel consumption and to 
increase the operational reach of the car. Deep drawing process is one of technologies 
which is used in the manufacture of cars. [1] 

TRIP steels have high strength and excellent plastic properties. The microstructure 
of TRIP steels is retained austenite embedded in a matrix of primary ferrite (Fig. 1). 
[3, 5] 

 

 
 

Fig. 1. Microstructure TRIP steel                      
 
The driving force for the spread of cracks in the TRIP steel is low, so it is resistant 

to brittle fracture. Suitable for high energy absorption during  deformation (crash - 
test). The disadvantage is the relatively low yield point. [1] 
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EXPERIMENTAL MATERIAL  

TRIP steel with transformation induced plasticity, steel labeled RAK 40/70 and 
thickness of a0 = 0,75 mm was evaluated in experimental work. Steel plate which was 
evaluated was on both sides galvanized. Samples were tested in directions 0°, 45°, 90° 
against the rolling direction. Flat bar according to STN EN 10002-1, L0 = 80 mm was 
used for testing. Chemical composition and mechanical properties of tested steel are 
listed in Tab. 1 and 2. 

 
Table 1. Chemical composition of the RAK 40/70 steel 

Chemical 
element  C Mn P S Ti Si Al Cr Cu Ni Nb Mo Zr 

Coeficient  
[%] 

0,204 1,638 0,018 0,003 0,009 0,200 1,730 0,055 0,028 0,018 0,004 0,008 0,007 

 
Table 2. Mechanical properties of the RAK 40/70 steel 

Direction 

Yield 
strength 

Rp0,2 

[MPa] 

Tensile 
strength 

Rm [MPa] 

Ultimate 
elongation 
A80 [%] 

Coefficient 
of normal 
anisotropy 

r 
[-] 

Strain 
hardening 
exponent 

n 
[-] 

0º 442 771 27,7 0,686 0,259 
45º 441 762 25,4 0,870 0,294 
90º 450 766 25,9 0,838 0,278 

 
5 cornered cups were drawed (pressured) by the hydraulic press Fritz MULLER 

BZE 100. (Fig. 2).  
 

 
Fig. 2. Designation of cup cormers 

 
Samples of TRIP steel RAK 40/70 for light microscopy were prepared by the 

procedure:  
- hand cutting, 
- identification of borders (for better orientation), to distinguish from the bottom 

side wall proceeds, 
- with the help of taxidermist dentakryl resin, 
- a gradual grinding (grain abrasive paper 400, 600 and 1600), 
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- polishing, 
- etching solution of 2% HNO3 in Nitric acid (Nital).  
Optical microscopy was performed on a light microscope Neophot 2. Program 

ImageJ analyzer was used for image processing and image analysis. This program 
supports image processing functions such as contrast adjustment, sharpen, smoothing, 
edge detection, and others. To evaluate the visual structure of the samples by using 
Image J program, it is necessary that each structure are sufficiently contrasting. 

 
EXPERIMENTAL RESULTS  

Symmetrical sample was cut in all five corners. Samples were taken from the 
corners and the proceeds are marked from 1 –5. The material samples was taken from 
the wall, rounded the corner and the bottom of the proceeds. In Table 3 is evaluate the 
composition of phases program ImageJ. Graphical representation of % austenit of the 
phases in microstructure is shown in Figures 3 – 7.  

 
Table 3. % Evaluate the composition of phases program ImageJ 

 Sample 1 LUT Invert LUT 

a) 

 

 

  
  56,11% 43,88% 

b) 

   
  55,51% 44,48% 

c) 

 

 

  
  51,76% 48,23% 

 
Both windows show a modification of the default LUT (gray level scale) in the 

window no longer runs from the lower left to the upper right corner, and the LUT 
ramp graduated area has been squeezed toward the middle. So far it is possible to 



                                                                                                                   

 
48 

 
 

adjust linearly bringhtness and contrast. Invert LUT – show the darker background. 
Analyze LUT evaluate martenzit and bainit, analyze invert LUT evaluate martenzit 
and residual austenite in the identified locations cup.  

Samples were tested at three locations: in radius of cup, in bottom of cup and in 
wall of cup. Radius of cup is space between the wall and bottom of each corner ot the 
samples cup. 
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Fig. 3. Evaluating of sample No. 1  

 
In the sample in a radius of measuring cup by LUT method, which includes 

matrenzit and bainiti - 56.11%. 43.89% is ferrite and residual austenite, which were 
determined by a method invert LUT. In bottom of the cup measured by LUT, there is 
55.51% martensite and bainit and the remaining 44.49% is ferrite and residual 
austenite  measured by invert LUT method. In wall of cup, martensite and bainit is 
51.77% and 48.23% is ferit and residual austenite. 

In the transition from corner I to corner II, those currency rates are changing as 
shown in Figure 4 
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Fig. 4. Evaluating of sample No. 2 

 
In the transition from corner II to corner III, those currency rates are changing as shown 

in Figure 5. 
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Fig. 5. Evaluating of sample No. 3 

 
In the transition from corner III to corner IV, those currency rates are changing as shown 

in Figure 6. 
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Fig. 6. Evaluating of sample No. 4 

 
In the transition from corner IV to corner V, those currency rates are changing as shown 

in Figure 7. 
 

54,05
45,95

49,9750,04
58,34

41,66

0,00
10,00
20,00
30,00
40,00
50,00
60,00

%

in radius of
cup

in bottom of
cup

in wall of cup

Sample 5 - in corner V

LUT

Invert LUT

 
Fig. 7. Evaluating of sample No. 5 
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DISCUSSION  

Condition of successful application of image analysis is metallographic cut, where 
individual structural components were sufficiently contrastive. Contrast between 
ferrite and martensite was achieved by etching in 2% Nital. After this etching islands 
of martensite was show as compact surface blocks and this is convenient for successful 
application of image analysis by software ImageJ. 
 
CONCLUSIONS 

In evaluation of the visual microstructure of the samples by using the ImageJ 
program, it is neccessary that each structure was contrast enough. On the basis of its 
experimental research and evaluation of achievements can be found:  

1. The biggest values of the martensite volume fraction were measured in the sam-
ple 4 in measurement of wall of cup – 59,76 % martenzit and bainit of metode LUT 
and 40,24% is ferit and retained austenite of metoe invert LUT. The samples were 
evaluated by the percentage of ingredients.  

2. This result is not final because TRIP steel consists of four components: 
martenzit, bainit, ferit and retained austenite. Using image is appropriate to examine 
the steel, which have two phases. 

 
REFERENCES 

1. Spišák E., Greškovič F., Slota J.: Špeciálne technológie v automobilovej výrobe. TU Košice, 
Strojnícka fakulta, Edícia EQUAL, ISBN 80-8073-753-3.  

2. Slota J., Gajdoš I., Olexová M.: Numerická simulácia procesu hlbokého ťahania a jej verifikácia. 
MMaMS '2009, s. 588-591. Dostupné na internete: http://web.tuke.sk/sjf-
kamam/mmams2009/Zbornik_MMaMS_2009.pdf.  

3. World auto steel. Dotupné na internete [online] http://www.worldautosteel.org/SteelBasics/Steel-
Types/TRIP.aspx. [15.5.2010] 

4. Spišák E. a kol.: Dizajn moderne koncipovaných ocelí na základe charakteristík lisovateľnosti. 
APVV-0629-06  

5. Buriková K. Džupon M., Parilák Ľ: Spôsoby leptania pre obrazovú analýzu dvojfázových 
nízkouhlíkových feriticko-martenzitických ocelí. Metal 2008, s. 1-6. Dostupné na internete: 
http://www.nanocon.cz/data/metal2008/sbornik/Lists/Papers/064.pdf  

 

Acknowledgments: this paper was supported by the Slovak Research and Development Agenci under 
the contrect No. APVV-0629-06. [4] 
 

 



 51 

 
Iaroslav PASTERNAK  

Heorhiy SULYM* 
 

Lutsk National Technical University, Ukraine; *Białystok Technical University, 
Poland 

 
 
 
 
 
 
 

THE UNIFIED APPROACH FOR THE ANALYSIS  
OF ELASTIC EQUILIBRIUM OF SOLIDS CONTAINING  
THIN INTERNAL AND SURFACE HETEROGENEITIES 
 
 

This paper develops the unified approach for the analysis of plane elastostatic problems 
for solids containing thin elastic inclusions or overlays. The approach is based on the 
previously developed integral equation method for the solution of plane elastostatic 
problems for solids with perfectly embedded inclusions. In this paper the method is 
extended to the case of delaminated inclusion and elastic enforcing overlay. Thus, the 
wide class of problems can be solved basing on the developed technique. 

 
INTRODUCTION 

Thin heterogeneities are common in engineering practice. Those are cracks; thin 
inclusions; various cavities filled with gas, liquid or solid substance; technological 
defects etc. However, the prevalence of thin heterogeneities is caused not only by the 
undesirable effects of imperfect manufacturing or materials processing. Wide appli-
cations have got, for example, thin stringers [1], fiber reinforcement of composite 
materials [2], thin plate-like reinforcement elements [3] etc. Problems for solids with 
thin heterogeneities are concerned with the methods of calculation of piles in a ground 
[4], elastic fastenings of console beams and anchors [9], fiber pullout problems 
(Reissner problem) [8], reinforcement of walls of underground buildings and mines, 
holes enforced with thin elements [13] etc. 

The abovementioned problems are usually considered with the previous 
determination of the boundary conditions or geometrical features and the further solu-
tion is based on the appropriately constructed equations. However, as it is specified in 
the monograph [10], all these problems are very close to the problems of the thin 
inclusions theory. In particular, stringers are surface heterogeneities that unilaterally 
contact with the medium; piles, anchors and elastic fastenings are inclusions, which 
end face is outside the medium; reinforcing fibers are the inclusions completely 
embedded into the medium. Thus, it would be useful to adopt the unified approach, in 
particular basing on the numerical method [5], which would allow studying of all these 
problems. 
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PROBLEM FORMULATION AND SOLUTION STRATEGY 

Consider a plane problem of elastostatics for an isotropic solid containing thin 
elastic inclusion from other material. Between a solid and inclusion at the certain part 
of their interface the conditions of perfect mechanical contact are satisfied, and at its 
complement the inclusion is completely delaminated (the mechanical contact between the 
materials is absent). Consider the general scheme of modeling of such defect using the 
principle of coupling of different dimensionality continuums [10] (Fig. 1). 
 

 
 

Fig. 1. Schemes of the problem and the inclusion modeling approach by a coupling principle 
 

Adopting the lined model of inclusion, withdraw the consideration of inclusion as 
a geometrical object, and transfer the contact tractions and displacements onto its 
median surface CΓ  (accordingly onto faces C

+Γ  and C
−Γ , Fig. 1). The own boundary of a 

solid is denoted as Γ . According to the approach [10] the displacement field in a solid 
with a cut is defined within the following Somigliana identity: 

 
( ) ( ) ( ) ( ), ( ) , ( ) ( ) ( ) ,

C
i ij j ij j ij j ij ju U t T u d U t T u d

+Γ Γ
   = Σ − ∆ Γ + − Γ   ∫ ∫ξ x ξ x x ξ x x x x  (1) 

 
where iu , it  are the components of displacement and traction vectors respectively; 

i i iu u u+ −∆ = − , i i it t t+ −∆ = − , i i iu u u+ −Σ = + , i i it t t+ −Σ = + ; the signs “+” and “–” denote 

values concerned with the surfaces C
+Γ  and C

−Γ  formed with a cut CΓ  (see Fig. 1). 
Indexes in notations correspond to the projections of vectors onto the axes of global 
coordinate system 1 2Ox x . The Einstein summation convention is used. Kernels of the 
integral equations are explicitly written in [7]. 

Approaching the field point ξ  to the source boundary point ∈ Γy  of a solid and 
considering, that at a point y  the curve Γ  is smooth, similarly to [7] one can obtain 
from Eq. (1) the singular displacement integral equation: 

 

( ) ( ) ( )1
, , RPV CPV ,

2 C
i ij j ij j ij j ij ju U t T u d U t d T u d

+Γ Γ Γ
 = Σ − ∆ Γ + Γ − Γ ∫ ∫ ∫y x y x y  (2) 

 
where the notation RPV  stands for the Riemann principal value, and CPV for the 
Cauchy principal value. As for the collocation point y  that lays on a smooth part of 
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the cut CΓ  one can obtain the following integral equation: 
 

( )1
RPV CPV .

2 C C
i ij j ij j ij j ij ju U t d T u d U t T u d

+ +Γ Γ Γ
 Σ = Σ Γ − ∆ Γ + − Γ ∫ ∫ ∫y  (3) 

 
Differentiating (3) by ky , using Hook’s law and considering, that i in n+ −= − , the 

following integral equation is received: 
 

( ) ( )1
CPV HPV ,

2 C C
i j ijk k ijk k ijk k ijk kt n D t d S u d D t S u d

+ +

+

Γ Γ Γ
  ∆ = Σ Γ − ∆ Γ + − Γ   ∫ ∫ ∫y y  (4) 

 
where HPV stands for the Hadamard principal value (finite part) of an integral. 

Integral equations (2), (3) and (4) are not enough for the solution of formulated 
problem. It is also necessary to develop the mechanical model of thin delaminated 
inclusion. Assume that the model of thin delaminated inclusion allows to receive the 
explicit form of the boundary functions iuΣ  and it∆  on CΓ , i.e. to obtain expressions 

 

( ) ( ), ,u
i i j ju F t uΣ = Σ ∆y y ,  ( ) ( ), ,t

i i j jt F t u∆ = Σ ∆y y   ( ), 1,.., 2i j = . (5) 

 
Then the system of equations (2)–(5) is full for the solution of the problem. 

The system of boundary integral equations (2)–(5) is solved numerically using the 
boundary element method [7]. Thus, the system of singular integral equations is 
reduced to the system of linear algebraic equations concerning the nodal values of the 
boundary functions jt , ju , jtΣ  and ju∆ . 

 
MODEL OF THIN DELAMINATED INCLUSION OR ELASTIC ENFO RCING 
OVERLAY 

The model of thin elastic inclusion ( ) ( )u u
i iF F=y y% , ( ) ( )t t

i iF F=y y%  satisfying the 

conditions of perfect mechanical contact with the medium is developed by the authors 
in the paper [5]. Basing on it the imperfect contact models are developed here. 

Assume that thin inclusion is completely delaminated from the face C
−Γ  at the 

segments C Cγ − −⊂ Γ  (no contact tractions are considered at these segments). Then at the 

collocation point Cγ −∈y  the following boundary conditions are satisfied: 
 

( ) 0it
− =y ,  ( ) ( )i

i iu u+ +=y y   ( )1,2i = . (6) 

 
The first of the conditions (6) taking into account the used notations i i it t t+ −Σ = +  

and i i it t t+ −∆ = −  allow to obtain the first equation of the model of thin inclusion 

completely delaminated at the surface C Cγ − −⊂ Γ : 
 

( ) ( ) ( )t
i i iF t t− ≡ ∆ = Σy y y . (7) 
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As thin inclusion contact with one face (C
+Γ ) of a cut it is necessary to consider its 

tension, shear and bending along its axis. For this purpose the second equation of 
perfectly contacting inclusion model can be used. Assuming that the displacements of 
inclusion’s median surface due to its small thickness are close to the displacements i

iu +  

of the face C
+Γ , one can obtain the second equation of the delaminating model at Cγ − : 

 
( ) ( ) ( ) ( )u u

i i i iF u F u− ≡ Σ = − ∆y y y y% . (8) 

 
Similarly, if inclusion is delaminated from the face C

+Γ  at the segments C Cγ + +⊂ Γ  for 

the collocation points Cγ +∈y  one can directly obtain the equation of model of the full 

delaminating at the segments Cγ + : 
 

( ) ( ) ( )t
i i iF t t+ ≡ ∆ = −Σy y y ;  ( ) ( ) ( ) ( )u u

i i i iF u F u+ ≡ Σ = + ∆y y y y% . 

 
The model (7), (8) of inclusion completely delaminated from a face −ΓC  are enough 

adequate and entirely suitable for modeling of thin elastic overlays with additional 
conditions of absence of a material in the domain, which borders with −ΓC , for 

example, for a traction-free surface 0− ≡it , 0− ≡iu . 
 
STRESS CONCENTRATION AT THE TIP OF THIN INCLUSION, WHICH IS 
IN PERFECT MECHANICAL CONTACT WITH THE MEDIUM 

Consider the elastic equilibrium of the inclusion’s end part under the assumptions 
that the inclusion tip is rounded and in the perfect contact with the medium. The 
reference coordinate system is depicted in Fig. 2. The equilibrium equation of the 
inclusion tip with the account of perfect mechanical contact conditions between 
inclusion and the medium are the following 
 

 ( )
( )

( ) ( )
0

,
h r r

xx xh r
r y dy t r drσ

−
= − Σ∫ ∫ . (9) 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2. Determination of stress concentration at the tip of inclusion 
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When 0r →  the halfthickness equals ( ) ( )22h r r r O rρ= − + , where ρ  is the 

rounding radius at inclusion’s tip, and the left-hand side of (9) is possible to present in 
the approximate form 

 

( )
( )

( ) ( ) ( ), 2
h r

xx xxh r
r y dy h r rσ σ

−
≈∫ . 

 
Thus, the stress ( )

0xx xx r
rσ σ

=
=  at the inclusion tip, according to (9) equals 

 

 ( ) ( ) ( )
00 0

1
lim 2 lim

2

r

xx x x
r r

t r dr h r r t rσ
ρ→ →

   = − Σ = − Σ   ∫ . (10) 

 
For determination of stress yyσ  in a matrix at the thin elastic inclusion tip consider 

the strains of inclusion when 0r → . One can simply write that 
 

( ) ( ) ( )2yy yr u r h rε  ≈ ∆   , 

 
thus, 
 

 ( ) ( ) ( )
0 0

1
lim 2 lim

8

y

yy y
r r

u r
u r h r

r
ε

ρ→ →

∆
 = ∆ =  . (11) 

 
According to the Hook’s law for an isotropic solid the stress yyσ  in a matrix at the 

tip of thin inclusion basing on (10) and (11) is as follows: 
 
 

 
( )

( ) ( )
( )

( )
0 0

38
lim lim

1 1 2

y

yy x
r r

u rG
r t r

r

κ
σ

κ ρ κ ρ→ →

∆ −
= + Σ

+ +
. (12) 

 
Here κ  is a Muskhelishvili constant. 

According to the definitions of generalized stress intensity factors (SIF) [10] 
 

( ) ( )
( ) 120

2 1
lim

1
x

r
r t r K

κ
π κ→

+
Σ =

−
,  

( )
110

1
lim

2

y

r

u r
K

r G

κ
π→

∆ += , 

 
and from (10) and (12) the following relations are obtained 
 

( ) 12

1

1
xx K

κσ
πρ κ

+= −
−

,  
( )11 12

2 3

1
yy K K

κσ
πρ πρ κ

−= +
−

. 
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The lined modeling approach for thin heterogeneities allows to adopt the technique 
for calculation of the generalized SIF basing on the extrapolation of the boundary 
functions [5], which calculation formulas for the system of nodes 2-2', 3-3' (Fig. 3) at 
the end discontinuous boundary element are as follows: 
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Here J  is a Jacobian of the boundary element. For the application of expressions 

(13) it is necessary to use the values of functions iu∆  and itΣ  given in the local 
coordinate system depicted in Fig. 3. 
 
EXTRAPOLATION TECHNIQUE FOR ESTIMATION OF THE INTEG RAL 
EQUATIONS SOLUTION SINGULARITY 

The study of thin rigid inclusions completely delaminated from the medium at one 
face [6] has shown that the tractions near the tips of such inclusion possess not a 
square root as for a crack or elastic inclusion, but a stronger one, ( )3 / 4O r−  singularity. 

Consider the general extrapolation approach for determination of the type of a power 
singularity of the stress field. For this purpose approximate the values of boundary 
functions iu∆  and itΣ  at the system of nodes 2-2', 3-3' within the following functions 

 
u
in

i iu rδ∆ =% ,  1t
in

i it rχ −Σ = . (14) 
 
Applying the least square method procedure one can obtain the following formulas 

for determination of unknown exponents in the approximations (14) 
 
 ( )3 3 ' 2 2 '

5 / 3logu
i i in u u− −= ∆ ∆ ,  ( )3 3 ' 2 2 '

5 / 31 logt
i i in t t− −= + Σ Σ . (15) 

 
The unknown factors iδ  and iχ  are estimated similarly: 
 

( )2 2 ' 3 3'
5 / 3log2 2 ' i iu u

i iu Jδ
− −∆ ∆−= ∆ ,  ( )2 2 ' 3 3'

5 / 3log2 2 ' i it t

i it Jχ
− −Σ Σ−= Σ . 

 

 
 

Fig. 3. System of nodes at the end boundary element 
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NUMERICAL EXAMPLES 

To show the efficiency of the proposed approach, consider a few variants of its 
possible application. 

Thin inclusion completely embedded into the matrix with a perfect contact. To 
show the efficiency of application of the developed approach, consider a plane 
problem for the elastic unbounded medium containing thin rectilinear elastic inclusion 
of finite length. Relative rigidity of inclusion is characterized by the value of 

i mk E E= , where mE is the elastic modulus of matrix material, and iE  of inclusion 
one. The Poisson ratios of matrix and inclusion are assumed to be the same and equal 

i m 0.3ν ν= = . The problem scheme is depicted in Fig. 4. The thickness of inclusion 
equals 0.01 of its length. Generalized SIF are determined within the approach (13). 
The data obtained with the developed approach is compared with the results of direct 
calculations of thin rectangular inclusion of the corresponding size using the 
regularization BEM [11] with determination of generalized SIF using the 
approximation approach [12]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results of the numerical analysis of a problem using the specified approaches 

are plotted in Fig. 4. Continuous lines correspond to the proposed method that is based 
on the thin inclusion model [5], and dashed one to the direct calculations of thin 
rectangular inclusion using the regularization BEM. 

For the cases close to the limit values of inclusion’s relative rigidity k  (zero, one, 
infinity), the deviations of generalized SIF calculated for a crack and absolutely rigid 
inclusion using the proposed approach from the analytical solution is less than 1.2 %. 
Generalized SIF obtained using the direct method for very soft and very rigid 

 

 
 
Fig. 4. Normalized generalized SIF 

( )*
ij ijK K aσ π=  of thin elastic inclusion 
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inclusions differs from the analytical one a little more: 2 % is a deviation for the case 
of a crack and 5.3 % for absolutely rigid inclusion. Such results are caused by the 
influence of a real nonzero thickness of inclusion, and also the intermediate 
asymptotic, that depends on the size and the shape of inclusion’s tip. In general, Fig. 4 
shows a good agreement of the results of thin inclusion study using the model [5] and 
a direct approach. Though, the latter gives bigger generalized SIF values for rigid 
inclusions, and smaller for soft ones. Thus for the latter the proposed approach gives 
certain “safety factor”.  

One-side completely delaminated thin elastic inclusion. Consider the previous 
example under the condition that the inclusion is completely debonded at C

−Γ  from a 

matrix, and perfectly contacts with it at C
+Γ . At the infinity the following load is 

applied: p σ= , 0q = . When the inclusion’s relative rigidity varies from zero to one, 
the singularity of the solution should be the same as for a crack, which is a square root 
one. With the increase in inclusion’s relative rigidity the singularity should become the 

( )3 / 4O r−  one [1, 6]. Consider the change of solution’s singularity depending on the 

inclusion’s relative rigidity k  using the extrapolation formulas (15) basing on the 
nodal values of the boundary function 2u∆ . Numerical results of this study are 
presented in Table 1. 
 

Table 1. The change of an exponent n  of stress field singularity ( )1nO r −  

k  n  with (15) n  (theory) Relative error, % 

0 ( 1010− ) 0.444 0.50 11.2 

1 0.403 0.50 19.4 

∞  ( 1010 ) 0.225 0.25 10.0 

 
Table 1 shows that the estimation of solution singularity for the limit cases of 

inclusion’s relative rigidity gives the error of about 10 % that is small enough with the 
account of complexity of direct numerical methods application for the determination 
of the stress field singularity. For a homogeneous case ( 1k = ) the singularity 
estimation error is bigger because the basic influence in this case has the reduced 
rigidity kh a. In general, with the account of the chosen polynomial base functions, 
extrapolation approach (15) gives results good enough to serve as the auxiliary tool for 
the theoretical study of solution’s singularity, and also for the choice of the appropriate 
base functions for modeling of inclusion’s end boundary elements. 

Partially enforced hole. In the work [13] the practical importance of study of holes 
enforced with thin overlays is shown and the approach for the research of curvilinear 
holes, which can be mapped onto the unit circle with the function 

( ) ( )1
0

NRω ζ ζ ε ζ += + , is proposed. This approach allows studying symmetrically 

enforced holes with the shape of regular polygon with rounded vertices. The model of 
an overlay set by expressions (7) and (8) is free of these restrictions and allows 
studying partially enforced holes of arbitrary shape, and also solids with thin surface 
overlays and stringers. 
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As an example, consider the distribution of hoop stresses θθσ  at the circular hole, 
which is symmetrically enforced along the half of the circle with the opened stiffening 
rib. The scheme of the problem and the dependence of hoop stresses on a polar angle 
θ  and overlay’s relative rigidity k  are depicted in Fig. 5. 
 

 
 

Fig. 5. Hoop stresses θθσ  at a hole enforced with a thin overlay 

 
Fig. 5 shows that the increase in enforcement’s relative rigidity causes the 

reduction of stress concentration, given by the Kirsch problem solution; and mostly at 
the enforced part of a hole. The desired notable effect of stress concentration reduction 
is provided with the overlay’s relative rigidity of 2 510 10k = ÷  (for its halfthickness 

0.01h R= , where R  is a radius of a hole). However, it is necessary to simultaneously 
take into account that with the increase in overlay’s relative rigidity k  the increase in 
hoop stress concentration is observed under an overlay near its end faces. This is 
explained with the occurrence of the square root singularity of stress field, the same as 
for the problems of rigid stamps indention. 
 
CONCLUSION 

The authors’ approach for studying of solids containing thin elastic perfectly 
embedded inclusions is extended to the case of delaminated inclusions and elastic 
enforcing overlays. Basing on the simplified model of thin elastic inclusion the 
relations between generalized stress intensity factors and stress concentration at the 
rounded tip of thin inclusion are obtained. The extrapolation approach is developed for 
the numerical estimation of a power singularity of hypersingular integral equations 
solution. The numerical examples are presented to show the possible application of the 
proposed approach for the analysis of a wide class of problems. 
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COMPETITIVENESS OF MANUFACTURE 
 

In crisis, the competitiveness edge of a claimed produce acquired a special value. The 
paper considers the structure of competitiveness as a unity of quality, expenditure, profit 
and prices; describes method of forming competitiveness. It exemplifies an erroneous 
interpretation of competitiveness and methods of its “rapid determination”. To analysis 
and synthesize an integral level of competitiveness, one may use the SADT method of 
detailed step-be-step hierarchy of the objects under study. 

 
INTRODUCTION  

In the conditions of crisis, the competitiveness of produce acquires a special 
significance, as only competitive products, equipment and processes will be claimed 
on the part of both consumer owing to a high quality and acceptable prices and 
producers in view with lower costs and a possibility of creating work places. In 
machine-building as ultimately in other industries of the national economy, the 
produce, technological processes and processing equipment a single complex 
providing competitiveness. Hereby, a temporary decrease in profit will be a must. 
Output of other produce will result in its non claiming, warehousing, stagnation of 
production and aggravating of the crisis. Competitiveness is favorably influences 
favourably, it is the unique index and recipient furthers the perfection. 
Competitiveness, as is generally known, is a property of objects that is characterized 
by a degree of real or potential satisfaction of a particular need as compared to 
analogous objects on a certain market [1]. Competitiveness is an integral value 
characterizing the attractiveness of products for the user and profitability for the 
produce. It is difficult to talk about the competitiveness of products with the a high 
cost of product output, but even at acceptable expenses, yet considerable operating 
expenditure or a high cost of produce competitiveness of produce can a become 
doubtful. A concept of competitiveness is a compromise between the producer and 
customer. 

It is known that a competition (lat. concurre to be a rivals) is interpreted as a fight 
between the participants of market management for the most profitable conditions of 
production, purchase and sale of produce and services, as well as appropriation of 
maximum profits [1,2]. A competition is a self - regulator of economy with the 
functions of regulation, allocation, adaptation and controlling. The object of 
competition is the customer and producer, its subjects being enterprises, industries, 
regions, whole countries.  

Statistics a note [2] that only 10% developed technologies and constructions are 
put into operation, others in of view of a low-level competitiveness are rejected. A 
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similar is the put situation with technological equipment, especially automatic. Most 
publications on this subject are concentrated on the establishment of ready made 
produce competitiveness, although a of greater importance is the forming com-
petitiveness in the process.  
 
STATEMENT OF PROBLEM   

The method of determining the level of competitiveness consists in the following. 
The information for necessary determining the level competitiveness includes the 
indices of quality, all kinds of cost, profit and the price of sale (Fig. 1). Depending on 
whether this is produce, a process or major indices of quality (1) are set. Further on 
production (2) and operating (3) cost, profit (4) and price of sale (5) are calculated. 
These addends constitute the sun total these elements make necessary of the data 
necessary to the determine level of competitiveness (6). Following which, a reasonable 

choice of the prototype (7) 
results in developing the 
comparison index to 
determine competitiveness 
(8), cost (9), profit and the 
sale price (10) of the 
developed product, 
process or service (6) with 
the prototype (7) is it 
possible to get (11) partial 
integral levels of 
competitiveness (12) and 
comparison (13) as well as 
the integral level of the 
produce competitiveness 
(14). The presented 
factors and work with 
them are the well known 
points of determining a 
level competitiveness. The 
exclusion of any of the 

factors from consideration does not make it to estimate even approximately the level 
of competitiveness, let alone a whole group of factors, such as cost, price etc. The 
same goes for the absence of a prototype. For example, having a product with the 
complete list of both indices of quality and of cost, into fit and the price of sale, but for 
lack of the prototype it is impossible to judge about its competitiveness as at the 
market can offer to products-prototypes with both the better and the worse 
information, necessary for such determination. 

The mechanism of forming the competitiveness of products is to provide for 
revealing and determining the influence of all the factors of their production, sale and 
exploitation relatively combined in seven groups. Expenses, related to making the 
produce on design, technological and production levels, belong to the internal factors 
corresponding to the construction - technology - making and the quality. It is known 

 
 

Fig. 1. Diagram of determination of level competitiveness  
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clan that the very design of the product is the basis for its competitiveness. Never once 
has any low quality and difficult to make produce been competitive. The mechanism 
of forming competitiveness is at that based on the application of the concept of virtual 
development, making and exploitation of the product, i.e. preliminary modeling of 
these processes on a computer and obtaining virtual constructions, technologies and 
exploitation and, on these grounds, - estimation of competitiveness. At positive results 
and further already real development it is possible to still more enhancing both the 
indices of quality and the level of competitiveness. The virtual planning and 
exploitation require special and costly programs rare as a complex so far.  

 
INTRODUCED ERROR IN DETERMINATION OF COMPETITIVENES S 

The method for advance estimation of quality and competitiveness of products was 
published in paper [3]. However, the process of competitiveness management is 
hampered by its misinterpretation as well as methods of estimation occasionally 
occurring in some publications. So, in works [4,5] published in Poland (2007) and 
Slovakia (2008) the «rapid method» of determining the competitiveness of flexible 
manufacturing systems (FMS) and technological processes on the proposed «criteria» 
whose values should be put in simple arithmetic formulas of the deformed averages 
and to obtain the result of the competitiveness level. Such a saluting to the problems is 
tempting. What is the point in exploiting the sophisticate familiar methods requiring 
numerous calculations, if the same result is arrived at quickly without the account of 
concomitant cost, basic indices of quality and even in the absence of the prototype?  

 
Fig. 2. Diagram of mistaken determination of «level competitiveness»  on methods [4, 5]  
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The proposed «rapid method» consists in the following. On the strength of the row 
of «criteria», having pointage estimations within the limits of 1-5 and the averaged 
deformed formulas in which it is necessary to put them and values obtained, the «com-
plex index of competitiveness» is determined. Distortion of average data is obtained 
due to the increase of the number of values in the denominator and the introduction of 
the coefficients of scales for two groups of the selected «criteria». The proposed 
formulas for the estimation of FMS competitiveness take into account eight «criteria» 
only: flexibility, autonomy, productivity, reliability, serviceability, ecological 
compatibility, and complexity and power consumption (Fig. 2a) which in any way can 
not be the criteria of competitiveness. At the sometime, the determinations of these 
«criteria» and their pointage estimations are erroneous, although these ore well-known 
determinations. For example, by flexibility an indirect index visa a degree of the use of 
time during the implemenfection of varies tasks, although it is common knowledge.  

That flexibility is a possibility for purposeful change of technological actuality 
within the range of changing the regulative parameters, i.e. a possible number of the 
processed products or their nomenclature. An autonomy is for some reason defined as 
the time during which the FMS an operate unattended, although it’s common know-
ledge, that an autonomy is independence, however, not of the maintenance staff. The 
productivity is not a correlation of the cost of the ready-made products for a certain 
period of time to the sum of the allocation costs related to the exploitation neither is 
reliability a correlation of the average time of shutdown to the useful fund of time [4] 
etc. Amusing is also the determination of ecological compatibility as a correlation of 
the mass of debris to that the ready-made products, although it is known that one 
should take into account not number of the debris, but their harmfulness for the 
environment. A most all of the «criteria» have the same illiterate definitions.  

For the applied technology ten «criteria» are propose [5]: contemporaneity, 
automation possibility, simplicity of readjustment, degree of normalization, operating 
safety, reliability of functioning, extent of integration, adaptability of the equipment, 
easiness of service and term of use (Fig. 2b). By the way, many definitions of 
«criteria» are also erroneous, although these are long settled down terms. For the 
estimation of the applied technology for the productivity, accuracy, labor output ratio 
and other criteria are absent for some reason. Firstly, many factors determining 
competitiveness are not taken into account in these methods. Specialists know that 
competitiveness is determined by quality, production and operating costs, profits, price 
when compared to a prototype. For some reason, important indices without which on 
the whole it is impossible to fudge about competitiveness are not reflected here. These 
are, for example, technical level, accuracy, standardness, stability, material capacity, 
transportability, maintainability, efficiency, longevity, safety, diagnostic ability, 
controllability and also production and operating costs, price, terms of supply, after-
sale service etc. Completely comparing absents to the prototype. Secondly, if in the 
given formulas for the weight of the «criteria», absurd results will be obtained. For 
example, a FMS variant with a good flexibility, autonomy, productivity and reliability 
is equivalent to a variant with useless «criteria» like these, but has a high 
serviceability, ecological compatibility, complexity and low energy consumption. 
Such a «rapid» result is proof of a total uselessness of the method. Such a «rapid 
method» helps only erroneous estimations for the competitiveness of products, 
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processes and equipment. The erroneousness of the «rapid method» is obvious from 
the comparison of Fig. 1 and 2.  

 
DETERMINATION OF COMPETITIVENESS BY SADT - DIAGRAMS  

With the purpose to optimize of providing the level of competitiveness at lowered 
costs can apply the method of SADT (Structured Analysis and Design Technique) of 
detailed the successive hierarchy of the objects under study. On these hierarchical 
levels, the analyzed object is examined greater in detail, equivalently to the previous 
level; functions and blocks of realizing the tasks set are determined. Influence of the 
environment is taken into account too. Simultaneously, the methods of 
dismemberment are wholly determined by the purpose set, and are not elated SADT- 
method. The application of this method is related to the realization of the multivariable 
process of determining the integral level of competitiveness on the accepted set of the 
operating factors with their optimization.  

The SADT- diagram of entry level (Fig. 3) takes into account the basic data, which 
are drafts of products, structure of the process or service, specificity of application, as 
well as analogues and the prototype, means of meeting the ands set and the output 
data. The method are supposes the use of four basic functions: determination of indices 
for the quality of product, process or service, concomitant costs, profit and the price of 
sale. On the basis of the input data, taking into account the influence of external 
environment, fundamental indices of quality are determined. Simultaneously, these 
indices are determined on the basis of operating requirements with due account of the 
analogical ones in the prototype which must be the best. Further calculated are 
production, extra-production and operating concomitant costs, income and the price of 
sale are determined. By the well known formulas [6] necessary data are calculated and 
comparison is made with the analogous ones in the prototype, whose basis the integral 
level of competitiveness of the object is determined. If the level appears to be 
somewhat lower, but can be made higher, the product, process or service are sent to 
revision or, in the opposite case, rejected.  

 
 

Fig. 3. SADT- diagram of initial stage of determination of level competitiveness (ILC) 
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SUMMARY  

The generally accepted method of determining the level competitiveness envisages 
an obligatory taking into account of the indices for quality, development costs, 
introduction and exploitation, technological prime cost of the products made on it 
when compared to a prototype. Management of the competitiveness of products, 
technologies and equipment especially in the conditions of crisis except for marketing 
and application of the mechanism of directed forming envisages a reorganization of 
conducting of designer, technological and production works with the purpose of 
increase quality of indexes with at reduction of production costs due to the 
optimization of all links of the production chain, co-operation and specialization. The 
same goes for the reduction operating costs. Acceptability of the cost of products in 
the time of crisis must be provided due to marketing, management and diminishing of 
the expected profit. Nonproductive costs can be reduced by reorganizing of the 
infrastructure, deliveries, advertising etc, especially removals of unplanned expenses 
in the forms of bribes, recoils etc. Special place is occupied by the legal norms of 
enterprise, tax-reduction, profit regulation, legal assistance, inflation, sponsorship etc. 

In this connection one can profit from the experience of the huge China and small 
Switzerland successfully reorganizing a productions, diminishing concomitant costs, 
reducing release prices, combating corruption, creating favorable conditions for 
production and business. 
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NUMERICAL SIMULATION 
OF THE HYDRAULIC BULGE TEST OF HSLA STEEL  
AND EXPERIMENTAL VERIFICATION OF RESULTS 
 

 
 

In sheet metal forming operations the mechanical properties of the sheet metal (stress-
strain curve, flow stress) greatly influence metal flow and product quality. Accurate 
determination of the stress-strain relationship is important in process simulation by finite 
element method. In this paper the sheet thickness gradation in different points of the 
hemisphere formed in the bulge test is analyzed, both by simulation and experimentally. 
A precise determination of sheet thickness at the pole is very important in the precise 
determination of stress-strain relationship. The aim of this paper is to show on some 
aspects of numerical simulation of hydraulic bulge test and experimental verification of 
obtained results. 

 
 

1. Introduction  
 

New vehicle structures should comply with severe crash requirements. To build 
a safe vehicle structure, it is necessary to select the optimum material for a given 
application. To do this requires a detailed understanding of dynamic material 
properties in both the as - rolled and formed condition. Advanced testing and CAE 
facilities are used in order to understand and improve the crashworthiness of it’s 
materials. To understand the interactions between material, manufacturing process and 
design, authors uses impact facilities capable of testing some materials as well as real 
components [1]. 

The new microalloyed steels called also High Strength Low Alloy (HSLA) are 
becoming increasingly recognized as offering both cost savings and high performance 
for use in formed products. They find wide application in automotive, off-highway and 
similar original equipment industries. High-strength steel allows the user to increase 
the strength of the finished component or reduce the steel thickness, or both. The 
material plastic behaviour, joining and material failure (cracking) are included in 
impact research on vehicle sub-structures in automotive industry. 

The paper deals with evaluation of mechanical and plastic properties of steel sheet 
with higher strength properties. To validate the application of material data in the 
engineering stage, authors use advanced CAE tools validated through experimental 
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testing. The results of the tests were used as the input data for simulation of deep 
drawing of drawn part with specified shape and dimensions. Simulation of bulge part 
by PamStamp software was realized. The results of simulation were verified by actual 
experiments. Tool design and forming process conditions were also verified by means 
of simulation with the aim of achieving the required quality.  

 
2. Methods of experimental work 
 
2.1. Experimental material  
 

Steel sheet of new conception used in automotive industry were evaluated during 
experimental works, microalloyed steel H220PD with thickness a0 = 0,80 mm. 

Evaluated steel sheet was fully hot-dip galvanized, with amount of zinc of 100 
g/cm2.  

The yield strengths exhibited with these materials range from 350 to 800 MPa 
without heat treatment. These strength capabilities make HSLA steels an economical 
alternative to quenched-and-tempered alloy steels. Microalloyed steels usually have 
carbon contents, manganese, silicon and either small amounts of vanadium, 
columbium (niobium), titanium or nickel and molybdenum in various combinations. 
Chemical composition of experimental materials is shown in Tab.1.  
 
Tab. 1.  Chemical composition of evaluated steels [%] 

 C Mn P S Ti Si Al Cr Cu Nb Mo 
A 0.004 0.415 0.042 0.004 0.037 0.1 0.035 0.031 0.011 0.026 0.005 

 
2.2. Uniaxial tensile test 
 

Evaluation of material formability of experimental material was realized by tensile 
test (STN EN 10002-1), test of planar anisotropy (STN 42 0437), test of normal 
anisotropy ratio (STN 42 0435) and test of strain hardening exponent (STN 42 0436). 
Significant directions of 0°, 45° and 90° against direction of rolling were tested during 
testing of drawability parameters. Tensile specimen according to STN EN 10002-1, L0 
= 80 mm was used for all mentioned tests. The tests were realized on the tensile 
machine TiraTEST 2300 with recording of the process. Interval of strain hardening 
exponent evaluation was within the range of uniform deformation of 5 – 20% for both 
tested sheets. Values of mechanical properties, degree of their planar anisotropy, 
coefficient of normal anisotropy and strain hardening exponent are shown in Tab.2. [2] 
 
Tab. 2. Parameters of material drawability of microalloyed steel H220PD 

 
Direc-
tion 

RP0.2 

[MPa] 
Rm 

[MPa] 
A80 
[%] 

PRP0.2 
[%] 

PRm 
[%] 

PA80 
[%] 

r rm ∆r n nm ∆n 

0° 219 385 34.5    1.172 0.235 

45° 225 368 37.4 2.76 -4.29 8.24 1.782 0.231 

H
22

0P
D

 

90° 238 382 35.8 8.38 -0.69 3.67 1.823 

1.640 0.285 

0.229 

0.231 0.001 
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2.3. Biaxial bulge test 
 

Bulge test (Fig. 1) was realized for the purpose of comparing the curves of harde-
ning from uniaxial tensile test and biaxial tensile test. The hydraulic bulge test can 
better describe the plastic properties of a sheet metal at large strains (Fig. 3)[3,4]. 
 
 
 
 

 
 

Fig. 1. Geometric parameters of hydraulic bulge test 
[5]. R- radius of curvature, s0 – initial thickness, s-
actual thickness, x-half of die aperture, h- bulge 
height 

Fig. 2. Example tested specimens for HSLA 
H220PD steel sheet material (sample not 
burst) 

 
To set the standards for material formability and expansion and to deliver reliable 

material data to the industry, the Department of Technologies and Materials at The 
Technical University of Kosice has developed and implemented the biaxial bulge test. 
This test can be used to determine the formability of various materials with thickness 
up to 1 mm.[5] Fig. 2 shows the tested sample of HSLA steel sheet material. Industrial 
pressure transmitter DMP 333 to measure the bulging pressure up to 250 MPa and 
linear gage to measure dome height were used for the test. Measuring devices were 
calibrated before the test to ensure accurate measurements. 
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Fig. 3.  Uniaxial and biaxial stress-strain curves of HSLA H220PD steel sheet material 
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2.4. Numerical simulation of the hydraulic bulge test 
 

Hardening curve was estimated on the base of tensile test results. Simulation 
software PamStamp2G was used where specification of hardening curve model 
according to Krupkowsky was chosen: 

 

( )n
p0.K ε+ε=σ         (1) 

 
where: σ is the stress, K is the strength index, ε0  is the offset strain, εp  is the plastic 
strain and n is the strain hardening index.    

Isotropy model of strain hardening (the center of plasticity plane is constant and it 
is changing the size) was chosen for the calculation. The model is describing the 
change of plasticity plane (curve) in dependence on change of plastic deformation (or 
deformation rate). Hill48 material law for orthotropic materials was used for condition 
of plasticity, which determines curve form of plasticity in the main stresses area:  

 

    (2) 
 
where: σ is the stress, F,G,N are Hill´s coefficients. 

Fig. 4 shows a sample pressure vs. time curve for HSLA H220PD steel from which 
the burst pressure was obtained. The burst pressure was about 145 bar for tested 
specimens. 

 
Fig. 4. Experimental pressure vs. time curve of HSLA H220PD steel sheet material 

 
The numerical simulation of the hydraulic bulge process was performed. The 

material properties for determining of material model were obtained from uniaxial 
tensile test. FEM simulations and experiments have been performed in order to study 
the interrelationship of the geometric and material variables such as dome wall 
thinning, dome height and limit strains. From the study the limit strains and dome wall 
thinning under biaxial deformation conditions has been determined, both simulation 
(Fig. 5-6) and experimentally. 
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Fig. 5. Critical amount of thinning in a HSLA sheet 
metal before failure  

Fig. 6. Forming Limit Diagram (FLD) of 
HSLA steel sheets in same phase as show 
previous figure 

 
3. Reached results and discussion 
 

The results from numerical simulation with the experimental results from hydraulic 
bulge test were compared. Verification of simulation results mainly on local thinning 
of material was focused. Figs.7 -10 show a comparison of thickness distribution on 
dome of bulged profile obtained by hydraulic bulge test and from numerical 
simulation.  

 

  

Fig. 7 Comparisom of numerical simulation with 
experiment, dome height h = 16 mm 

 

Fig. 8 Comparisom of numerical simulation 
with experiment, dome height h = 21 mm 

  

Fig. 9. Comparisom of numerical simulation with 
experiment, dome height h = 25 mm 

Fig. 10. Comparisom of numerical simulation 
with experiment, dome height h = 32 mm 
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No considerable variation of the thickness distribution between results from expe-
riment and simulation, respectively, was observed. Material thinning from 1,5 to 3,9 % 
at lower strains was measured, while thinning in total range of deformation was up to 
10 %. The results of simulation, which are shown in Fig. 7-10, mostly a few 
overestimate the results obtained from experiments. 

Results comparison of simulation and actual experiment confirms results of 
simulation. Predicted thickness distribution of bulged profile from H220PD HSLA 
sheet material was observed. Thus, the material law and yield criterion used in 
simulation concept seems to be convenient.  
 
4. Conclusions 
 

On the base of realized experimental works, simulation and actual experiment, 
following conclusions can be formed: 

1. The strain distributions of HSLA steel sheet on real bulged profile correspond 
with results from numerical simulation. 

2. Deformation is localized in central area of bulged hemisphere, this result 
confirm known fact from literature. 

3. The results from numerical simulation overestimate real thinning from 1 to 10 
%, at lower strains only 1,5-3,9 %.  

4. Variations between simulated and experimentally measured values can result 
from measurement inaccuracy. 

5. Krupkowsky power law and Hill48 yield criteria provide strain predictions that 
seems to be convenient, the other material law and yield criteria needs to verify. 

6. Verification of the numerical simulation of hydraulic bulge process of HSLA 
steel sheet by experiment is possibly to state, that prediction of bulge process by 
numerical simulation quite accurately showed possible issues at production.  
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THERMAL DRILLING AS A PROGRESSIVE TECHNOLOGY 
OF CREATING OF BUSHINGS   

 
The contribution deals with joining of materials and creating of bushings from aluminium 
materials, with using of new joining technology by thermal drilling, it means by Flowdrill 
method. This method is using at  joining of materials such  as sheets , pipes, hollow 
profile, where the thickness of material does not allow to  make the drilling  with enough 
number of  threads. Also we can compare this thermal drilling technology with  produc-
tion of smooth cylindrical  and conical bushings by forming technologies as hole burni-
shing. This paper was made with cooperation with firm Commerc Service spol.s.r.o., 
Prešov.  

 
INTRODUCTION  

With the development of automobile industry and using of new materials at the 
production of automobiles at present days arise the requirement of join of materials. At 
the production of automobile body usually joins metal coating sheets with non-metal-
coating ones. In the same way there arise the requirements for join of ferrous and non-
ferrous metals. 

The classical joint of materials produced by  spot welding or laser welding not 
always allow to provide for required quality of joints and necessity, therefore it is 
necessary to investigate the alternative methods of material join.  The thermal friction 
method is using in joining of materials such as sheets, pipes, hollow profiles. 

The contribution deals with the problem of material joins by method of thermal 
drilling - Flowdrill method. The experimental results presented in this contribution are 
the results of our cooperation with production firm in Prešov. 
 
METHODS OF JOINS IN AUTOMOBILE INDUSTRY 

      The development of products in automobile industry, expansion of pipe industry, 
design of new machine products, utilisation of new materials, also the  joint design in 
civil engineering, competition business in the world market  force the producers to 
increase the production and to utilize new technologies. The force of automobile 
producers is the biggest from the economical and qualitative points. Therefore the 
producers try to simplify the production and to use the new progressive join methods 
of automobile components.  

We differentiate in dependence of force transfer between point, linear and planar 
joint in the new material join methods. In the case of planar joint ( for example glue-
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joint), the transfer of  loading of material is divided equally on the whole area, in the 
case of spot joint (for example joint is created by spot welding or riveting)  loading is 
accumulated into particular points with local concentrate of stress. 

We can divide material joints according to way of their production: 
1. mechanical joint: join  according to  screw  and  matrix,   stamps, rivets, 
2. welded joint: laser beam welding, plasma welding, electro -contact welding, 
     friction stir welding, spot friction stir welding,   
3. soldering joint: contact soldering, diffusion soldering, 
4. glue joint: with using of connecting mass, join by pouring. 

At present days, it is often necessary to join one to another part and also sometimes 
is necessary to assembly or demount at reparation for example in automobile or 
machine industry. From this reason, producers begin to use progressive technologies: 
• technology by using of drilling screws, joining by FDS system at thin sheets, 
• technology of thermal drilling by Flowdrill method in materials with greater 
thickness. 
      The technology of thermal drilling is used mainly in automobile industry. This join 
technology, consists in possibilities of smooth cylindrical respective conic bushings 
and threads in thin-walled materials, as the sheets, tubular profiles and pipes, but also 
for bearing length and shafts and also in the load-bearing parts of automobile body in 
the profiled steel constructions. The method of thermal drilling is shown in Fig. 1. 
 

 
 

Fig. 1. Scheme of thermal drilling [1]   

 
EXPERIMENTAL METHODS AND RESULTS OF TESTING  

 During the testing of thermal drilling technology, there were verified the 
suitability of mentioned technology for selected material, for evaluation of quality of 
produced holes, bushings and threads at various technological conditions and for 
observe the macro and microstructure of mentioned materials. For experimental aims, 
there were proposed for samples non-ferrous material aluminium, according to 
standard STN 42 4401.The dimension of tested material was jacket 30 x 30 x 2 mm. 
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      The experiments were realized on pedestal drilling machine type Flott P 23 with 
hand control, in firm Commerc Service, spol.s.r.o in Prešov, Fig. 2. 
       The drill, type Flowdrill Short with diameter 7,3 mm and the drill, type Flowdrill 
Short/flat with diameter 7,3 mm with milling cutter and tapping tool were used in the 
experiments, Fig. 3. 
   

 
 
Fig. 2. Drilling machine Flott P23     Fig. 3. The thermal drilling tool special holder of collet for heat  
                                                                removal, collet, drill  Flowdrill, tapping tool 
 
      In the Table1 is shown the chemical compositions of testing material AlMgSi. 
 
Table 1. The chemical composition of material - AlMgSi,  standard STN 42 4401 
Si  Fe  Cu Mn  Mg Zn Ti Cr Ostatné 
0,58 - 
0,63 % 

0,18 - 
0,22 % 

0,10 - 
0,20 % 

0,12 – 
0,20 % 

0,53 - 
0,58 % 

max - 
0,02 % 

max -
0,02 % 

max - 
0,08 % 

max - 
0,1 % 

 
      After realization of experiments, there were evaluated the shapes and quality of 
collars, bushings and threads from testing material at various technological conditions. 
      There were changed the drilling speeds in the range from 1470 sp.min-1 to        
3420 sp. min-1.In the Fig. 4 is shown the results from material aluminium, where we 
can see the collars and bushings and the original thickness of material.  
 

 
             

Fig. 4.  The collars and bushings from aluminium material, material thickness 2 mm 
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      The bushing creates the enlarge possibilities of using of material thickness and 
areas, where the thickness of material can change more than twice. Also we can make 
threads into the bushings. For example we can use bushings for join of pipes as non-
demountable join, Fig. 5 or for join with threads as demountable joins, Fig 6.  

   

                   
 
Fig. 5. The joint of pipe in bushings [2]                Fig. 6. The joint with bushing with threads [2] 
 

      In the Fig. 7, Fig. 8 and Fig. 9 are shown the results from technology of thermal 
drilling, it means collars from aluminium material at various technological conditions 
[3]. In the Fig. 10 and Fig. 11 are shown the bushing without collar made with 
long/flat drill.  
 

 
 
Fig. 7. Al collar, 1470 sp min-1      Fig. 8.  Al collar, 2550 sp min-1       Fig. 9.  Al collar, 3 420 sp min-1   
 
 

 
                    
Fig. 10. Removed collar and bushing   Fig. 11. Removed collar and bushing with threads        
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In the Fig. 12 is shown the shape of bushing from the bottom side. The shape of 
bushing is without cracks .The cross-section of aluminium bushing is in the Fig. 13 
and bushing with threads is shown in the Fig. 14. 

 

 
 
Fig. 12. Shape of Al  busher   Fig. 13.  Al busher, 2490 sp/min       Fig. 14.  Rolled threads, aluminium 

 
      In the Fig. 15 is shown the detail of metallographic sample of collar tested from 
aluminium material at the operating speed 3420 sp.min-1. The collar is not damaged 
and is round. In the Fig. 16 is shown the metallographic detail of  formed thread in 
bushing. 
 

 
 
Fig. 15. The detail of aluminium collar, m.50x         Fig. 16. Detail of microstructure- forming thread, 
                                                                                       material aluminium,m.200x   

 
 

CONCLUSIONS 

      In the contribution was presented the view of nowadays progressive technology 
utilized in the join of various types of ferrous and non-ferrous materials, mainly in the 
automobile, pipe and civil industry. 
      The presented experiments were oriented to evaluation of material at various 
technological conditions on the created bushings and threads for mechanical thread 
joint. 
     In the frame of experiments were used aluminium sheets with thickness 2 mm . 
     We can make a conclusion from the results of the thermal drilling by Flowdrill 
method as from the metallographic samples, that the created bushing and thread can be 
used in joining technology. The bushings (with or without the threads) in material can 
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elongate the joining place and the joints will become more strong and safety. Also the 
bushings can be utilised as the helped parts in non-demount joints. 

When we compare various materials from the point of shape quality, the part of 
joints from the aluminium material, it means  the bushings and following created 
threads in bushings  show the biggest variance from the requirement shape and in the 
many cases there occurred the damages of integrity in the bottom border of bushing, 
but  the function of  future joint is without changing  and can be used in automobile 
industry.  
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EVALUATION OF SOME MECHANICAL PROPERTIES  
OF  STEEL SHEET  

 
The requirement for reducing of weight of products urges the producers to reducing 
thickness of used materials. It means the reducing of thickness of products from sheet. 
The second requirement for product is its adequate stiffness. These requirements force 
product manufacturers from sheet material to ask for development of sheets with higher 
strength properties and formability from sheet producers. The properties of sheet must 
guarantee deep- drawing of stampings without problems, but with required qualitative 
and dimensional parameters. The contribution solves the problem of deep drawing of 
bath tubes and pressability of steel sheets used at the production of bath tubes. The 
thickness of used steel sheets were changed from 1,55 mm to presented 1,35 mm. This 
change had an influence on the required properties of steel sheets and also the changes 
of technological conditions of deep drawing. The next surface finishing of pressing - bath 
tube requires the roughness of surface in the defined boundary. 
 

 
INTRODUCTION  

Technological processing of new materials with new properties offers a number of 
problems, because in most cases there is reached a deterioration of indicator of their 
technological characteristics of pressability. Verification of material pressability is 
therefore often necessary. 

Basic reviewing of pressability of steel sheets is carried out by using of 
characteristic values of the basic test of sheets (tensile test, compression, 
microhardness, metallographic evaluation). The test results can create an idea about 
the properties of materials and their possibility in practice use. 

The deep drawing sheets are used with higher plastic properties. The formability of 
sheet metal, i.e. ability of the material to plastically deform without losing local 
stability, and without failure, the basic effect has: 

• method of material production (materials cast by classic method, continuously or 
in a vacuum), 

• chemical properties of the material (eg impurities, alloying elements), 
• material structure , 
• material texture ,  
• mechanical and plastic properties of materials, 
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• quality and quality of material surface, 
• shape and size of intermediate. 
Research, which results are presented in this paper, was made for the products of 

sanitary technique. The current trend in this production is to reduce the weight of the 
product. Sanitary products are now made of steel grade/mark KOSMALT 190, which 
is currently replacing with the new material quality suitable for deep drawing and 
enamelling, marked as KOSMALT 180 IF. The mentioned materials are used in the 
manufacture of sanitary technique, for example producing company is called FESTAP, 
a.s., Fiľakovo. 

The basic mechanical and chemical properties of steel sheet suitable for 
enamelling, produced in USS Kosice, is shown in the Table 1 and Table 2. 

 
Table 1.   Chemical structure of steel sheets suitable for  enamelling  [1] 

 
 
 
 
 
 
 
 
 
 
 

 
 
Table 2.  Mechanical properties of steel sheets suitable for  enamelling   [1] 

Mechanical properties Quality according to  
EN 10209/96 
U.S.Steel Košice,s.r.o. Rp 0.2  

[MPa] 

Rm  

[MPa] 

AMIN 

[%]  

r90  min. 

[-] 

n90 min. 

[-] 

Width 

 [mm] 

KOSMALT 180 IF 180 270 - 350 42 I,80 0,22 0,40 – 2,00 

KOSMALT 190 190 280 - 350 40 I,40 0,22 0,40 – 2,00 

KOSMALT 190 S 190 270 - 350 40 I,80 0,20 0,40 – 2,00 

KOSMALT 210 210 270 - 350 38 -  -  0,50 – 2,00 

KOSMALT 240 240 270 - 390 32 -  - 0,50 – 2,00 

 

In appreciate of the surface quality of the sheet there is evaluated the surface 
cleanliness, surface defects and surface micro geometry [1]. The surface quality for 
deep drawn steel sheets cold rolled prescribes the European standard EN 10130/91 + 
A1/98. The surface quality for deep drawn steel sheets hot rolled prescribes the 
European standard EN 10111/98. 

The indicator evaluation of formability according to new criteria is listed in Table 
3. 

 

Chemical analysis of melt analysis v % Quality according to  
EN 10209/96 

U.S.Steel Košice, s.r.o. 
C  

max. 

Mn 

max. 
Si  max. 

P  

max. 

S 

max. 
Al Cu  max. 

KOSMALT 180 IF 0,005 0,35 0,01 - 0,015 min. 0,020 0,06 

KOSMALT 190 0,04 0,19 0,01 0,015 0,012 0,02 0,06 0,060 

KOSMALT 190 S 0,06 0,30 0,03 0,015 0,035 min. 0,020 0,060 

KOSMALT 210 0,06 0,25 0,03 0,025 0,020 0,03 0,07 0,065 
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Tab. 3.  Evaluation of formability of deep drawn steel sheets cold rolled [2] 

Identification Formula Dimension 
Evaluation of formability of cold 

forming 

P P = Rm / Rp0,2 [-] 
The higher value of P 

the better the formability 

k k = Ag / Rp 02 [% /MPa] 
The higher value of  k, 

the better the formability 

Zp ZP = k´ . (Rm - Rp 02) . Ag [MPa] 
The higher value of ZP, 
the better the formability 

KUT KUT = P . A50 [%] 
The higher value of  KUT, 
the better the formability 

IT IT = 1000 . rs . ns [-] 
The higher value of IT, 

the better the formability 

 
EXPERIMENTAL METHODS AND RESULTS OF TESTING  

Experimental tests were made on steel sheets of KOSMALT 190, with thickness 
1,5 mm and KOSMALT 180 IF, with thickness 1,35 mm. 

To determine the basic mechanical properties of metallic materials are used an uni-
axial tensile test, which is one of the basic mechanical tests. The test was performed on 
a test machine, TIRA- test 2300, on the Department of Technology and materials, 
FME TU in Košice. Test samples for tensile test were taken in the directions 0 º, 45 º 
and 90 º with respect to the direction of rolling, according to STN EN 42 030. 

For determination of the methodology for testing and evaluation of drawability of 
materials there have been designed following tests: 

• a visual evaluation  of tested materials according to standard STN 42 0108, 
• preparation and implementation of metallographic analysis of the tested materials  
  according to standard STN 42 0469. 
• measured values of roughness of sheet, Ra, Rz,  according to standard EN ISO 

4287, 
• sample preparation and implementation of a tensile test according to EN 10002-1, 
• the test of normal anisotropy according to standard STN 42 0435; 
• the test of  the strain hardening exponent according to standard STN 42 0436; 
• determination of  the coefficients P, IT, KUT, Zp, according to the new criteria of 

formability. 
On visual inspection of sheets KOSMALT there occur the most frequent errors 

such as scratches, corrosion, impressions after rolling. In Fig 1 is shown the corrosion 
on the sheet and  in Fig. 2 is shown the impressions after rolling. 

The fractographic evaluation, Fig. 3 and Fig. 4 , of  test samples from steel sheet 
KOSMALT 190 were realised on the electron microscope JSM -35 CF JOEL, Japan. 

Measurement of surface roughness was realised according to standard ISO 4287. 
To measure the surface roughness was used the equipment for roughness measuring 
Surfest MITUTOYO SJ – 301. The roughness values meet the requirements with 
delivery regulations and firm standard from  Ra = 1,7 to 2,7 µm. The measured values 
of KOSMALT 190 ranged from Ra = 1,81 to 2,07 µm and KOSMALT 180 IF ranged 
from Ra = 1,74 to 1,96 µm. 
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  Fig. 1. Visual evaluation –corrosion                   Fig. 2. Visual evaluation –impression after rolling 

 
 
 
 
 
 
 
 
 
 

 
 
                                    a)                                                        b)                            
 . 
 
 
Fig. 3 The structure observed at the place of shear line: a)   score with rough surface,    b)   structure 

with cavity failure 

 
          
 
 
 
 
 
 
 
 
                                   
 

                                     
a)                             

b) 
 

Fig. 4. The details of mill chips: Irregular shape of chip,  b)  separation of chips from basic material 
 

Uni-axial tensile test was realised according to standard STN EN 10002-1, which 
provides the processing and evaluation of measured values. Tensile test was performed 
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on a certified tensile test machine TIRA-test 2300. There were used for experiments 
five samples from each of the rolling direction 0 º, 45 º, 90 º according to the rolling 
direction. 

The measured mechanical properties are given in Table 4 for both tested materials. 
 

Table 4. Mechanical properties of tested materials 

Measured values of mechanical properties  
Material Rolling  

direction  
Rp0,2 

[MPa] 
Rm 

[MPa] 
A80 
[%] 

0° 189 300 44,2 
45° 202 317 40,8 KOHAL 190 
90° 198 306 44,6 
0° 173 317 46,0 
45° 180 322 44,1 KOHAL 180 IF 
90° 179 315 46,3 

 
In Table 5 are given the average values of strain hardening exponent and of normal 

anisotropy. 
 
Table 5.  The values of the strain hardening exponent and normal anisotropy 

Measured values of mechanical properties 
Material Rolling  

direction 
r 

[-] 
rm 

[-] 
∆r 
[-] 

n 
[-] 

nm 

[-] 
∆n 
[-] 

0° 1,498 0,201 
45° 1,023 0,197 KOHAL 

190 90° 1,764 
1,327 0,608 

0,202 
0,199 0,004 

0° 1,630 0,244 
45° 1,519 0,236 KOHAL 

180 IF 90° 2,217 
1,721 0,404 

0,240 
0,239 0,006 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                         KOSMALT 190     KOSMALT 180 IF 
  
                                      Fig. 5. Evaluation of formability according to  rm , nm 

 
The complex evaluation of the average coefficient of normal anisotropy and strain 

hardening exponent is indicated in the diagram in Fig. 5. 
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The criteria, based on measured values by tensile test for examination of the formability 
of cold-rolled sheets, are shown in Tab. 6 
 
Table 6.  The average values of   new criteria of formability 

Criteria of formability 
Material Rolling  

direction 
P 
[-] 

KUT 
[-] 

Zp 
[-] 

k 
[-] 

IT 
[-] 

0° 1,587 70,145 1148,05 0,234 
45° 1,569 64,015 947,78 0,202 KOHAL 

190 90° 1,545 68,907 1083,78 0,225 
2640,73 

0° 1,832 84,272 1761,98 0,266 
45° 1,789 78,895 1534,24 0,245 KOHAL 

180 IF 90° 1,760 81,488 1630,87 0,259 
4113,19 

 
CONCLUSIONS 
 

The paper deals with the solving of problem of expertise evaluation of the functio-
nal characteristics of the determined material for special use and for deep drawing. 

On this basis, it can be concluded that the obtained results and experimental 
measurements can be used for the evaluation of the sheet application of type 
KOSMALT 190 with a thickness of 1,5 mm and  KOSMALT 180 IF with a thickness 
of 1,35 mm in the production of new and innovative products and can be recommend 
them as an input materials for the production of large pressings. The obtained 
experimental results show that mainly the tested steel sheets KOSMALT 180 IF with a 
thickness of 1,35 mm  have a high ability of strain (the values of n, A80) and less 
suitability for the drawing from the flange (low values of r). 

Introduction into production of new materials with improved of deep-drawn 
properties, with less thickness, by the introduction of new advanced technologies, with 
ongoing study, by training and control can be achieved the desired results and, 
ultimately, the competitiveness of companies in global markets. 
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ANNEALING PROCESS AND ITS INFLUENCE  
ON MECHANICAL PROPERTIES OF PACKAGING SHEETS 
 

In the contribution sheets made by single rolling and double reduction, batch and 
continual annealed have been compared. The comparison has been done based on two 
tests, by uniaxial tensile test and earring test. 

 
INTRODUCTION 

Thin steel tinned sheet for the production of metal packaging is made from low-
carbon, deep-drawing, aluminum killed steel, casting on equipment for continuous 
slabs bloom casting. Slab casting is followed by hot rolling on wide-strip mill. Hot 
rolling is followed by treatment at Cold Rolling Mill. During the Cold rolling 
treatment increased strength, hardness and decrease of plastic properties of rolled 
materials is achieved as a result of material plastic strain and strength increase. To 
eliminate these negative changes in material, recrystallization annealing is included in 
the sheet production process. Annealing is made by continuous process (CA – 
Continual Annealing) or by batched process (BA – Batch Annealing). 

Continual annealing takes about 2-3 minutes. In this process the belt is indirectly 
warmed up. This heat process is especially suitable for harder qualities of tinned 
sheets. This new method of annealing process includes temper hardening with tempe-
ratures around 450ºC, which allows to produce practically non-ageing material. 

Batch annealing introduces a multi-hour process for the recovery of crystalline 
structure which was deformed by cold rolling. The advantage of these furnaces is in 
achieving structure recovery and considerable softening of the annealed material as a 
result of long annealing and very slow cooling. The disadvantage of this process is in 
its long time and unequal temperature in the whole annealing batch content in 
comparison with continual annealing in coil.     

As for very thin tinplates, the second reduction of thickness by cold rolling at 
intervals 10 – 36 % is made after annealing. The resulting product has higher hardness 
and strength after double reduction compared to a single reduced material. The 
finalization of packaging sheet production is the process of double side electrolytic 
tinning. The tin layer fulfills anticorrosive function of this sheet.  

In the contribution sheets made by single rolling and double reduction, batch and 
continual annealed have been compared. The comparison has been made based on two 
tests, by uniaxial tensile test and earring test. The uniaxial tensile test has been chosen 
in order to compare the achieved strength and plastic properties of thin batch and 
continual annealed packaging sheets of different thicknesses in rolling direction and 
perpendicular in respect of rolling direction. The compressibility of batch and conti-
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nual annealed packaging sheets has been examined by earring test, as well. This test 
includes the influence of material properties as well as technological conditions and 
geometry of the active parts of drawing tool for drawing process. The anisotropy 
properties of tinplates demonstrated by earring creation have been evaluated on cup 
from earring test. 

The results of these tests should lead to the optimization of testing method for 
setting the objective sheet properties and that way creating conditions for their 
troublefree drawing processing.   

Two types of materials produced by different processes have been chosen for the 
verification of annealing influence on anisotropic properties of tinplates and from each 
one two different thicknesses have been tested.          

      
SHEETS ANISOTROPY 

Directional values of mechanical properties (anisotropy) have great importance 
during sheet treatment by drawing. The main reason of anisotropy lies both in the 
rolling process and sheet annealing after rolling. Heterogeneous ingredients of 
structure are being plastically transformed by rolling and therefore changes of shape 
and grain orientation appear. Rolling is characterized by significant grain elongation in 
the rolling direction, whereas deformations in perpendicular direction are much 
smaller. Structural or crystallographic texture participates on the total anisotropy, too.   

The sheets show two types of anisotropy: surface and normal.   
The surface anisotropy expresses inequality of mechanical properties in different 

directions of sheet plane. To detect surface anisotropy we need the results from tensile 
tests taken from sheets in various angles in respect to rolling direction. The surface 
anisotropy has adverse influence during the process of symmetrical cup drawing not 
only on the creation of earrings needed to be removed, but it can also cause thinning of 
cup wall thickness and cause circularity deviations of cylindrical cups. 

The normal anisotropy expresses the inequality of properties obtained in sheet 
plane in respect to properties in perpendicular direction to sheet plane (in thickness 
direction). So it expresses sheet resistance to thinning at deep drawing.  

 
EVALUATION OF PROPERTIES BY UNIAXIAL TENSILE TEST 

Nowadays the uniaxial tensile test is the most frequently used test for obtaining 
basic mechanical properties of sheet.  The goal of this test, which has its conditions 
and test sample shape indicated in the specifications STN EN 10002-1+AC1 and STN 
42 0321, is to obtain the values of yield point, ultimate tensile strength and elongation. 
For tinned sheets that show sharp cup stress at uniaxial tensile test it is problematic to 
determine the value of maximum uniform deformation. Lüders strain is followed by 
sharp cup stress with values between 4 – 10 % achieved by the former one. On tested 
sample it is manifested in jumps of strain creation in specific sample sections. It starts 
in one place, suddenly stops in it and passes on to a completely different sample place.   

To determine the anisotropic material properties for the uniaxial tensile test 
samples in rolling direction 0° and perpendicular direction 90° in respect of rolling 
direction have been taken. From the uniaxial tensile test the following have been 
evaluated: the cup stress, the ultimate tensile strength and total elongation. The 
measured values are shown in Table 1. 
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Tab. 1. Measured and calculated values of cup stress, ultimate tensile strength and elongation achieved 
by uniaxial tensile test in rolling direction 0° and perpendicular direction 90° in respect of rolling 
direction  

Material 
Sample 
number 

Sample 
thickness 

[mm] 

Rp0,2 - 0° 
[MPa] 

Rp0,2 - 90° 
[MPa] 

Rm - 0° 
[MPa] 

Rm - 90° 
[MPa] 

A50 - 0° 
[%] 

A50 - 90° 
[%] 

13 0,14 564 674 552 663 2,78 1,04 
TS 550 BA 

23 0,17 429 442 420 434 5,71 3,66 

1 0,17 579 538 591 563 4,48 10,5 
TH 550 CA 

58 0,27 548 550 562 576 2,27 7,71 

 
 From the measured results we can conclude that as for batch annealed sheets 

lower values of cup stress and ultimate tensile strength in rolling direction and higher 
values in perpendicular direction in respect of rolling direction have been measured. 
Higher cup stress than ultimate tensile strength in both of tested directions have been 
measured with both samples of batch annealed sheets. The measured elongation in 
rolling direction has been higher than in perpendicular direction in respect of rolling 
direction.  

 Lower values of cup stress than ultimate tensile strength in both tested direc-
tions have been measured at both samples with continual annealed sheets. Measured 
elongation in rolling direction is likewise lower for both samples than in perpendicular 
direction in respect of rolling direction. 

 This strangeness stems from material structure that is shown in Fig. 1 and 2.  
For both annealing processes of tested packaging sheets material rupture shown in 

Figures 3 and 4 was characteristic. The reason of higher obtained elongation for 
continual annealed sheets in perpendicular direction in respect of rolling direction was 
the fact that plastic strain deformation expanded at first uniformly in the whole section 
of measured length of tested bar. As for batch annealed sheets there have been ruptures 
in all samples during local sheet strain without any expansion of strain in the whole 
measured length of tested sample (see Fig. 3 and 4).  

 

    
 
Fig. 1. Microstructure of continual annealed (left) and double reduced batch annealed material (right) 
of samples taken in rolling direction  
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Fig. 2. Microstructure of continual annealed (left) and double reduced batch annealed material (right) 
of samples taken in perpendicular direction in respect of rolling direction 
 

 

     
 

Fig. 3. Rupture of sample after uniaxial tensile test with significant slip planes 
 
 

  
 

Fig. 4. Significant slip planes in two directions in respect of loading direction of tested sample 
 

In Figures 5 and 6 surface ruptures of tested samples are shown. From Fig. 5a) we 
can expressly conclude that except primary slip planes where the rupture of tested 
samples appeared, also the so called secondary slip planes appeared in their proximity. 
Local thinning of tested sheet has occurred in these places, as well. In the rest of 
measured part the tested sample has not been plastically deformed. The rupture surface 
in Fig. 5a), but also the detail in Fig. 5b) and in Fig. 6 show, that in the place of sample 
rupture a sharp contraction (necking) has occurred. It points at the fact that the 
material itself has better plastic properties than the plastic properties measured by 
method of elongation at uniaxial tensile test. 
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                                a)                                                                        b) 

Fig. 5. Rupture surface and her detail  
 
 

 
 

Fig. 6. Perpendicular view of rupture surface and slip planes  
  
From the details of rupture surface in Fig. 5b), but mainly from Fig. 6, we can 

expressly see the slip planes which are manifested on the surface of the sheet in the 
nearness of the rupture as waves. Exactly these sharp “wavings” induce considerable 
reduction of cross-section at small thicknesses of tested sheet. This cross-section is not 
able to transfer the strength necessary for the strain of another section of testes sample. 
The rupture shows characteristic signs of plastic intercrystalline fracture expanding 
along grain boundaries where inclusions can be found.   

 
ANISOTROPY EVALUATION BY EARRING TEST 

Earring test has been carried out for cylindrical cups. A cup of diameter d has been 
drawn from circular blank of diameter D from flange. Circular tested samples of 
diameter 55 mm produced by turning have been used. The test has been evaluated 
from three tested samples of every kind of packaging sheet.  
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The anisotropy of sheets is manifested during cup drawing without flange is 
manifested by nonequivalent height of cups in different directions in respect of sheet 
rolling direction. Its expression can be made in multiple forms. Following processes 
have been used for the evaluation: 

• Degree of earring                      ∆h = 
2

2 90450 hhh +−
 

• Coefficient of earring                 Z = 100*
min

minmax

h

hh −
                 [%] 

• Maximal difference of height cup  = hmax - hmin 
There are recommend criteria for earring evaluation of DR tinplates shown in 

Table 2. Measured and calculated values are shown in Table 3. 
 

             Tab. 2. Criteria for evaluation of DR tinplates earring according to SEFEL 

Sample 
thickness [mm] 

Maximal difference of 
height cup [mm] 

Middle height cup 
 [mm] 

Earring 
[%] 

0,140 < 0,85 16,2 ± 0,1 < 2,5 

0,155 < 0,85 16,2 ± 0,1 < 2,5 

0,170 < 0,90 16,2 ± 0,1 < 3 

0,180 < 0,90 16,2 ± 0,1 < 3 

 
 

    
 

 
 

Fig. 7. Cups after earring test 
 
Tab. 3. Measured and calculated values of earring coefficient, earring degree and maximum difference 
of height cup obtained by earring test 

 
  

Material 
Sample 
number 

Nominal thickness 
[mm] 

Z 
[%] 

∆h 
[mm] 

Max. difference of 
height cup [mm] 

13 0,14 4,06 -0,38 0,66 
TS 550 BA 

23 0,17 3,35 -0,37 0,55 

1 0,17 3,47 -0,24 0,56 
TH 550 CA 

58 0,27 2,83 -0,22 0,48 
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In spite of very low elongation values from all tested sheets we had no problems 
with drawing cups (Fig. 7) of the abovementioned size and shape. Their measured 
earring is the result of anisotropy properties of tinplates. The highest earring indicators 
have been measured with batch annealed sheet of thickness 0,14 mm. The sheet 
continually annealed of thickness 0,27 mm fulfills two criteria for earring evaluation, 
but none of the tested tinplates succeeds in all three criteria for earring evaluation of 
tinplates at the same time.   

Considering significant difference in the shape of grain at single and double 
reduced sheets, we supposed that as for double reduced sheets the measured values 
characterizing anisotropy properties would be considerably more significant than for 
single reduced sheets. Considering higher strength of double reduced sheets, the 
anisotropy during cup drawing has not been manifested in such a significant earring 
way as it was supposed.  

 
CONCLUSIONS 

Within this contribution tinplates produced by different processes of rolling and 
annealing have been evaluated. From the measured results we can conclude that 
elongation of tested sheets obtained by uniaxial tensile test does not correspond with 
real plastic properties of tested sheets. The values of cup stress at double reduced 
sheets have been higher than the values of ultimate tensile strength. This fact is the 
cause of strain localization at uniaxial tensile test and subsequent rupture of tested 
sample without uniform expanding of strain on the whole section of measured length. 

As for earring test, in spite of very low values of tested material elongation 
obtained by uniaxial tensile test there have not appeared any problems by drawing of 
cups. The measured values of anisotropy from drawn cups do not comply with all the 
three criteria at the same time, but the earring of all tested sheets is rather insignificant.  

From the measured results it possible to conclude that the uniaxial tensile test for 
very thin double reduced tinplates does not give relevant results especially about their 
plastic properties.   

This work was supported by the Slovak Research and Development Agency under 
the contract No. APVV-0629-06 
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THE COMPARISON OF INNOVATION ACTIVITY  
OF SLOVAK AND POLISH ENTERPRISES 
 

 
The article deals with the evaluation and comparison of innovation activities of Slovak 
and Polish enterprises. It is focused on the number of innovative enterprises according to 
their size (small, medium, large enterprises) and according to the sector of their 
operation (industry, services, construction). The attention is also paid to the cooperation 
of enterprise in the innovation’s creation and development, i.e. to the cooperation from 
the perspective of countries of partner operation, from the perspective of the type of 
cooperating subject or institutions and from the perspective of those who participated in 
the creation of new or significantly improved product or process (either the enterprises 
itself or enterprise in cooperation with other enterprises, respectively new products or 
processes are developed by other enterprises). 

 
INTRODUCTION  

In the recent years the innovation are considered as a driver force of economic 
growth in the economies of advanced industrial countries. In 2000 the European 
Council met in Lisbon and it has identified the innovation as the most important factor 
of the competitiveness of European enterprises. At a present, the innovation and new 
knowledge are considered as a starting point from the current financial and economic 
crisis. As the European Union lags in innovation performance behind the U.S. and 
Japan, the V4 countries lags in innovation performance behind the EU average. Slovak 
Republic and Poland (together with Hungary) are in the last group of countries 
according to the Summary Innovation Index, called catching-up countries. These 
countries are characterized by the lack of innovation activity, situated well below the 
average EU 27. Therefore, the article presents results from the analyze of innovation 
activity of Slovak and Polish enterprises and compares this two countries. 
 

THE INNOVATION ACTIVITY OF SLOVAK ENTERPRISES  

Slovak republic is the smallest country of V4 countries not only by its extent, but 
also by the number of the population. Together with the Poland and Hungary belongs 
country to the group of catching-up countries, whereby its innovation activity, which is 
evaluated by the Summary Innovation Index, is higher then the innovation activity of 
two mentioned countries from this group.  

The size of country is also reflected in the number of enterprises in Slovak republic 
(the lowest number of enterprises in comparison with the other V4 countries). From 
the number of 6 465 enterprises only ¼ of enterprises decided to create and implement 

ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ                                    NR 274 
Mechanika z. 81                                                                                                                      2010 
 



                                                                                                                   

 
94 

 
 

some type of innovation (Tab. 1). The most of enterprises still regard this activity as 
expensive and very risky; therefore they prefer a simple way without the innovation. 
The most of product and process innovation were in the year 2006 implemented in the 
large enterprises, the least in small enterprises with the number of staffs from 10 to 49. 
Regardless of the size of enterprise, in the country predominated and still dominate the 
enterprises without the innovation activity. 

 
Table 1. The enterprises with innovation activity according to the size and the type of implemented 
innovation in Slovak republic 

Enterprises with innovation activity 
Size of 
enterprise/type 
of innovation 

Total 
enterprises Total 

Product 
and 

process 
innovation 

Product 
innovation 

Process 
innovation 

Establish 
innovators, 

ongoing and/or 
abandoned only 

Enterprises 
without 

innovation 
activity 

Small 
enterprises 

4 575 874 257 218 342 57 3 701 

Medium 
enterprises  

1 459 492 217 113 147 16 967 

Large 
enterprises 

431 242 148 29 57 7 189 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
 

According to the analyze of innovation activity of enterprises by the sector of their 
operation we can state, that in the year 2006 had the highest share the industrial 
enterprises, nearly 27% of enterprises innovated their production by the 
implementation of product, process or both product and process innovation. From the 
total number of enterprises, 2 828 enterprises didn’t realized any innovation activity 
[6]. 

1037

189

572

Industry Construction Services
 

 
Fig. 1. The number of enterprises with innovation activity according to the sector in Slovakia 

 
The highest innovation activity was recorded in the industrial enterprises in the 

area of Manufacture of office machinery and computers, where exactly half of the 
enterprises in the year 2006 introduced some type of innovation. Less than half of 
innovative enterprises were from all other areas of industry, for example from the area 
of Manufacture of medical, precision and optical instruments, watches and clocks and 
Manufacture of electrical machinery and apparatus with the 43% share of enterprises 
with innovation activity on the total number of enterprises in this area. 
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On the other hand, the lowest innovation activity was observed in enterprises deals 
with the Collection, purification and distribution of water (5,88% of enterprises), the 
Manufacture of wearing apparel, dressing, dyeing of fur clothing production, 
processing and dyeing of fur, the Manufacture of textiles and textile products, leather 
and leather products with around 10% share of innovative enterprises on the total 
number of enterprises in this area [6]. 

In the service sector has decided to improve their services or to improve the level 
of services supplying about half of the number of industrial enterprises (Figure 1), but 
their share on the total number of enterprises providing services was almost 22%. 
These enterprises preferred process innovation, not product innovation. 

The most of innovative services were provided by the enterprises in the area of 
Financial intermediation, except insurance and pension funding (62,22% of these 
enterprises provided new or improved service), also in the area of Research and 
development, with the 61,36% share of innovative enterprise on the total number of 
enterprises in this area, and in the area of Post and Telecommunications, where exactly 
60% of enterprises decided to innovate providing services. 

The lowest innovation activity, but not so much low than in the industrial sector, 
was in enterprises that realized Supporting and auxiliary transport activities, activities 
of travel agencies with the 13,48% share of innovative enterprises on the total number 
of enterprises in this area [6]. 

In the year 2006, enterprises in the construction sector were showed the lowest 
innovation activity. From the total of 1 526 construction enterprises, only 12,39% of 
enterprises innovated their production mainly by introducing new or significantly 
improved processes.   

According to the analyze of innovation activity of enterprises operating in the 
different sectors according to their size we can state, that both in industrial and in 
service sector were the most numerous small enterprises, but the share of small 
innovative enterprises on the total number of small enterprises in industrial and service 
sector was the lowest (Figure 2). By contrast to this, the least numerous were large 
enterprises, of which over half enterprises decided to introduce the innovation in the 
year 2006. 

 
          a) industry                         b) services 

47%

34%

19%

small medium large

69%

24%

7%

small medium large
 

Fig. 2. The enterprises with the innovation activity according to their size in Slovak Republic 
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THE COOPERATION IN CREATING AND IMPLEMENTING INNOVA TION 
IN SLOVAK REPUBLIC 

The development of new or significantly improved product and process may be 
involved in various enterprises, institutions. Innovation may be the result of the 
enterprise’s activity or the activity of the group of enterprises that introduce it, the 
result of cooperation of particular enterprise with the other enterprises or may be fully 
developed by other companies, institutions. 

According to data available from Eurostat for the period 2004 - 2006 it can be state 
that the most of Slovak enterprises, either alone or in cooperation with the group of 
enterprises developed product or process innovation. The new product was developed 
by 733 enterprises and the new process by 580 enterprises. We can also say that in this 
period were dominant industrial enterprises above the enterprises from the service and 
construction sector (Tab. 2). 

In the development of new product 243 enterprises cooperated with other 
enterprises or institutions and in the development of new process that was nearly 
double number of enterprises. Again, the industrial enterprises dominated in 
cooperating during the development of new product or process, not enterprises from 
the sector of services or construction.  

In the analyzed period, the enterprises used at least the possibility to develop new 
product or process entirely by another institution or company. 

 
Table 2. Product and process innovation according to the developing organization and the sector of 
their operation in Slovak Republic 

Product developed Process developed 
Sector of enterprise’s 
operation / developing 
organization of new 
products or processes 

mainly by 
other 

enterprises 
or 

institutions 

by 
enterprise 

or the 
group of 

enterprises 

in 
cooperation 

with the other 
enterprises or 
institutions 

mainly by 
other 

enterprises 
or 

institutions 

by 
enterprise 

or the 
group of 

enterprises 

in 
cooperation 

with the other 
enterprises or 
institutions 

Number of enterprises in:       

  industry 57 441 138 145 311 282 

  construction 17 55 7 65 59 30 

  services 35 237 98 94 210 146 

Total in all sectors 109 733 243 304 580 458 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
 
During the period 2004 – 2006, 574 of Slovak enterprises had decided to cooperate 

by creation and implementation of innovation with some of institutions or subjects 
operating in the country. The most important partners were suppliers of equipment, 
materials, components or software, i.e. 278 of enterprises cooperated with this partner 
(Tab. 3). The greatest interest in cooperation had small enterprises and their share on 
the total small innovative enterprises was 20,48%.   

For the cooperation with other enterprises within the group of enterprises had 
decided 128 enterprises. In this case, mainly large and medium-sized enterprises 
cooperate. Several enterprises also had an interest to work with a very important 
group, with clients and customers.  
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The smallest interest had Slovak enterprises in cooperation with the government or 
public research institutions, where only one medium-sized enterprise, two large and 
six small enterprises preferred this type of cooperation. 

 
Table 3. Number of enterprises in Slovak republic cooperating with other institutions in creation and 
implementation of innovation 

Number of cooperative 
enterprises according to 

their size  Cooperative institution / size of enterprises 
Total number 
of cooperative 

enterprises 
small medium large 

The cooperation of enterprises with:         

consultants, commercial labs, or private R&D institutes 37 7 16 13 

government or public research institutes 9 6 1 2 

universities or other higher education institutions 20 7 6 7 

suppliers of equipment, materials, components or software 278 179 61 38 

clients or customers 89 31 38 20 

competitors or other enterprises of the same sector 12 2 6 4 

other enterprises within your enterprise group 128 26 49 53 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
 
If we want to evaluate the cooperation of Slovak enterprises in the period 2004 - 2006 

with other enterprises by the country of their operation we find out that unlike the 
other V4 countries, Slovak enterprises preferred the cooperation with enterprises 
operating in various European countries. But the difference is not significant (Tab. 4). 
During this period the cooperation with European countries was preferred by 489 
enterprises and the cooperation with enterprises operating in the Slovak Republic was 
preferred by 478 enterprises. The greatest interest in these two types of partners had 
the large enterprises (about 50% share of large cooperating enterprises on the total 
number of innovative enterprises), followed medium-sized enterprises with 
approximately 30,5% share and small businesses with an average 24% share. 

The cooperation with the enterprises in USA or in other countries was preferred by 
143 Slovak enterprises, whereby dominated large enterprises. 

 
Table 4. Number of enterprises in Slovak republic cooperating in creation and implementation of 
innovation according to the country of partner operation 

Number of cooperative 
enterprises according to 

their size Cooperative institution / size of enterprises 
Total number 
of cooperative 

enterprises 
small medium large 

Enterprise engaged in any type of innovation cooperation:     

  within United States and other countries 143 42 39 63 

  national 478 205 152 121 

  within other Europe 489 214 151 125 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
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THE INNOVATION ACTIVITY OF POLISH ENTERPRISES  

Poland is according to its area and population the largest country of V4 countries, 
what corresponds to the number of enterprises operating in this country. In 2006 were 
in Poland multiple numbers of enterprises in comparison with the Slovak republic. But 
from the total of 44 480 enterprises in Poland, only 23% of enterprises had decided to 
innovate their activities. The most innovative active were large enterprises (36,16%), 
but this group of enterprises was the least numerous group of enterprises in Poland 
(Tab. 5). In 2006, only 15,45% of small businesses decided to introduce innovation, 
either product, process innovation or both, product and process innovation [6]. 

The prevailing type of innovation introduced in this country was the combination 
of product and process innovation, but in contrast to the most countries, the enterprises 
didn’t preferred product innovation, but process innovation. 

 
Table 5. The enterprises with innovation activity according to the size and the type of implemented 
innovation in Poland 

Enterprises with innovation activity 

Size of 
enterprises/type 
of innovation 

Total 
enterprises Total 

Product 
and 

process 
innovation 

Product 
innovation 

Process 
innovation 

Establish 
innovators, 

ongoing and/or 
abandoned only 

Enterprises 
without 

innovation 
activity 

Small enterprises 31 951 4 937 2 182 945 1 713 98 27 014 

Medium 
enterprises 

10 339 3 895 1 862 639 1 289 105 6 445 

Large enterprises 2 190 1 403 792 172 407 31 787 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
 
In 2006 were dominated in Poland the industrial enterprises above the enterprises 

providing services (Figure 3). From the total of 27 874 enterprises in the industry, 
6672, i.e. 23,94% of enterprises, had decided to invest money in the some type of 
innovation. 

6672

3563

Industry Services
 

 

Fig. 3. The number of enterprises with innovation activity according to the sector in Poland 
 
The highest activity was recorded in the innovative enterprises from the area of 

Manufacture of tobacco products, where even 90,91% of enterprises innovated their 
production. The second highest innovation activity was recorded in the industry of 
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coke, refined petroleum products and nuclear fuel production, with nearly 60% share 
of innovative enterprises in the total number of industrial enterprises. 

On the other hand, the enterprises from the area of the Manufacture of garments, 
processing, dyeing of fur, consider innovating their production as a very risky, which 
is also reflected in their innovation activity. In 2006, only 7,24% of these enterprises 
had introduced some type of innovation. To the group of enterprises with the lowest 
innovation activity in Poland were also included enterprises from the area of Textile 
production and Manufacture of leather goods [6]. 

In the service sector even 78,55% of enterprises decided to introduce any 
innovation. The least innovative enterprises were enterprises providing services in the 
area of Land and pipeline transport, water transport, air transport with about 14% share 
of innovative enterprises in the total number of enterprises in this area. 

The highest innovative activity (but in comparison with other V4 countries this 
activity was not very high) was recorded in enterprises providing Insurance and 
pension funds, except compulsory social security, where 68,35% of enterprises 
innovated their services and in enterprises providing Financial intermediation, except 
insurance and pension funds with 60,96% share of innovating enterprises in the total 
number of enterprises in this area.  

In terms of the size of innovation active enterprises operating in various sectors, in 
2006 dominated in the industry medium-sized enterprises with the number of 
employees between 50 and 249 and in the service sector dominated small enterprises. 
The number of large enterprises in both sectors was the lowest (Figure 4).  

It is not possible to do the analysis of the data in the construction because the data 
for this area in Poland are unavailable. 

 
        a) industry                         b) services 

40%

43%

17%

small medium large
 

63%

29%

8%

small medium large
 

 
Fig. 4. The enterprises with the innovation activity according to their size in Poland 

 

THE COOPERATION IN CREATING AND IMPLEMENTING INNOVA TION 
IN POLAND 

In Poland new products and processes were developed either in the enterprises 
themselves, or were developed by the group of enterprises or the enterprises 
cooperated with other enterprises, respectively they maintained these innovation 
activities to another company or institution. During the period 2004 - 2006, up 5 041 
enterprises decided alone, respectively in cooperation with a group of enterprises to 
which they belong, to develop innovative products, while 70% of them were enter-
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prises from the industry sector. Also the development of new process using this type of 
cooperation dominated in industrial enterprises, not in the enterprises providing 
services (Tab. 6). 

Table 6. Product and process innovation according to the developing organization and the sector of 
their operation in Poland 

Product developed Process developed 

Sector of enterprise’s 
operation / developing 
organization of new 
products or processes 

mainly by 
other 

enterprises 
or 

institutions 

by 
enterprise 

or the 
group of 

enterprises 

in 
cooperation 

with the other 
enterprises or 
institutions 

mainly by 
other 

enterprises 
or 

institutions 

by 
enterprise 

or the 
group of 

enterprises 

in 
cooperation 

with the other 
enterprises or 
institutions 

Number of enterprises in:        

  industry 190 3 578 613 755 3 388 1 257 

  construction n.a. n.a. n.a. n.a. n.a. n.a. 

  services 392 1 463 356 790 1 425 630 

Total in all sectors 582 5 041 969 1 545 4 813 1 887 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
 
During the period 2004 - 2006 were in Poland 4 930 enterprises that had decided to 

develop and introduce new or significantly improved products and processes by using 
the cooperation with companies or institutions operating in this country (Tab. 7). The 
Polish enterprises were considered the most important collaborators in their innovation 
activities just suppliers of equipment, materials, components or software. From the 
number of 2 194 cooperating enterprises was the most numerous group of small 
enterprises with the 20,17% share of total number in innovative small enterprises. The 
least numerous was the group of large enterprises, but the share of cooperating large 
enterprises in the total number of innovation active enterprises was the highest, i.e. 
24%. 

 
Table 7. Number of enterprises in Poland cooperating with other institutions in creation and 
implementation of innovation 

Number of cooperative 
enterprises according to 

their size  Cooperative institution / size of enterprises  
Total number 
of cooperative 

enterprises 
small medium large 

The cooperation of enterprises with:         

consultants, commercial labs, or private R&D institutes 274 108 109 57 

government or public research institutes 312 75 155 81 

universities or other higher education institutions 195 51 100 44 

suppliers of equipment, materials, components or software 2 194 996 862 337 

clients or customers 897 417 317 163 

competitors or other enterprises of the same sector 194 95 78 22 

other enterprises within your enterprise group 864 230 361 272 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
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897 Polish enterprises had decided to cooperate with major groups, i.e. clients and 
customers, which significantly affected the demand for innovative products or 
processes. Then followed the cooperation with other enterprises within the group of 
enterprises and the cooperation with the government or public research institutions. 
This cooperation was preferred mostly by medium-sized enterprises.  

The smallest interest had Polish enterprises in cooperation with universities or 
other higher education institutions and also with the competitors or other enterprises in 
the same sector with 1,90% share of the cooperating enterprises in the total number of 
innovating enterprises during the period. 

According to the countries in which the partner operates, also in Poland the 
enterprises preferred the cooperation with domestic enterprises to the cooperation with 
foreign countries. During the period 2004 – 2006, 4 418 enterprises had decided to 
cooperate in developing and implementing the innovation at national level, whereby 
dominated the cooperation between the medium or small enterprises with other 
enterprises in the country (Tab. 8). 

Again, the smallest interest had the Polish enterprises in cooperation with the 
United States and other countries in the world, where only 688 enterprises during the 
period had decided for this type of cooperation. The share of large enterprises using 
this type of cooperation in the total number of large innovative active enterprises was 
16,54%, the share of medium-sized enterprises in the total number of innovating 
medium-sized enterprises was 5,65%. This type of cooperation was also preferred by 
237 small enterprises, but their share in the total number of innovative small 
enterprises was only 4,80%. 

 
Table 8. Number of enterprises in Poland cooperating in creation and implementation of innovation 
according to the country of partner operation 

Number of cooperative 
enterprises according to 

their size Cooperative institution / size of enterprises 
Total number 
of cooperative 

enterprises 
small medium large 

Enterprise engaged in any type of innovation cooperation:     

  within United States and other countries 688 237 220 232 

  National 4418 1789 1794 834 

  within other Europe 2231 696 907 627 

Source: self elaboration according to the data from Eurostat on 13.1.2010 
 

CONCLUSIONS 

The article compares the innovation activity of Slovak and Polish enterprises. On 
the basis of the analysis we can state, that in both countries during the year 2006 
dominated the interest of enterprises to introduce either product and process 
innovation, not only product or process innovation. The largest group of enterprises 
introducing some type of innovation were small enterprises, the least numerous were 
large enterprises. Looking at the sector of operating the innovative enterprises we can 
state that the most innovative active were industrial enterprises and the least were 
construction enterprises.  
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New or significantly improved product or process can by developed by various 
institutions from different countries. The enterprises in all three sectors during the 
period 2004 - 2006 preferred the development of new products or processes in their 
own enterprise or within the group of enterprises before the cooperation with other 
enterprises or institutions. The enterprises also preferred the cooperation with suppliers 
of equipment, materials, components or software, also with the clients or customers 
and other businesses within the group.  

The article also includes the analysis of cooperation of domestic enterprises in the 
innovation’s creation and development with other enterprises located in different 
countries. During the period 2004 - 2006 preferred the Polish enterprises the 
cooperation with domestic enterprises operating in the country, before the cooperation 
with enterprises or institutions operating in other European countries or in U.S. and 
other countries in the world. But Slovak enterprises mostly preferred the cooperation 
with other European countries. 
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EQUATIONS OF ELASTICITY THEORY IN A HELICAL 
COORDINATE SYSTEM  

 
 

The present research provides working out the equations of solid elastic continuum in 
non-orthogonal helical coordinate system. A comparison has been drawn with regard to 
known equations of static, geometry and physics in a cylindrical coordinate system. Some 
examples have been provided solution to. 

 
INTRODUCTION 

 

Helical bodies have been known since ancient times [12]. The applications they 
were subject to have enjoyed a wide variety: transportation of liquids and cargo in-
bulk, joining elements, transformation of rotation into translation, tools etc. 

Various mathematical forms of describing, hence, understandings of the term 
“helical body” exist. According to [9] a helical body is formed when a cross-section of 
a particular shape having a normal helical line is set to motion. According to [2], the 
latter comes to exist when a spot moves round a circle keeping constant speed velocity 
while the circle oscillates keeping constant speed velocity into a direction which is 
normal to the plain it lies onto. This definition is quite suitable to use in defining 
helical coil springs since the cross-section mentioned afore disposes of a simple shape 
- most often circular or rectangular. According to [10] helical bodies are formed up 
when a cylinder has been taken off a section following a helical line but situated onto a 
plane that is defined by the rotation axis and the cylinder radius, pointing to the current 
position along the helical line. 

In this present research a helical body is conceived of as one that has been formed 
up through simultaneous rotation along a constant axis and a translation in the 
direction which is normal to the plain it lies onto: Figure 1. It is possible that the 
rotation axis does not coincide with the weight centre of the cross-section, as is in 
cases with helical coil springs and screw of odd number of strokes.  

The description of a stress-deformed state of the helical body in a helical 
coordinate system allows for an easier setting of boundary conditions.  

Introduction of helical coordinate system has been adopted when solving some 
problems in domains of physics as well. 

ZESZYTY NAUKOWE POLITECHNIKI RZESZOWSKIEJ                                    NR 274 
Mechanika z. 81                                                                                                                      2010 
 



                                                                                                                   

 
104 

 
 

In [6] a beam having piezoelectric qualities has been regarded that allow for 
controlling the twisting of the beam itself. A tri-dimensional coordinate system has 
been introduced possessing straight axes whose orientation in relation to the initial 
coordinate system changes along the longitudinal axis thus drawing a helical line. The 
coordinate system being so defined represents an orthogonal one.  

 

 
 

Figure 1. Formation of a helical body 
 
In his dissertation [3] equations by Navier–Stokes have been worked out 

pertaining to laminar stream of non-Newtonian fluids in a helical tube and an 
orthogonal   helical coordinate system has been defined 

In the work of [1] a helical coil spring comes under regard having arbitrary length 
and a constant cross-section, loaded with a self-balanced system of forces at the one 
end. It has been proven that the principle of Saint-Venant is valid, and in order to 
manage calculations there has been introduced a helical coordinate system having 
straight lined axes and is non-orthogonal. 

In [8] a modeling of a fluid stream passing through an extruder consisting of two 
jointly operating screws.  For the purpose proper a Yu and Hu helical coordinate 
system has been introduced with one straight-line axis ζ, one radial axis ρ and a 
rotation angle ψ: Fig. 1. The coordinate system being so introduced is a non–
orthogonal one. The link between the Cartesian and the so introduced coordinate 
system is as follows: 

 

)cos( 3211 αξξξ +=x , 

)sin( 3212 αξξξ +=x , 
33 ξ=x . 

 
(1) 

 
The inverse relation is:  
 

ζ 

O 

z, ζ 

r, ρ 

θ = ψ + αζ 

αζ 

ψ 
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( ) ( )22211 xx +=ξ , 

)(
1

2
32

x

x
arctgx +−= αξ , 

33 x=ξ . 

 
 

(2) 

 
Another research areas where the helical coordinate systems is in use - image 

recognition in geodesy [5], study of microorganisms’ motion [4], modeling and 
research in laminar and turbulent stream [13]. 

 
EQUATION OF ELASTICITY THEORY IN HELICAL COORDINATE  
SYSTEM 
 

1. Basis vectors, metric tensors and Christoffel symbols in a natural (cova-
riant) and a dual (contravariant) helical coordinate systems. 

A helical coordinate system has been defined in accordance with [8], with links 
between Cartesian and the new system provided through formulas (1) and (2). Denotes 
of coordinates in different coordinate systems are given in table 1. 

 
Table 1: Denote coordinates 
 

Cartesian 
coordinate 

system 

Cartesian 
coordinate 
system – 

index record 

Cylindrical 
coordinate 

system 

Cylindrical 
coordinate 
system  – 

index notation 

Helical 
Coordinate  

system 

Helical 
Coordinate  

System - index 
notation 

x [m] 1x  [m] r [m] y1[m] ρ [m] 1ξ  [m] 

y [m] 2x  [m] θ [-] y2[-] ψ [-] 2ξ  [-] 

z [m] 3x  [m] z [m] y3[m] ζ [m] 3ξ  [m] 

 
Basis vectors in the natural coordinate system have are as follows: 
 

( ) ( ) *
12

32
1

32
1 sincos eeeg =+++= αξξαξξ   [-], 

( ) ( ) *
22

321
1

321
2 cossin eeeg ραξξξαξξξ =+++−=  [m], 

( ) ( ) *
3

*
232

321
1

321
3 cossin eeeeeg +=++++−= αραξξαξαξξαξ  [-], 

 
(3) 

  
and in the dual one: 
 

*
11

1 egg ==  [-], 

*
3

*
2132

2 1
eeggg α

ξ
α −=−= B  [1/m], 

*
332

3 eggg =+−= α  [-], 

 
 

(4) 
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where by ie  there have been marked single basis vectors in a Cartesian coordinate 

system, and by *
ie  there have been marked basis vectors in a cylindrical coordinate 

system. 
The metric tensors in the natural and dual helical coordinate system are, 

accordingly: 
 

[ ] [ ] ( ) ( )
( ) ( ) 
















+
==

10

0

001

2121

2121

αξξα
ξαξjiijg gg  and 

















−
−=
10

0

001

][

α
αBgij

 

 
(5) 

 

where 
( )

( )21

211

ξ
αξ+=B  [m-2]. 

Metric tensors possess values other than zero out of the main diagonal due to the 
fact that the coordinate system is a non-orthogonal one.    

Christoffel symbols of first order have been defined according to the following 
subordination: 

 

( )kijjkiijkijk ggg ,,,2

1 ++=Γ  
(6) 

 
and represent the following: 
 

















−−
−−=Γ

211

11
1

0

0

000

αξαξ
αξξij , 

















=Γ
00

00

0

1

1

11

2

αξ
ξ

αξξ

ij , 

















=Γ
00

00

0

21

1

211

3

αξ
αξ

αξαξ

ij , 

 
 
 

(7) 

 
and those of second order according to the following subordination: 
 

ijk
lkl

ij g Γ=Γ  (8) 

 
and come in as follows: 
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=Γ

00

00
1

1
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1

1

11

2

ξ
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=Γ
000

000

000
3
ij . 

 
 
 
 

(9) 

Since the coordinate axes are not straight linear, Christoffel symbols are other than 
zero.  

The physical components of a vector go defined according to the following 
subordinations: 

 

)(. ii
ii gvv =  - covariant components and   (10) 

 )(. ii
ii gvv =  - as per contravariant components. (11) 

 
In a helical coordinate system the physical components of a vector are defined 

according the following subordinations: 
 

11 vv = ; 212 vv ξ= ; ( ) 1
2133 += αξvv  and (12) 

11 vv = ; 21

21

2

1)(
vv

ξ
αξ +

; 33 vv = . 
(13) 

 
2. Working out the equations of elasticity theory in a helical coordinate 

system. 
The equations of elasticity theory in a general manner are known (arbitrary 

coordinate system) [7]: 
The equations of static (equations of equilibrium) are as follows: 
 

0=+ i

j

ji pτ ,  (14) 

 
where with τji there have been marked the stresses, and by pi the volume forces. 

Covariant derivative of tensor is:  
 

imj
km

mji
km

ij
kk

ij ττττ Γ+Γ+= ,  (15) 

 
Using equations (9) and (15) for helical coordinate system equilibrium equations 

we get: 
 

02
1 1231332122111

1
31
3,

12
2,

11
1, =+−−−+++ pατξταξτξτ

ξ
τττ  [N/m3] 
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0
23 231

1
12

1
23
3,

22
2,

12
1, =+++++ pτ

ξ
ατ

ξ
τττ  [N/m4] 

0
1 331

1
33
3,

23
2,

31
1, =++++ pτ

ξ
τττ  [N/m3] 

 
(16) 

 
Geometry equations go as follows: 
 

( ) ( ) k
k
ijijjiijjiij vvvvv Γ−+=+= ,,2

1

2

1γ , 
(17) 

 
where γij represent the strains and vi represent displacements. 

Using (9) we obtain as follows: 
 
γ11 = v1,1 [-], γ22 = v2,2+ξ1v1 [m

2], γ33 = v3,3+α2ξ1v1 [-], 

γ12 = γ21 = 
2

1
(v1,2+ v2,1)- 1

1

ξ
v2 [m], γ23 = γ32 = 

2

1
(v2,3+ v3,2)+ αξ1v1 [m], 

γ31 = γ13 = 
2

1
(v3,1+ v1,3)- 1ξ

α
v2 [-]. 

 
 

 (18) 

 
Physics equations (Hook’s law) go like this: 
 

kl
ijklij C γτ = ,  (19) 

 
where Cijkl is a tensor bearing material characteristics that may be represented as 
follows: 
 










−
++= klijjkiljlikijkl ggggggGC

ν
ν
21

2
. 

(20) 

 
In the last equation G is the marking of a second order elasticity module, and gij 

comes to be the mark of the metric covariant tensor. 
If the additional subordinations be introduced: 
 

( )ν
µ

+
==

12

E
G  [Pa],  

)21)(1( νν
νλ

−+
= E

 [Pa] ,  
)(2 µλ

λν
+

=  [-], 

µλ
µλµ

+
+= )23(

E  [Pa],  

(21) 

 
where Е comes to denote the first order elasticity module and v be the mark Poisson’s 
ratio then Hook’s law comes to be: 
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i
j

jmimim g γλ+µγ=τ 2 . (22) 

 
Taking into account (5), (21) and the last equation what we get as per the helical 

coordinate system physics equations come to be the following: 
 

( ) ( )[ ]23332211
11 21

21

2 αγγγγ
ν

τ −++−
−

= Bvv
G

, [N/m2], 

( ) ( ) ( )[ ]2333
2

22
2

11
22 121

21

2 γαγαγγ
ν

τ vBvCBvvB
G −−++−+

−
= , [N/m4], 

( ) ( ) ( )[ ]233322
2

11
33 121

21

2 γαγγαγ
ν

τ vvvCv
G −−−+++

−
= , [N/m2], 

( )3112
2112 2 αγγττ −== BG , [N/m3], 

( )[ ] ( ) ( )[ ]{ }33221123
23223 1121

21

2 γγγαγαττ vvBvvB
v

G −+−+−+−
−

==  [N/m3], 

( )1231
1331 2 αγγττ −== BG , [N/m2]. 

(23) 
 
 
 
 

 

In equations (23) the following denotation has been introduced: 
( )

( )21

211

ξ
αξ−=C . 

In order to define the physical components of a strain tensor there has been used 
the subordination [14]: 

 

ii

jjijij

g

g
ττ =  

(24) 

 
In a helical coordinate system the physical components of stress tensor acquire the 

following representation: 
 

τ11 = τ11; τ22 = 

1)(

)(
21

21

+αξ

ξ
τ22; τ33 = 1)( 21 +αξ τ33, 

τ12 = ξ1τ12; τ21 = 
1)( 21

1

+αξ

ξ
τ21; τ12 ≠ τ21, τ23 = ξ1τ23; τ32 = ξ1τ32, 

τ31 = τ31; τ13 = 1)( 21 +αξ τ13; τ13 ≠ τ31. 

 
 
 

(25) 

 
How it sees the tensor of physical components is non-symmetric.  
Conditions of surface (Cauchy’s equations). The full stress vector tn in a plane 

with normal vector n will by express by the covariant basis vectors: 
 

( )
k

nkn t gt = , (26) 
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Figure 2 provides the single normal vectors to coordinate surfaces. They are 
collinear by contravariant basis vectors. 

The physical components of normal stresses to coordinate surfaces are: 
 

σρ = t1(ρ) = τ11; σψ = 

)22(

1

g
t2(ψ) = 

B

1
τ22 = 

1)(

)(
21

21

+αξ
ξ

τ22; σζ = ti(ζ) = τ33,  
 

(27) 

and tangential ones are: 
 

τ(ρ) = 211312212132121 )(2]1)[()()( ξατταξττξ +++ , 

τ(ψ) = 

]}1)[()()(2
1)(

)(
)(){(

1)(

)( 21223212322
21

412
222221

21

21

+++
+

+
+

αξτξαττ
αξ

ξαττ
αξ

ξ
, 

τ(ζ) = 213332212332321231 )(2)()()()( ξατταξττξτ +++ . 

 
 

(28) 

 

 
 

Figure 2. Single normal vectors to coordinate surfaces 
 
3. Comparison of results to a cylindrical coordinate system 
If in equations of elasticity theory in helical coordinate system we replace α = 0, 

the following expressions come out: 
Equations of static: 
 

0
1 122111

1
31
3,

21
2,

11
1, =+−+++ py

y
τττττ  [N/m3] 

0
3 212

1
32
3,

22
2,

12
1, =++++ p

y
ττττ  [N/m4] 

0
1 331

1
33
3,

23
2,

13
1, =++++ p

y
ττττ  [N/m3] 

 
 
 

(29) 
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Equations of geometry: 
 

γ11 = v1,1 [-], γ22 = v2,2+y1v1 [m
2], γ33 = v3,3 [-], γ12 = γ21 = 

2

1
(v1,2+ v2,1)- 1

1

y
v2 

[m], γ23 = γ32 = 
2

1
(v2,3+ v3,2) [m], γ31 = γ13 = 

2

1
(v3,1+ v1,3) [-]. 

 
(30) 

 
Equations of physics: 
 

τ11 = 
ν21

2
−
G

[(1-ν)γ11+ν( ( )21

22

y

γ
+γ33)] [N/m2], 

τ22 = 
21))(21(

2

y

G

ν−
 [(1-ν) ( )21

22

y

γ
+ν(γ11+γ33)] [N/m4], 

τ33 = 
ν21

2
−
G

 [(1-ν)γ33 +ν(γ11+ ( )21

22

y

γ
)] [N/m2], 

τ12 = τ21 = 2G( )21

12

y

γ
 [N/m3], τ23 τ32 = 2G( )21

23

y

γ
 [N/m3], τ31 = τ13 = 2Gγ31 

[N/m2]. 

 
 
 
 

(31) 

 
Those are the equations of elastic continuum in a cylindrical coordinate system 

equations worked out in [11], to which corresponds the helical one in view of the 
replacement introduced. 
 

4. Examples 
Example А. Let there be a displacement vector in a helical coordinate system: 
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Using equations (18) the deformation tensor comes to be: 
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Using equations (23) for the stress tensor we obtain: 
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Volume forces vector comes to be the following: 
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Example B. If helical coordinate system displacement functions be provided as 
follows: 
 

( ) ( )3232
1 .sin..cos. ξαξξαξ +++= bau , ( ) ( )321321

2 .sin...cos.. ξαξξξαξξ +++−= bau  
( ) ( ) cbau ++++−= 321321

3 .sin....cos... ξαξξαξαξξα  
 

when using equations (18) what is obtained concerning deformations is as follows:  
 

0312312332211 ≡===== γγγγγγ . 
 
Indeed, that corresponds to displacement of a rigid helical body. 

Example C.  Tension-compression of a cylindrical body. 
Let displacements be provided in the following manner: 
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Strains in lieu of equation (18) are: 
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Stresses from (23) are: 
 

S

F2
22 ατ = ,  

S

F=33τ ,  
S

Fατ −=23 ,   
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(32) 

 
Boundary conditions from equations (27) and (28) are: 
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If we transform equations (32) into a Cartesian coordinate system using the 

transformation matrix: 
 

( ) ( )
( ) ( )
( ) ( ) 
















++−
++−

++

1.cos.sin

0.cos.sin

0.sin.cos

321321

321321

3232

ξαξαξξαξαξ
ξαξξξαξξ

ξαξξαξ
, 

 
what we get is: 
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S

F
z =σ , 0===== zxyzxyyx τττσσ , which corresponds to tension-compression. 

 
CONCLUSION 
 

The equations worked out describe the qualities of an elastic continuum in a 
helical coordinate system. They allow for provision of boundary conditions of a helix 
shaped body in a fairly simple manner. Comparison of obtained equations to known 
ones in a cylindrical coordinate system indicates that when replacing parameter α = 0, 
they coincide. Examples solved illustrate the link between displacements, strains and 
stresses in a helical coordinate system. The task remains left ajar as per tension-
compression and torsion of a helical body.  
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THE INFLUENCE OF RADIATION CROSSLINKING  
ON MECHANICAL PROPERTIES OF PLASTICS 

 
 
 

The presented article deals by the application area of radiation cross-linking of plastics, 
which follows after the processing (injection moulding, extrusion or blow moulding). The 
main objective of the presented article is investigation of influence irradiation dosage on 
mechanical properties of materials: PP filled by 15 % of mineral filler – talc. Mechanical 
properties - tensile strength were examined in dependence on absorbed dose of the beta 
rays on various conditions and were compared with non-irradiated samples 

 
 
INTRODUCTION  

The cross-linking of plastics is a chemical process, in which particular molecules 
of plastics are connected together. In an ideal case, all the molecules will be integrated 
into the above mentioned grid and the process can be activated by radiation in case of 
many plastics.  

Cross linking will be initiated by irradiating with high energy electron beams or 
gamma rays. The energy resulting from the irradiation is absorbed by the plastic. The 
main difference between beta and gamma rays lies in their abilities of penetrating the 
irradiated material. Gamma rays have a high penetration capacity. The penetration 
capacity of electron rays depends on the energy of the accelerated electrons [1]. 

Radiation of plastics is a way to crosslink them and to improve considerably their 
properties. The most important properties of cross-linking systems are tensibility and 
elasticity, which also remain under long-time temperature and mechanical loading.  

For cross-linking, no other ingredients are necessary with using the radiation and 
the main advantage is that the process of cross-linking starts after the process of 
injection, extrusion or blow moulding. Radiation cross-linking takes place in room 
temperature without additional loading of the product. Another advantage is the 
possibility of changing the level of cross-linking in radiated parts by changing the 
radiation parameters. Irradiated products are not radioactive [2]. 
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MATERIAL AND TREATMENT  

For experiments was used material Hostacom CR 250 F G61330. The choice of 
material was made in view application by plastic parts product for automotive 
industry.  

 Material Hostacom CR 250 F G61330 – is a material, which is filled by 15 % 
mineral filler – talc. Its good mechanical properties, good scratch resistance and can be 
processing by different of technology – injection moulding, blow moulding, or 
extrusion. The using find in automotive, electronics, engineering and consumer 
industries. The manufacturer of the material is a company Basell Polyolefins. 
  

Tab. 1 Mechanical properties of tested material 

Hostacom CR 250 F G61330 Unit Value 

Tensile strength MPa 18 

Relation elongation % 9 

Modulus of elasticity MPa 1900 

IZOD impact test (23˚C) kJ/m² 16 

 
The test samples without cross-linking agent were produced on the injection 

moulding machine DEMAG ERGOTECH PRO 25 – 80 ( Fig. 1 ) and  on the injection 
moulding machine ARBURG 370 S 800 – 350  (Fig. 2 ) were produced test samples, 
which were scilicet by cross-linking agent.  

It was used injection mould with replaceable mould boards. The processing 
conditions during the injection moulding were according to the recommendation of the 
producers.    

 

 

Fig. 1. Injection moulding machine - DEMAG           Fig. 2. Injection moulding machine - ARBURG 
 

To prepare of test samples for the irradiation was necessary to mix granulate 
materials with different cross-linking agent. It was the type of cross-linking agent. 
TAIC - Tryallyloxy-1 ,3,5-triazine. The manufacturer is a company Sigma Aldrich. 

For evaluation of tensile properties of plastics was made according to EN ISO 527-
1, 2 and was used sample type 1A for testing.  

The test samples were controlled after injection moulding process and after the 
conditioning time.  Tensile test was carried out on tensile machine TIRA- test 2300. It 
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was tested in 5 samples of each type of materials in standard ambient and after UV 
exposure chamber.  

The artificial aging test by fluorescent UV lamps were made in the UV chamber 
according to EN ISO 4892-3, exposure time 28 days at 12 hour cycles for all test 
materials. The test samples after removal of UV chambers were conditioned according 
to ISO 291:2008. Afterwards, was performed tensile test to detect changes in the 
properties of the materials after artificial aging by UV fluorescent lamps according to 
above-mentioned methodology.  
 
EXPERIMENTAL RESULTS 

The graphic dependence of the measured average values of tensile strength of test 
samples in a standard ambient and degradation in UV chamber in Fig. 4.  
 
 

 
 
 
 
 
 
 
 
 
 

 
                                 Standard ambient             Degradation of material after UV radiance 
 

Fig. 3. Comparisons of tensile strength of tested materials 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
                                    Standard ambient         Degradation of material after UV radiance 
 

Fig. 4. Comparisons of relative elongation of tested materiale 
 

The fracture areas of test samples after tensile test were observed on scanning 
electron microscope JEOL JSM - 7000F, Japan.  
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The fracture areas of test samples of non irradiated and irradiated materials with 
different of radiation dose in standard ambient after tensile test are in Figs. 5 to 8. 
 

Fig. 5. The fracture area – non irradiated    Fig. 6. The fracture area – irradiated 15 kGy 
 

 
Fig. 7. The fracture area irradiated 33 kGy             Fig. 8. The fracture area irradiated 50 kGy 

 

 Fig. 9. The spectrum of the chemical composition of tested material  
 

A 

B 

C

A 
B C 
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The spectrum of the by cross–linked can be seen increasing density of crosslink-
king, a sufficient number of cross-linked areas.  For all test samples there has been a 
brittle fracture of testing samples [3]. 

The spectrum of the chemical composition shown in Fig. 9 confirmed for scanning 
images of test samples in standard ambient the presence of chemical elements. These 
were the elements of the polymer - A label, the elements of filler - B label and the 
elements of cross-linking agent (TAIC) - label C. 

The fracture areas of test samples of non irradiated and irradiated materials with 
different of radiation dose after degradation in UV chamber after tensile test are in Fig. 
10 to Fig. 13 [3]. 

 

Fig. 10. The fracture area – non irradiated               Fig. 11. The fracture area – irradiated 15 kGy 

 Fig. 12. The fracture area – irradiated 33 kGy       Fig. 13. The fracture area – irradiated 50 kGy   
 

DISCUSSION 

On the basis of the experimental results of mechanical tests the following 
conclusions could be formulated: 

• After tensile test with material Hostacom CR G61330 250 F G61330 by test 
samples in standard ambient was found increasing tendency of tensile strength and 
relation elongation. We can state, that the values of tensile strength and relation elongation 
were influenced by irradiation dose – Fig. 3. 

• The value of tensile strength achieved increasing tendency by irradiated test 
samples in standard ambient against the base material about 10%. By irradiated test 

A 

B 

C 

B 
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samples after degradation in UV chamber were achieved the values of tensile strength 
decreasing tendency. These values were influenced by irradiation dose about 10 – 15%. 

• Irradiated test samples in standard ambient had against non irradiated material 
progressive tendency of relative elongation. These values were influenced by irradiation 
dose about 25 – 50%. Irradiated test samples after degradation in UV chamber had against 
non irradiated material decreasing tendency of relative elongation. These values were 
influenced by irradiation dose about 25 – 75%. 

The final properties of composites filled with fillers depend on many parameters 
such as properties of matrix and reinforcement, configuration and consistence of the 
surface with a filler matrix. The consistence of matrix with filler has a high influence 
on the resulting tension transfer on the reinforcement and also on final mechanical 
properties.  

 
CONCLUSIONS 

Obtained knowledge in this paper are only parts of the general problem of possible 
applications of plastics cross-linking. 

As the automotive industry using a wide range of plastics, it would be suitable to 
extend the experiments to other materials and monitoring of other properties such as: 

• bonding – gluing and coating (adhesion improvement), 
• the influence on welding property, change of colours, 
• thermo-analyses, 
• recycling of cross-linked plastics. 
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TRIBOLOGICAL PROPERTIES  
OF SELECTED CERAMIC COATINGS 
 

The contribution deals with methods of plasma sprayed ceramic materials evaluation. 
There were evaluated ceramic coatings A 99, Cr2O3 and Cr2O3 + 5% TiO2. Influence of 
the interlayer NiCr on the functional properties of sprayed coatings was also studied. 
There were determined thickness, microhardness and adhesion of particular coatings 
together with their resistance to abrasive wear and thermal cyclic loading. 

 
 
INTRODUCTION 

One way to improve the functional properties of machine parts is the using of the 
protective coatings with improved properties relative to the base material. Therefore, 
there is intensive development of new material combinations that enable new, quali-
tatively higher concept of products. One possibility of coating deposition is thermal 
spraying methods. Another utilization of thermal spraying is the renovation of worn 
surfaces of the parts, machinery and tools.  [1-4, 6-8] 

 
MATERIALS AND METHODS 

The test samples for coatings deposition were made of low carbon steel 
S235JRG1. Surface pre-treatment of test samples was realised by abrasive blasting 
using brown corundum. Granularity of blasting medium was characterized by mean 
particle size dz = 0.75 mm. Blasting medium was accelerated by compressed air, air 
pressure was 0.4 MPa. 

Microgeometry of the blasted surfaces and applied coatings was evaluated accor-
ding to STN ISO 4287 by stylus roughness tester Surftest SJ – 301, Mitutoyo. For the 
thermal spraying of coatings equipment with the gas stabilization of the arc Sulzer 
METCAL 9MCE was used.  

Before deposition of all studied types of ceramic materials interlayer of composite 
NiCr (83% Ni +17% Cr, particle size 45±5 µm) by flame spraying using the torch 
NPK2 on pretreated substrate was applied. NiCr is often used as an interlayer under 
refractory materials such as Al2O3, ZrO2 and ZrSiO4. NiCr interlayer provides better 
adhesion to the base material, balances the CTE substrate and ceramic layers.  
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The materials used to coatings formation: 
1)  A 99 - corundum (αAl 2O3 ρ = 3.97 g.cm-3, melting point 2040°C, evaporation 

temperature of 2980 °C, CTE(200–800) = 7.8x10-6K-1).  
2)  Chromium oxide Cr2O3 (melting point 2265°C, density ρ = 5.2 g.cm–3 and the 

value of open porosity (OP) of 6.2 %, CTE(20–500) = 7.2x10-6K-1). 
3)   Cr2O3 + 5% TiO2 (titanium dioxide: ρ = 4.22 g.cm–3, melting point 2125°C, 

CTE(20-950) = 7.5x10-6K-1), the additive of TiO2 is used to reduce the coating porosity 
and to increase the resistance to abrasive wear.  

The quality of the thermal sprayed coatings was evaluated by abrasive wear test [9] 
by wading in bulk abrasive agent on laboratory test device Di – 1. As abrasive agent 
brown corundum (dz = 0.75 mm) was used. The parameters of the test are shown in 
Table 1. 
 
Table 1 Abrasive wear test conditions [5] 

Abrasive agent corundum grit dz = 0.75 mm 

Abrasive impact angle 75° 

Immersion depth of samples into abrasive 60 mm 

Wading speed of sample in abrasive 1.74 m.s-1 

Duration of the test 6 hrs 

 
Abrasive wear was determined by gravimetric method on the basis of mass loss. 

Relative wear resistance is expressed by:  
 

 
 
where: Wh, et – weight loss of reference material [g], Wh, vz – weight loss of the coating 
[g], ρvz – specific weight of coating [g.cm-3], ρet – specific weight of reference material 
[g.cm-3] 

The quality of the coatings was also evaluated on the basis of determining their 
microhardness in the cross-section according to ISO 4516 using M1C 100 device with 
a load of 10 grams for base material and 30 grams for coatings. 

Applied coatings were evaluated also in conditions of cyclic thermal loading. 
Heating was performed in a chamber electric furnace TS-PCS-31. 

 The regime of thermal cycles: 
1. Heating the sample at 1000 °C, 
2. Remaining in the furnace for 20 minutes,  
3. Cooling the samples to the room temperature in water (cooling rate = 28°C.s-1).  
Resistance to thermal cycles was evaluated on the basis of changes of the adhesion 

of coating in the process of thermal cyclic loading.  
Adhesion of the applied coatings was evaluated by pull-off test according to the 

STN EN 582. Test samples and mate was hold together by epoxy glue for the 
determination of adhesion, see Fig. 1. 
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Fig. 1. Test piece arrangement for pull-off test [5, 8]: 1 – fixture with holder, 2 – test sample, 3 – 
coating, 4 – glued bond, 5 – mate 

 
RESULTS 

 The roughness of the base material pretreated by blasting was Ra 9.3 µm, Rz 63.2 
µm. The roughness of the interlayer NiCr surface was Ra 18.2 µm a Rz 109.1 µm. 
Thickness of the particular coatings before and after the abrasive wear test are shown 
in Fig. 2. Substantial change in thickness of the coatings after abrasive wear test was 
observed in coatings Al2O3 and Cr2O3+5%TiO2. The smallest change in thickness was 
reached in Cr2O3 coating. After the addition of TiO2 to the matrix of Cr2O3, the 
anticipated improvement in resistance to abrasive wear was not observed. Relative 
abrasive wear resistance for particular coatings is shown in Fig. 3. 

 

  
Fig. 2.  Thickness of coatings before and after 

wear [5] 
Fig. 3. Relative resistance of particular coatings 

to abrasive wear [5] 
 

The highest relative abrasive wear resistance was showed by the coating Cr2O3 (ψ 
= 1.02). The stated dependence shows that all three tested materials reach around the 
same resistance to abrasive wear. 

The highest values of microhardness showed Cr2O3 coating (1268 HV0.3), lower 
showed his doped modification (1218 HV0.3) and the lowest values of the micro-
hardness showed Al2O3 coating (1062 HV0.3). 

Resistance to thermal cycles was evaluated by changing the initial coatings adhe-
sion in the process of the heat cyclic loading. Samples where both coated parts 
withstood an agreed number of cycles (10), underwent adhesion test. The obtained 
results are showed in Figs. 4 and 5. 
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Fig. 4. Coating adhesion without interlayer 

NiCr [5] 
Fig. 5. Coating adhesion with interlayer NiCr [5] 

 
Effect of interlayers applied was reflected in the evaluation of the coatings in the 

conditions of cyclic thermal loading. The value of the adhesion after mentioned test 
was higher in all evaluated coatings. Only for the Al 2O3 coating in the early stages of 
the experiment, the adhesion was higher for coating without the interlayer. However, 
after five thermal cycles adhesion of these coatings decreased and higher levels of 
adhesion were reached in coatings with NiCr interlayer. Coating on the basis of Al2O3 
without the interlayer withstood up to five thermal cycles. Similarly, other evaluated 
coatings withstood without breaking the integrity lower number of cycles and in the 
early stages of the experiment, lower values of adhesion could be observed. During the 
cyclic loading in coatings applied without the interlayer NiCr, given the different CTE 
value of base material and ceramic coating, local and then a total subversion and 
separation of coating from the base could be observed, Fig. 6. 

 
  

  
Fig. 6. Appearance of evaluated coatings after thermal cyclic loading 

 
All studied coatings can be marked as suitable for the purpose of the heat loading of up to 

1000°C using the interlayer to reduce the differences in coefficients of thermal expansion.  
 
CONCLUSION 

The addition of TiO2 to the Cr2O3 material increases the coating density, but does 
not substantially reduce its hardness, which was confirmed by measuring of micro-
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hardness. Despite the stated, this doped material in the conditions of abrasive  test 
(wading in the abrasive) showed the lowest abrasive wear resistance among the tested 
materials. 

▪ At evaluating the thickness of the selected coatings in the process of the abrasive 
wear test the lowest loss of material thickness were shown by Cr2O3; Al2O3 and Cr2O3 

+ 5% TiO2 materials showed higher losses, about the same size. 
▪ Microgeometry of the test samples surfaces was evaluated by arithmetical mean 

deviation of the profile - Ra. Blasted surface met the conditions for perfect anchoring 
of the applied coating, the surface of the applied interlayer showed approximately 
twice the value of roughness. Assuming a perfect connection of base material with 
interlayer material, the higher roughness provides better conditions for the creation of 
so-called "wedge" connections of the ceramic coating with the interlayer material and 
increase of the share of the mechanical method of anchoring the coating.  

▪ In the observation of the abrasive wear of selected coatings knowledge about 
the durability of coatings was gained, on the basis of their mutual comparison. Among 
the studies coatings, relatively higher values of the abrasive wear resistance were, 
compared to reference material, shown by Cr2O3 coating, the coating on the basis of 
Cr2O3 + 5% TiO2 showed slightly lower values of the wear resistance, which is contra-
ry to the assumption of higher density and lower porosity of the coating due to the 
dopant, but consistent with the measurement of microhardness of the coatings.  

▪ The highest microhardness values were measured in material Cr2O3. The 
obtained results are consistent with the assumptions and justify the dominance of oxide 
ceramics in general as materials suitable for application in the loading conditions, 
requiring the hardness of the sprayed coatings. It is assumed that the variance of the 
individual microhardness values for each studied material is caused by the 
inhomogenity of the coating ingredients. 

▪ In the evaluation of high temperature fatigue of selected ceramic coatings in the 
used mode of thermal cycles it was concluded, that the interlayer NiCr has the 
appropriate surface microgeometry and allows for at least such an anchoring of the 
ceramic coating as the base steel material pre-treated by blasting. In all three coatings, 
using metal interlayers, the increase in their resistance to thermal shock could be 
observed. All studied coatings can be evaluated as suitable for the purpose of the 
thermal loading of up to 1000°C using the interlayer to reduce differences in 
coefficients of thermal expansion. 
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HARD SURFACING REPAIRING LAYERS  
IN EROSIVE WEAR PROCESS 
 
 

The contribution deals with evaluation of tribological properties of two types three-layer 
hard surfacing claddings with various structural bases. There were used samples made 
out from S235JRG2 EN10025-94 as reference material. Within the frame of experimental 
works there was realised metallographic analysis, measuring of hardness and micro-
hardness of claddings before and after erosive wear loading. Erosive wear was evaluated 
by simulation of erosive action. Aim of research was to determine influence of erosive 
particle impact angle and structural composition of claddings on their wear resistance. 

 

INTRODUCTION 

Economic reasons of maximal exploitation of materials in mechanical production 
are actual topics of scientific research nowadays. Shortage of raw materials in world 
market and its more difficult and more expensive procuring raises efforts to increase 
products’ lifetime and saving of raw materials and energy. Industrial development is 
connected mainly with development of material-technical basis with its technology 
and technical modernization and with substantial advance in labour productivity.  

The most frequent causes of parts and construction failures are tribology processes 
occurring on functional surfaces. Tribological characteristics of used materials are of 
great importance for correct operation of parts and construction nodes. Interaction of 
functional surfaces during their mutual motion causes undesirable changes on surface 
layers giving birth to wear. In term of material loss prevention, the most important 
concern should be active surface protection technology in friction nodes. [1-3] Reno-
vation was established as a financially advantageous way of maintenance of machinery 
and operating equipment. In the renovation, there are used a variety of different 
technologies that allow the recovery machine parts or prolong their life. Welding-on 
technology allows not only the restoration of worn surfaces geometry, but gives them 
new, often better properties than the original material.  
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One of the determining factors for erosion wear intensity of cladding metals is 
their hardness. Hardness of claddings is a function of their chemical composition and 
the thermal mode during and after cladding making. These factors directly affect the 
structure of claddings.  

The contribution deals with evaluation of tribological properties of two types 
three-layer hard surfacing claddings with various structural bases. There were used 
samples made of S235JRG2 EN10025-94 as reference material. Within the frame of 
experimental works there was realised metallographic analysis, measuring of hardness 
and microhardness of claddings before and after erosive wear test. Erosive wear was 
evaluated by simulation of erosive action. Aim of research was to determine influence 
of erosive particle impact angle and structural composition of claddings on their wear 
resistance. 
 
MATERIALS AND METHODS  

The test samples with size of 35x20x8 mm were made of base material - steel 
S235JRG1 EN 10025-94. Chemical composition and mechanical properties of base 
material are shown in Tables 1 and 2. This is conventional carbon steel with 0.17% C 
and guaranteed weldability. For cladding making there were used following hard 
surfacing welding wires (covered electrodes): E 508 B (E 6-UM-55-GT DIN 8555) 
and E 518 B (E 10-UM-60-CGP DIN 8555) made in VUZ Bratislava. Cladding was 
realised by 111 method according to EN ISO 4063 - MMA (manual metal arc welding) 
at welding unit marked WTU 400. Chemical composition of these wires meets the 
requirements for structural heterogeneity of claddings. Table 3 and 4 shows chemical 
composition of used welding wires. To eliminate the effect of mixing of basic and 
additional surfacing material claddings were carried out as a three-layer.  

 
Table 1. Chemical composition of the base material S235JRG1 EN 10025-94 steel [wt.%] 

C N S P Fe 
0.17% 0.005% 0.03% 0.03% balance 

 
 
Table 2. Mechanical properties of the base material S235JRG1 EN 10025-94 steel 

Hardness  
HV 

Impact strength 
K [kJ/m2] 

Ultimate elongation 
A5 [%] 

Tensile strength  
Rm [MPa] 

140 ≥ 27 ≥ 26 340 - 470 
 

 
Table 3. Chemical composition of hard surfacing welding wire E508B [wt.%] 

C Mn Si Cr Mo Fe 
0.4 0.7 0.4 6 0.6 balance 

 
 
Table 4. Chemical composition of hard surfacing welding wire E 518 B [wt.%] 

C Mn Si Cr Fe 
3.5 0.8 0.8 27.5 balance 
 

Used welding parameters are shown in Tables 5 and 6. Welding technology used 
required preheating of base material. Preheating temperature for E 508 B welding wire 
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was 200°C and for E 518 B was 400°C, what is consistent with recommendations of 
producer. Preheating temperature was verified by thermochalk.  
 
Table 5. Welding parameters used for welding wire E 508 B (E 6-UM-55-GT DIN 8555) 

Layer 
Process 
EN ISO 

4063 

Welding 
wire 

Ø 
[mm] 

Welding 
position 

ISO 6947 

Current 
[A] 

Voltage 
[V] 

Current 
Type 

Polarity 
1 (the first layer) 111 E 508 B 3.2 PA 95 - 110 26 DC + 
2 (the second layer) 111 E 508 B 3.2 PA 100 - 120 26 DC + 
3 (cover layer) 111 E 508 B 3.2 PA 100 - 120 26 DC + 

 
 
Table 6. Welding parameters used for welding wire E 518 B (E 10-UM-60-CGPDIN 8555) 

Layer 
Process 
EN ISO 

4063 

Welding 
wire 

Ø 
[mm] 

Welding 
position 

ISO 6947 

Current 
[A] 

Voltage 
[V] 

Current 
Type 

Polarity 
1 (the first layer) 111 E 518 B 3.2 PA 95 - 110 26 DC + 
2 (the second layer) 111 E 518 B 3.2 PA 100 - 110 26 DC + 
3 (cover layer) 111 E 518 B 3.2 PA 100 - 110 26 DC + 
 

The surface of the welds was cut in planar grinding machine. Erosive wear test was 
realised on laboratory mechanical blasting equipment KP-1. Principle of the test con-
sists in high-speed impact of the abrasive blasting medium on the surface of the 
samples. Blasting medium is supplied to the centre of a rotating blasting wheel with 
blades using circular conveyor. Blasting medium gains high blasting speed at the exit 
of the blades and impinges on surface of test samples placed around the blasting 
chamber.  

Test conditions: 
- blasting medium – steel grit GB 8 (STN 42 9823),  
- grain size 0.71 mm, hardness 600 - 700 HV,  
- blasting wheel speed 7000 min-1 

- blasting media velocity  vTP = 70.98 mps 
- blasting angles α = 30, 45, 75, 90 [°], 
- weight loss was evaluated after 25, 50, 100, 300, 500  and 1000 blasting cycles.  
Wear intensity was determined using direct method based on weight loss in par-

ticular test phases with measurement accuracy of 10-4 g. Hardness course in claddings 
cross sections was found by Vickers hardness method at measurement load 30N. 
Hardness of particular structural phases was found by microhardness measurement HV 
0,05 according to ISO 4516, measuring unit used SHIMADZU – DUH 202. 
Metallographic analysis was realised with help of light microscope ZEISS NEOPHOT 
II and SEM TESLA BS-301 [4].  
 
EXPERIMENTAL RESULTS  

Hardness measurement of E 508 B claddings showed mixing of cladding and base 
material. Hardness in melted area of the first deposited layer hardly increased and 
reached maximal value 550 HV. Hardness in the second deposited layer was in 
average 615 HV, and in the third layer about 648 HV. Hardness measurement 
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confirmed here theoretical and practical assumptions that effect of the mixing base 
material and cladding metal is lost to the third layer. Similar hardness course showed 
also E 518 B claddings, but in the first layer already was reached hardness value given 
by welding wire producer - 660 HV. Measured hardness values in particular layers 
didn’t markedly differ and in the third layer reached even 770 HV. Considering high 
content of C and Cr less mixing with base material occurred. In term of reached 
hardness it is possible to assume higher wear resistance in claddings made of E 518 B. 
Average hardness value of reference material was 120 HV. 

Results of wear tests of reference material and claddings are shown in Fig. 1, 2 and 
3. Graphs present significant dependence of weight loss on particles impact angle. 
Wear intensity of reference material decreased with increasing impact angle of par-
ticles. For E 508 B claddings minimal wear appears at impact angles 30° and 45°. At 
impact angles 75° and 90° weight loss achieved almost triple value. Minimal wear of E 
518 B claddings appeared at impact angle 30°, maximal at 45°. Comparison of both 
cladding types showed substantial difference in impact angles 90° and 45°. Overall, 
however, the claddings 508 E B achieved significantly higher wear values than welds 
E 518 B with the exception of the angle of 45°.  

 

 
 
                Fig. 1. Wear of reference material                              Fig. 2. Wear of E 508 B cladding 
 

 
 

Fig. 3. Wear of E 518 B cladding 
 
Influence of impact angle of particles on the wear course of reference material and 

tested claddings after 500 cycles are shown in Fig. 4 and 5. High wear intensity of re-
ference material at low impact angles of particles with higher hardness is caused by 
removal of material in the form of microchips [5].  



 131 

 

 
       

Fig. 4. Wear of reference material   Fig. 5. Wear of investigated claddings  
                 after 500 blasting cycles              after 500 blasting cycles 
 

At higher impact angles surface hardening appears by forging effect of impinged 
particles. This is reflected by lower values of wear. Evaluated claddings markedly 
differ each other by their structural composition. Welding wire E 508 B represents 
cladding based on medium-alloyed steel with carbon content up to 0.4 %. Structure of 
cladding E 508 B is formed by bainite with fine segregated carbidic phase, Fig. 6. The 
structure has a high state of dislocations, whose movement is intensive braked by 
dispersive phase. Plastic deformation, therefore, requires high strength for realisation 
the movement of dislocations. The highest wear values for this cladding appears at 
impact angle of particles 75°and 90°. At mentioned angles impact energy of particles 
is the highest and causes hardening of matrix and shelling of carbide particles. Impact 
energy of impinged particles at impact angle 30° is low and it can load surface only in 
terms of elastic deformations. Results of wear of reference material and cladding E 
508 B consist with literature references. Soft and ductile materials reach maximal wear 
at the impact angles from 10° to 45°, at large impact angles less wear appears. For 
hard and brittle materials intense erosive wear appears at high impact angles. [2,6,7]. 
Although the hardness of 518 E B cladding is not significantly different from E 508 B 
cladding, wear course at higher angles is not consistent with the literature data and 
suggests the complexity of the wear process. It follows that, in addition to hardness the 
structure of welds plays also an important role in the wear process [9, 10]. 

 

          
 

Fig. 6. Structure of cover layer E 508 B         Fig. 7. Structure of cover layer E 518 B  
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The structure of the E 518 B cladding due to the high carbon content consists of 

ledeburite and regarding the high content of chromium primary and secondary 
carbides are found in the structure morphologically segregated as both the massive and 
dispersion, Fig. 7. Hardness of the matrix and carbides is high, which is reflected in 
low values of weight loss at impact angle 90°. Although the material is high-strength 
(hard), but its supply of plastic deformation is small, that is brittle. In addition to these 
features material shows low strength of the grain boundaries. It can be said that the 
cohesion strength of boundaries and sub-boundaries is significantly lower than the 
strength of the matrix. Separation of material at abrasives impact angles 45° and 75° is 
realized by decohesion of particles and separation by fissile mechanism [5,8,11]. The 
result is high levels of wear at tested impact angles of particles. Mentioned 
interpretation is necessary to verify by research of mechanism of claddings wear in 
specific conditions.  

Since it is an intensive erosive wear with high kinetic energy of impinging 
particles there was also evaluated their influence on surface hardening intensity after 
500 cycles. Results of microhardness measurement are showed in Fig. 8, 9 and 10. 
Maximal surface hardening of evaluated materials was achieved at impact angle 90°, 
because at this angle the highest forging effect of impinging particles occur. In the 
direction from surface to core material microhardness values decrease. Maximal 
surface hardening appeared up to depth of 0.25 mm below the surface of the material.  

 

 
 

Fig. 8. Microhardness of reference material              Fig. 9. Microhardness of E 508 B cladding 
 

 
 

Fig. 10. Microhardness of E 518 B cladding 
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Obtained results basically confirm the assumption that hardness is one of the main 
factors influencing the wear resistance of the material. Wear of reference material is 
high order than in claddings. Effect of particles impact angle on wear intensity of ma-
terials of lower hardness (S235JRG2) is consistent with literature findings. [5] 
Maximal wear intensity was achieved at lower impact angles, at higher impact angles 
prevails forging effect of abrasive.  
 
CONCLUSIONS 

In terms of chemical composition and the possibility of their realization without 
special heat treatment claims welding wire E 508 B presents economic type of 
claddings. The achieved hardness values indicate that the optimum properties of clad-
dings appear only in the third layer. For all tested materials and the impact angles of 
particles a substantial surface hardening of the material up to a depth of approximately 
0.25 mm was achieved. The highest surface hardening values were achieved at an 
angle of 90°. Examined claddings showed a significant dependence on the impact 
angle of the abrasive particles in given erosive wear conditions. Intensity of wear of E 
508 B claddings and the reference material, depending on the particle impact angle is 
consistent with the literary knowledge. In E 518 B cladding reached results of wear at 
high impact angles are in contrast with literature data. Different wear values of 
claddings that don’t significantly differ in hardness relate to their different structural 
building. Comparison of evaluated claddings showed significantly higher wear values 
of E 508 B cladding than in E 518 B cladding with the exception of the angle of 45°. 
Hardness of the material is crucial factors in wear resistance, which resulted in 
different wear values for reference material and claddings. There was confirmed the 
significant influence of the impact angle on abrasive wear.  

Resistance to erosion wear in addition to the hardness significantly depends on the 
type, distribution and mutual linking of structural components. The structure of ma-
terials is another factor that significantly affects their tribological properties [12]. 
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THE QUALITY ANALYZE OF MIG SOLDERING ZINC-
COATED STEEL SHEETS BY DESTRUCTIVE TESTING 
 
       

In the paper results of metallographic analyses of joints made by MIG brazing on high 
strength galvanized steel sheets of  H 340LAD + Z EN 10292 are presented. The quality 
of brazed joints made by SG CuAl8 braze with fluctuating welding rectifier CLOOS 303 
MC4 was evaluated. Argon 4,80 was used as gaseous shield. Soldering joints quality was 
evaluated by destructive testing. The bearing capacity joints were evaluated by STN EN 
ISO 895 and STN EN 1321. Macrostructure and microstructure analyze of joints were 
realized too.  

 
INTRODUCTION 

Automotive manufacture is the most dynamic developing branch of engineering 
industry. In world markets only those concerns can achieve successes which are able 
to flexibly react to the needs of customers, dynamically innovate manufacturing, and 
implement productive technologies into manufacturing. Demands on product quality 
are more and more strict. The need of process optimization of welding, soldering and 
adhesive bonding arises from the reason of application various qualities of iron and 
non-iron materials, their combinations for the purpose of weight reduction of 
automobile body parts. Along with conventional methods of welding which are 
resistance point welding and shielded arc welding, in manufacture also unconventional 
methods find their application which are laser welding, brazing in shielding gas [1, 2, 
3]. 

Surface-modified steel sheets are used in car body production. Surface modifica-
tion is made by hot-dip zinc galvanizing. Both types of Zn coating cause problems 
mainly in fusing methods of welding when by the influence of high temperatures 
comes to the failure of coating continuity in the joint place that decrease the corrosion 
resistance in joint place [4, 6, 9].   

The paper deals with analyzing of the joint quality made by method GMAB – (Gas 
Metal Arc Brazing) method. 

 
MATERIAL AND TREATMENT  

Micro alloyed sheets H 340LAD + Z EN 10292 were used for the experiments. It 
is high-strength micro alloyed deep-drawing steel with ferrite-pearlite structure. The 
sheet surface modification is realised by hot-dip zinc coating. The thickness of Zn 
coating is 12 µm. Chemical composition of tested sheet is shown in Table 1. 
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Table 1. Chemical composition in % wt. and mechanical properties of steel H 340LAD + Z EN 10292  

C Mn Si Ti Al Nb P S Rm Rp0,2 A80 Material 

EN 10292 [%] [%] [%] [%] [%] [%] [%] [%]  [MPa] [MPa] [%] 

H 340LAD+Z 0,1 0,8 0,4 0,08 0,011 0,06 ≤ 0,0025 ≤ 0,0025 410 - 510 340 - 420 ≥21 

 
Chemical consistence of used soldering metal types and their strength 

characteristics are in Table 2. Soldering metals of A 384 from UTP productions were 
used. 
 
Table 2. Chemical composition and mechanical properties of solders [5] 

Cu Mn Al Rm Rp0,2 A5 KU Melting temperature Material 

DIN 1733 [%] [%] [%] [MPa] [MPa] [%] [J] [ºC] 

SG CuAl8 92,0 0,2 7,8 380 180 40 70 950 - 1080 

 
The methodology of joint quality valuation 

The samples with parameters 1000 mm x 200 mm were cut with table shears from 
the sheets of 1 mm thickness with dimensions of 1000 mm x 2000 mm. 

Before brazing, joint places of the sheets were degreased with concentrated 
CH3COCH3 from the reason of prevention of negative influence of the emulsions on 
the process and the quality of brazing joints. The steel sheet brazing was realised in the 
laboratory of welding and defectoscopy at the Department of Technology and 
Materials on programmable fluctuating welder machine CLOOS 303 MC4 equipped 
with four-trolley regulating mechanism in Ar 4.80 shielding gas. The parameters of 
brazing are in Table 3. 
 
Table 3. Used brazing parameter  

Thickness of 
Brazing Sheets 

Type of 
Braze 

Wire Diameter of 
Braze 

Impulse 
Brazing 
Current 

[A] 

Voltage 

 

[V] 

Inert Gas 

1,0  + 1,0 CuAl8 1,0 mm Yes 80 16 - 18 Argon 4,80 

 
During brazing the slope of lap sheet constitution was used from the reason of 

better gas venting and Zn vapours from the place of arch burning on the basis of 
recommened literature, Fig. 1 [4, 9, 10]. 

 

 
 

Fig. 1. Used grade angle of brazed sheets 
 

The process of brazing was realized from left to right in the position PB according 
to STN EN ISO 6947. The lenght of brazing arch is 1.5x braze diameter. The wire 
braze unloading from burner was 10 mm. The flow of gaseous shield was 14 l.min-1. 
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Carrying capacity of braze joint was evaluated by static tensile test according to 
STN EN 895. This experiment is used for determination of maximal carrying capacity 
of brazied joints in tensile stress. The experiment was made on experimental machine 
for determination of metal strength TIRA test 2300 of producer VEB TIW Rauenstein 
with measuring scope from 0.08 kN to 100 kN. The speed of loading was 10 m/s. 
Experimental samples were of 100x20 mm dimensions. Thirty samples were used for 
the experiment. 

Macro and microstructural analysis of the braze joint quality was evaluated 
according to STN EN 1321 standard on metallographical scratch patterns with using 
optical lighting microscope Olympus CX-31. For visualization of microstructures of 
basic material the corrosive NITAL (HNO3) in concentration 3% and for visualization 
of microstructure of braze CuAl8 the solution peroxysulphate ammonium (10 g peroxy-
sulphate ammonium + 100 cm3 destilated water) was used. 
 
The analysis of achieved results 

The average values of carrying capacities of braze joints observed with static 
tensile test are presented in Table 4. The samples after destruction are documented in 
Fig. 2. The sample held in the jaws of experimental machine TiraTest 2300 is presen-
ted on the Fig. 3. 

              

               
 

Fig. 2. The samples with mark F                 Fig. 3. The sample F2 during 
after destruction  the experiment 

Table 4. The average values of carrying capacities of the braze joint  

Series of samples 
Max. force 

Fm [N] 
Max. strenght 

   Rm [MPa] 

A 5808 7394,86 

B 5877 7483,10 

C 5631 7171,83 

D 5442 6929,99 

E 5762 7336,50 

F 5371 6838,13 
Total average value of carrying capacity 5648,5 N 7192,4 MPa 
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Destruction out of the braze joint in all experimental samples was observed, i.e. in 
the base material that presents great carrying capacity of the joint or braze adhesion to 
basic material. 
 
The results of macroscopic and microscopic analysis 

Great wettability and diffluence on metallographical scratch patterns were 
observed, that is also documented in  Figure 4 and 5. Both connected sheet were 
covered by braze in the joint place without cavities, respectively cracks. On evaluated 
cuts no existence of pores or cavities in the metal CuAl8 was recorded when observing 
macro and microstructures with help of lighting macroscopic what is in line with 
statement [2, 10] that this braze type has lower tendency for the creation of pores in 
a braze when comparing to the braze type CuSi3. 

 

 
 

Fig. 4. Macrostructure of brazed joint of the sample B6 
 

 

 
 

Fig. 5. Macrostructure of brazed joint of the sample F6 
 

 The width of braze joint and also the incline degree of braze pass response to the 
used parameters of braze stream and braze diameter. The braze speed influences the 
pass height in a marked way. The robot workplaces for connecting of car body parts 
are used for GMAB. Evaluated samples were brazed by the hand conduct of burner in 
laboratory conditions. 

Microstructure analysis (Figs. 6, 7) confirmed the great quality of joints. In the 
joint places, the existence of any pores or cavities was recorded which would have 
a negative effect on the joint quality. 

The microstructure of heat non-influenced basic material H 340LAD + Z is presen-
ted in  Fig. 8. It is fine-grained feritic-pearlitic structure. Steel is regulated Al and Ti. 
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In Fig. 9 is the microstructure of CuAl8 braze. The structure of alloy is dendrite 

and it is possible to observe Al in form of lighting acicular forms. 
 
CONCLUSION 

The braze joints quality of zinc-coated sheets H 340LAD + Z joined with MIG 
braze with CuAl8 braze in shielding gas Ar 4.80 was evaluated with the destructive 
tests. The braze current of 80A was used for evaluation of sheet thickness. On the base 
of the analyses it is possible to state that used parameters of braze are suitable for 
brazing and guarantee the great joint quality. The average carrying capacity Fm = 
5648,5N of the joint was measured with tensile test. Destruction in the base material 
was observed in all tested materials. Macroscopical and microscopical analysis also 
confirmed suitable joint quality. No cavities, pores or cracks occurred in joints.  

The CuAl8 braze has two times higher electric conductivity and higher strength in 
comparison to CuSi3 braze. It is suitable mainly for brazing of zinc-coated dual-phase 
steels [8, 11, 12]. 

The influence of used shielded gas for MIG brazing must be considered in 
optimization of pulse brazing parameters. On the base of studied literature and the 
results of experiments it is possible to state that mixed gases are suitable for MIG 
brazing. Pure Ar gas during experiments caused the pollution of adjacent areas of 

       
 
  Fig. 8. Microstructure of base material                        Fig. 9. Microstructure of  braze CuAl8 

 

      
 

Fig. 6. Microstructure of joint of sample C6        Fig. 7. Transition from base material to braze of    
                  sample A6 
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braze by combustion product. By the reason of arch burning stabilization it is suitable 
to use blending gas Ar + O2 or Ar + CO2. By the stabilization of arch, the pollution of 
the joint place by the influence of the braze will be decreased, burning performance 
will be increased, the braze fluidity will be increased what will improve the wettability 
and diffluence [7, 8, 9]. 
 
Contribution was elaborated within the solving the grant project VEGA №. 1/0206/08. 
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THE INVESTIGATION OF THERMAL CONDUCTIVITY  
OF LOW-ALLOYED HIGH SPEED STEELS 

 
 

In the presented work the effective thermal conductivity of three alloyed high speed 
steels: SW3S2, SW7M and SW2M5 were compared. The thermal conductivity was 
received from the simple experiment in which the change of phase metrology-matter was 
applied. As the metrology-matter gallium was used. The value of the thermal conductivity 
for high speed steels was compared with date of science literature. 

 
INTRODUCTION  

Cutting tools made of high-speed steels still make up about 50 % of the general 
number of tools [1]. High speed steels which have been used for about a hundred 
years, are less frequently used in manufacturing cutting tools (particularly for a high 
cutting speed) whereas their use in manufacturing structural elements, forming tools, 
and for plastic product forms has increased.  

The chip formation process in machining is accompanied by heat generation, 
which influences the mechanical and physical properties of both the workpiece and the 
cutting tool. The cutting energy is dissipated as heat in the cutting zone. The 
temperature distribution during the process is able to stand decisive effect on waste of 
tool. The temperature field measured into cutting tool also as well as knowledge of the 
thermal conductivity of tools material permit to define heat flux . This heat flux 
permits on optimization of tool quality and of all technological process too. The diffi-
cult of regard of effect of the alloy addition also technology of production of steel 
cause, that literature given of the thermal conductivity of steel have approximate 
character. Begun into the work [4], and [6] thermal measurements were used of 
qualification the thermal conductivity for the three low-alloy high-speed steels: 
SW7M,  SW3S2 and SW2M5 and presented. At present paper the results of the 
effective thermal conductivity of three alloyed high speed steels: SW3S2, SW7M and 
SW2M5 were compared with given of literature the thermal conductivity of three 
alloyed high speed steels: P12, P18 and 3X2B8Ф about the close chemical compo-
sition. 

 
Chemical constitution of low-alloy high speed steels 

Three the thermal conductivity samples for steel SW2M5, SW3S2 and SW7M, 
which chemical composition shown (Tab.1) and of diameter is equal to 6 mm, were 
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selected as being very typical material used in the production of cutting tools. The 
measurement of thermal conductivity in materials with very high conductivity, such as 
metals and their alloys, requires special measuring technics. The measurement thermal 
conductivity are used the quasi-stationary method in are shown [5]. Measurement of 
thermal conductivity quasi-stationary method is practised for the Department of 
Thermodynamics at Technical University of Rzeszów. This method has application in 
measurement of thermal conductivity of good conductors. 

 
Table 1. Chemical composition of low-alloy high speed steels 

Chemical constitution in %  Steel 
grade C W Mo Cr V Si ΣW%+Mo% 

Ref. 

SW2M5 
(Poland) 

0,9-1,0 1,5-2,0 4,5 5,5 - - 9,5 [2] 

SW3S2 
(Poland) 

1,1-1,2 3,1-3,4 1,1-1,2 4,3-4,7 1,6-1,8 1,3-2,3 5,2 [2] 

SW7M 
(Poland) 

0,8-0,88 5,5-6,5 5,0-5,5 3,8-4,4 1,7-2,1  13 [2] 

P12 
(Russia) 

0,8-0,9 12,0-13,0 ≥1,0 3,1-3,6 1,5-1,9  14 [3] 

P18 
(Russia) 

0,7-0,8 17-18 ≤1,0 3,8-4,4 1,0-1,4  19 [3] 

3X2B8Ф 

(Russia) 
0,3-0,4 7,5-8,5  2,20-2,70 0,2-0,50 0,15-0,4  [3] 

 
 

EXPERIMENTAL DETAILS  

The thermal conductivity was received from the simple experiment in which the 
change of phase metrology-matter was applied [5]. As the metrology-matter gallium 
and tin were used. The change of phase process plays role of the heat source. During 
the change of phase period the temperature is constant a quasi-stationary temperature 
fields which allows to use the stationary model of heat transfer calculations. The 
model is a cylindrical spine of finite length and losing heat out one face to melting-
substance and by radiation from surface, respectively. All process measurement was 
carried out in vacuum. 

The mean thermal conductivity λ was calculated from the equation: 
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where: w subscript stands for temperature of the hot end of the sample, l- for 
temperature of the cool end of the sample o - for temperature of sides of vessel 
vacuum, L is length of sample, lQ&  is the heat power of the cooler as the sum of heat 
power of fusion of melting-substance and heat power lost from the surface of the 
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cooler by radiation, the A is metrology cross section of the sample, O is a circuit of 
sample, λ is the mean thermal conductivity of the sample,  
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and the mean heat transfer coefficient by radiation 
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where d, D are diameter of sample and vessels vacuum respectively, ε1, ε2 are the 
effective emissivity of the sample and of the vacuum vessels respectively, the mean 
temperature of the sample is  
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The temperature Tw and Tk of the sample, during measurement of the thermal 

conductivity, defined from three points measuring, appointed from T1 to T3, (see Fig. 
1), by use of thermocouples chromel-alumel and graphically extrapolate. 
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.
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Fig. 1. Schematic cross-section of the experimental setup for thermal conductivity measurements by 
the quasi-stationary method 

 
RESULTS AND DISCUSSION 

Results of calculations of the thermal conductivity from (1) and measurements of λ 
are estimated with function linear: λ = 16,66+0,0158Tśr,- for steel SW2M5, λ = 18,67-
0,01303Tśr-for steel SW3S2 and λ = 13,32+0,00798Tśr-for steel SW7M for 
temperatures changing from 50oC to 450oC. Results of calculations of the thermal 
conductivity from function linear are given in Table 2 and show in  Fig. 3. 
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Table 2. Thermal conductivity of low-alloy high speed steels 

λ, [W/(m·K)]   Steel 
grade 27 OC 127 OC 227 OC 327 OC 427 OC 527 OC  

SW2M5  18,7 20,3 21,8 23,4   
SW3S2  17,0 15,7 14,4 13,1   
SW7M  14,3 15,1 15,9 16,7   

P12 15,5 16,6 19,1 22 25,6  [3] 
P18 21,5 25,6 26,2 26,2 25,9 25,8 [3] 

3X2B8Ф     28,5 25,7 [3] 
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Fig. 2. Thermal conductivity of low-alloy high speed steels 
 
Counted the thermal conductivity for steel SW3S2 in measured range of 

temperatures is decreasing the same us for the steel 3X2B8Ф. Both the steel SW3S2 
and steel 3X2B8Ф contain a silicon (see Tab.1), which may be the cause of the 
decrease in their thermal conductivity. 
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COMPARISON OF RAPESEED ETHYL AND METHYL 
ESTERS UTILIZATION INFLUENCE ON ENGINE 
ENERGETIC PARAMETERS  

 
Use of plant oil methyl esters as a fuel for diesel engines is popular practice however it is 
also possible to utilize ethyl esters. In this paper, results of research concerning 
utilization of methyl esters (FAME) and ethyl esters (FAEE) of rape oil for powering 
diesel engine were presented. Results enabled comparative analysis of effects of powering 
diesel engines with these fuels. Research was based on taking, for each of the investigated 
fuels, measurements which enabled elaboration of data necessary for drawing external 
characteristics, on basis of which effect of esters utilization on energetic parameters was 
evaluated. Research was carried out on, installed on dynamometric stand, 2CA90 engine. 
Results of the research did not prove determining influence of utilized ester type on 
engine energetic parameters. 

 

INTRODUCTION 

Produced in process of transesterification, higher fatty esters of plant oils are 
commonly used for powering diesel engines. They can be used as a separate type of 
fuel parallel to diesel fuel (DF) or as a mixture of esters and mineral diesel fuel 
containing specified amount of esters [2, 6, 12].  

Most commonly used, in process of transesterification, is methyl alcohol. It has 
numerous advantages among which its low price, resulting mainly from cost of its 
production, is most often noticed one. Ethyl alcohol can be considered an alternative 
for methyl alcohol. Its production is based on process of fermentation and, in contrary 
to methanol, which is currently obtained through synthesis, it can be considered 
renewable material. However, its utilisation is limited. It results from price of ethanol, 
and, required in process of transesterification, necessity of its deep dehydration.  

Having similar qualities, methyl (FAME) and ethyl (FAEE) esters, both have 
properties predisposing them to being utilized as fuel for diesel engines.  

Moreover, ethyl esters have slightly higher, than methyl esters, caloric value for 
they contain one more carbon atom in their particle. Products of incomplete 
combustion of ethyl esters do not contain formaldehydes, which are formed during 
combustion of methyl esters. Additionally, ethyl esters characterize with lower than 
methyl esters solidification point, what influences low temperature properties of fuel 
[5, 12]. Absence of this fuel on EU list of biocomponents and lack of formal-legal 
regulations inhibits development of investment.  
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Goal of presented research is comparison of effects of, used as fuel for powering 
diesel engines, methyl and ethyl esters of higher fatty acids on work parameters of 
2CA90 diesel engine.  

MATERIAL AND TREATMENT 

Object of this experimental research were rapeseed methyl (FAME) and ethyl 
(FAEE) fatty acids esters and, for comparison purposes, conventional diesel fuel. 
Rapeseed oil fatty acids methyl ester was obtained from factory installation. Rapeseed 
oil fatty acids ethyl ester was obtained from experimental installation.  

Requirements and results of diesel fuel and esters samples analyses were presented 
in Table 1.  

 
Table 1. Properties of diesel fuel, methyl and ethyl esters and their reference to PN EN 590:2006 norm 

Property  Unit 

Requirements 
by norm 
PN-EN 

590:2006 

Marked 
value to  

DF 

Marked 
value to 
FAEE 

Marked 
value to 
FAME  

Cetane number – min. 51,0 53,1 - 51 
Cetane index – min. 46,0 54,0 n.d. n.d. 
Density at 15°C kg · m–3 820-845 835 873 881 
Viscosity at 40 °C mm2 · s–1 2,0-4,5 2,8 4,16 4,42 

Distillation recovered at 250 °C 
Distillation recovered at 350 °C 
95%(V/V) recovered at 

% obj. 
% obj. 

°C 

max 65 
min. 85 
max 360 

33 
95 
350 

n.d. n.d. 

Flash point °C  min. 55 61 60 130 
Sulphur content mg · kg–1 max 50 9,6 n.d. 1,9 
Polycyclic aromatic 
hydrocarbons 

% m/m 
max 11 2,1 n.d. n.d. 

Lubricity, corrected wear scar 
diameter (wsd 1,4) at 60 °C 

µm max 460 351 n.d. 
n.d 

Oxidation Stability g · m–3 max 25 6,0 n.d. n.d. 
Ash content % m/m max 0,01 0,001 - - 
Copper strip corrosion (3 hours 
at 50°C) 

rating Class 1 1 
- 1 

Carbon residue (on 10% 
distillaiton residue) 

% m/m max 0,30 0,01 
n.d. 0,04 

Water content mg · kg–1 max 200 65 80 148 
Total contamination mg · kg–1 max 24 11 8 16 

 
The marking of energetic parameters was performed in the test bench of the 

research laboratory in the Department of Power Engineering and Vehicles of the 
Agricultural University of Lublin. The test bench included following apparatuses:  

• diesel engine 2CA90; 
• electro whirl brake AMX 210;  
• control and measurement system AMX 201, AMX 211; 
• fuel consumption measurement system;  
• surroundings measurement system: surroundings temperature tot, 

atmospheric pressure and air humidity φ. 
Fig. 1. presents a diagram of the test bench containing the particular apparatuses.  
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Fig. 1. Test bench diagram: 1 – 2CA90 engine, 2 – engine control, 3 – AMX 210 electro whirl brake, 
4 – tensometer, 5 – fuel tank, 6 – scales for measuring fuel consumption, 7 – oil temperature sensor, 8 
– engine speed sensor, 9 – control measurement panel 
 

Investigation of energetic parameters was based on set of measurements conducted 
for each of investigated fuels with regard to PN norm, which enabled elaboration of 
data essential for determining external characteristics with engine’s rotation speed 
ranging from minimal to nominal. In this research following kinematic and dynamic 
parameters of engine: torque – Mo, rotation speed –n, time in which set amount of fuel 
was used – τ. Amount of fuel used in determination of this parameter was 50 g. 
Methodology of measurements and methods of torque and power reductions were 
conformed to following norms: PN-78/S-02005, PN-88/S-02005, BN-79/1374-03 and 
BN-74/1340-12.  

Statistical analysis of research results embraced assessment of variation of 
energetic parameters, significance analysis of differences between value of these 
parameters and determination, based on curvilinear regression method, of function 
dependencies. Analysis of biocomponent addition influence on energetic parameters 
was conducted by means of univariate variance analysis (ANOVA), and estimation of 
differences significance between investigated fuels and diesel fuel by means of 
Tukey’s least significant difference (LSD) with significance level α = 0.05. 

 
RESEARCH RESULTS AND THEIR ANALYSIS 

Influence of fuel type on energetic parameters was evaluated relying on external 
characteristics prepared during powering engine with prepared prior to investigation 
fuels. Changes were compared to characteristics prepared for diesel fuel powered 
engine. Results of FAME and FAEE influence on engine energetic parameters were 
presented in Figure 2. 

Analysis of, presented in Fig. 2, torque curves proves that utilization of esters as 
fuel, when compared to diesel fuel, causes change of engine energetic parameters. 
Reduction of torque value, decrease of power and increase of specific and hourly fuel 
consumption are noticeable. Also, character of curves course is slightly different than 
characteristics elaborated for diesel fuel.  
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Analysing rela-

tive changes of 
energetic parame-
ters of engine po-
wered with ester 
fuel to engine po-
wered with DF 
(Fig. 3) it can be 
stated that change 
was not big and 
remained within 
range presented by 
other authors [3, 4, 
9-11] Change of 
maximal torque was 
about 5%, maximal 
power about 7%, 
specific fuel con-
sumption about 
16% and hourly 
fuel consumption 
about 10%. 

Statistical ana-
lysis of obtained 
results, concerning 
influence of ester 
addition on engine 
energetic parame-
ters, showed that 
changes of power, 
specific and hourly 

fuel consumption for fuel mixtures containing ester addition significantly differ from 
ones observed for DF (significance level 0,05). 

Regression models for torque, power, specific and hourly fuel consumption for 
particular fuels, were described with equations presented in Table 2. In this table, 
coefficients of determination R2 were also presented.  

Analysing diagrams presented in Figure 3, it can be stated that type of ester used in 
mixture does not have significant effect on obtained energetic parameters of the 
engine. Maximal torque recorded for FAME was 0,5 Nm higher. Type of ester used in 
mixture does not have significant effect on obtained maximal power, what was 
presented in Fig. 3b. Higher values of torque were observed for FAME based 
mixtures, with the highest observed difference of 0,4 kW. Analysis of mean hourly 
fuel consumption, Fig. 4c, shows that the highest consumption was noted for ethyl 
esters - with difference up to 0,1 kg • h-1. Similarly, higher specific fuel consumption 
was observed for mixtures based on ethyl esters with difference reaching 5 g • (kWh)-1. 
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Fig. 2. Comparison characteristic of 2CA90 engine powered with diesel fuel 

and rapeseed oil methyl and ethyl esters 
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Fig. 3. Relative changes of engine maximal torque, maximal power, minimal fuel consumption, mean 

hourly fuel consumption of 2CA90 engine powered with methyl and ethyl ester. 

 
Table 2. Regression equations for variables calculated relying on research results 

Dependent 
variable 

y  
Fuel  Regression equations  

Coefficient of 
determination R2  

ON y = – 0,000006·n2 + 0,0253·n + 20,848 0,9931 
FAME y = – 0,000001·n2 + 0,0508·n – 15,862 0,9752 Mo [Nm] 
FAEE y = – 0,000001·n2 + 0,0523·n – 17,763 0,9474 
ON y = 5·10-10·n3 + 2·10-6·n2 + 0,003638·n – 1,036471 0,9643 

FAME y = -1·10-9·n3 + 4·10-6·n2 + 0,0006·n – 1,036471 0,9983 Ne [kW] 
FAEE y = 1·10-9·n3 + 4·10-6·n2 + 0,0016·n – 2,4606 0,9977 
ON y = 7·10-9·n3 + 8,1·10-5·n2 – 0,257178·n + 465,911 0,7282 

FAME y = 0,0001·n2 – 0,4893·n + 842,7 0,9755 
ge [g · 

(kWh)-1] 
FAEE y = 0,0001·n2 – 0,5429·n + 903,88 0,9361 
ON y = 0,0009·n + 0,360898 0,9675 

FAME y = 0,0011·n + 0,2377 0,9939 Gp [kg · h-1] 
FAEE y = 0,0012·n + 0,1658 0,9892 

 

 
Fig. 4. Comparison analysis of FAME and FAEE influence on: a) maximal torque, b) maximal power, 
c)mean hourly fuel consumption, d) minimal specific fuel consumption of 2CA90 engine 
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CONCLUSIONS 

1. Esters of higher fatty acids of plant oils characterise with different physico-
chemical properties than conventional diesel fuel. It has an effect on process of 
supplying and injection of fuel, and therefore, its combustion [1], and directly results 
in changes of energetic effects of engine powered with such fuels.  

2. Utilization of methyl and ethyl esters of rapeseed oil fatty acids, for powering 
diesel engines, causes change, when compared to powering with diesel fuel, of engine 
work energetic parameters Analysis of results of research conducted on 2CA90 engine 
justifies statement that: addition of FAME and FAEE into DF significantly affected 
change of the engine effective power, maximal torque and led to increase of hourly 
and unitary fuel consumption.  

3. Research did not prove determining effect of ester type used in mixture with DF 
on engine energetic parameters. 

4. Lack of legal regulations concerning quality of ethyl esters may cause problems 
related to possibility of wider scale introduction of this fuel. 
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THE CARBON LAYERS FOR BIO-TRIBOLOGICAL 
APLICATIONS 
 
 

One of alternatives for improving the wear resistance and corrosion of biomaterials is 
the application of protective coatings. DLC coatings are one of the most attractive 
proposal of the last years for biomedical applications. The aim of this contribution is to 
compare the mechanical properties for CoCr materials surfaces deposited with DLC 
coatings under different deposition parameters.  DLC coatings were deposited by PVD 
method (physical vapor deposition) on CrCo alloy-substrate used for bioimplants.   

 
 
INTRODUCTION 
 

Mechanical load which presents in orthopedic implants can affect drastically the 
properties of implants materials. Damage of these materials usually occurs due to 
contact and is connected with abrasion, adhesion, fretting, delamination, pitting and 
fatigue. Damage depends on friction, lubrication, contact area, surface finish and level 
of loads (stresses). For these materials are important mainly the physical properties: 
yield strength, toughness and contact fatigue. Fatigue wear occurs when the fatigue 
limit of a material is exceeded or when subsurface shear stresses and contact stresses 
lead to subsurface crack growth. This leads to delamination and pitting (larger debris 
than generated through adhesive/abrasive mechanisms). The most of materials applied 
in medicine are composed of basic material (substrate) and coating.  Diamond-like 
carbon (DLC) coatings cover a wide range of different types of carbon-based coatings, 
which generally have properties such as low friction and high wear resistance [1]. Also 
many applications of a-C films are permanent actual for bio-tribological applications. 

In order to use DLC coatings reliably in different applications, it is important to 
understand the mechanical and tribological behaviour of the coatings in different 
operating conditions. This has been studied intensively by many scientists during the 
last few years. The friction and wear performance of amorphous carbon (a-C) coatings 
greatly depends on the deposition method and the deposition parameters used as well 
as the test environment [2, 3]. As a general trend, a-C:H films can provide low friction 
performance in sliding conditions [4–6].  

The aim of this work is to study mechanical properties of a-DLC coatings 
deposited by PVD cathodic arc method on CoCr substrate used on artificial joints and 
to compare the mechanical properties under different depositions parameters.  
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DEPOSITION PROCESS 
 

The DLCs were deposited by low arc discharge vacuum equipment in a UVNIPA-
1-001 vacuum system with three sources (gas ion source for cleaning, electric arc 
source for non-magnetic metal sputtering and pulse arc carbon source). Samples 
entering were sputtered in one vacuum cycle. All of substrates were cleaned for 10 
min with Ar ions. DLC layer was deposited at down to 150°C temperature. Nitrogen 
and Ar gasses were added during the DLC deposition into a working chamber [7, 9]. 
The coatings were produced on a highly polished flat CoCr materials substrate Ra = 
0.05 µm. One fine polished face of every CoCr substrates was coated by a-C film. The 
hardness were determined from dept sensing indentations (DSI) of curves measured 
Nano TEST NT600. Type LabRam Scanning electron microscope (SEM) LEO 1550 
was used to study the microtopography of DLC layers.  
 
EVALUATION OF NANOINDENTATION 
 

The hardness H, elastic modulus Eeff and mechanical characteristics were 
determined from depth sensing indentations (DSI) curves measured by the NanoTest 
NT600 apparatus (Fig. 1) at different maximal loads from 5 to 100 mN with diamond 
Berkovich tip [8]. The indentation cycle was repeated five times in slightly different 
places for each maxima load. The samples were indented at the different maximal load 
5, 10, 20, 50 and 100 mN [10]. Records DSI curves served to determination of 
maximal penetration depth hmax, at maximal loading force Fmax.  Values of HIT

3/Eeff 
2 

for type of films marked U II and U III are almost similar. The lowest value HIT
3/Eeff 

2 
was observed for coating marked U IV what can be connected with lower content of N 
[7, 9] - (Fig. 2, 3). 
 

 
Fig. 1. View and measuring node of apparatus, 1-indenter, 2-samples, 3-pendulum, 4-capacitor plates, 5-

sample holder (x-y-z directions of moving), 6-microscope 

      
Fig. 2. Dependence HIT on different load           Fig. 3. Dependence of HIT

3/Eeff
2 on different load 
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TRIBOLOGICAL TESTS ON LARGE 3D SUBSTRATES 
 

Due to specific shape of knee joint the standard wear methods (pin-on-disk, ring-
on-disk, and etc.) are not suitable, because it is not the stylization of functional 
geometry. Methodics of non-standard test is selected for prevailing conditions of wear 
process and respects the functional geometry of knee joint, conditions of non-standard 
test equal the condition of so-called „locked knee“[11]. This non-standard method 
represents the test method with contact area line-on-plate. Test conditions are 
characterized by linear distribution of load. Geometry of 3D shaped sample is similar 
to geometry of total knee implant. From the view is under full load on the contact line 
30-40 mm the min. load 750 N is acting (1 BW-Body Weight) but also 2000 N (2,5 
BW). Load is in the range from minimum 20 N/mm to maximum 65 N/mm. Shaped 
samples were with width 15 mm and loaded under  normal force 340 N. (load is equal 
22,6 N/mm). All experiments were carried out on minimum limit of realistic loading. 
Parameters of the test are shown in Tab. 1. 
 

Tab. 1. Parameters of non-standard test 
Path 18 Mm 

Frequence of movement 1,43 Hz 
Lubricant H2O+0,9 g/l NaCl 

Normal loading force 343 N 
Time of 1 cycle 0,70 s 

Middle-sized speed 51,6 mm/s 
Temperature 25 °C 

 

 

           
                Fig. 4. Initiation of mircracking                      Fig. 5. The generation microcracking   
 

 

Fig. 6. EDX analysis of DLC coating from microcraking 

 
DISCUSSION 
 

From mechanical and tribological properties obtained from standard test the 
following conclusions can be made: 
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• The lowest value HIT
3/Eeff

2 was observed for coating marked  IV  what can be 
connected with lower content of N,  

• The highest value HIT
3/Eeff

2 was obtained for coating U III [with Ar 80 sccm 
and N 60 sccm]. 

Tribological properties obtained from non-standard test the following conclusions 
can be made: 

• Morphology of DLC surface contains microcrack (Figs. 4, 5) what can be con-
nected with high internal stress, EDX analysis is in Fig. 6, 

• These microparticles from microcrack were transferred on UHMWPE and 
created contact stresses whereby the crack spreads farther,  

• Design of tested samples affects stress states and failure for coating. High 
hardness, in turn, causes high internal stress.  These stresses can contribute to 
microcrack of coating and creation debris than generated through adhesi-
ve/abrasive mechanisms. Together with transfer of debris from coating on 
UHMWPE is produced a  damage score.   

 
CONCLUSION 
 

Characteristics like hardness H, elastic modulus were obtained from indentation 
loop and were investigated in range of film deposited by low arc discharge vacuum 
equipment UVNIPA-1-001.   

The presented work shows that conditions for wear and debris formation are 
connected with conditions of deposition parameters. More investigations are needed 
for obtaining excellent behaviour of DLC coating during depositions on 3D shaped 
surfaces. 
 
REFERENCES 
 

1. Dion I, Baquey C, Monties JR.: Diamond: the biomaterial of the 21st century? Int J Artif Organs. 
    1993 Sep.16(9); 623-7.s. 

2. Grill A.:, Wear 168, 1993; 143. 

3. Grill A.:, Surf. Coatings Technol. 94/95, 1997; p. 507–513. 

4. Erdemir A., Switala M., Wie R., Wilbur P.: Surf. Coatings Technol. 50, 1991; p. 17. 

5. Marchon B., et al.: IEEE Trans. Magnet. 26 (5), 1990; 2670. 

6. Kim D.S. et al.:  Surf. Coatings Technol. 49, 1991; p. 537. 

7. Vojs M., et al.: Properties of amorphous carbon layers for bio-tribological aplications. Microelec-
tronics Journal (in press)  

8. OliverW.C., Pharr G.M.: Journal of Materials Research, Vol. 7. 1992; p. 1564-1583. 

9. Zdravecká E., et al., Study of DLC coatings on micro and macro level. Eurocorr 2007, Freiburg; 
p.1-9 

10. Boháč P., et al.: Beijing. 2007. Elsevier UK. 2007; P 2.37 

11. Pražák J., et al.: Možnosti umělé lubrikace umělých kloubů. Ustav  termomechaniky AV ČR. 2002. 
 
This work has been supported by grants VEGA 1/0390/08 and  COST 533 from of the Ministry of 
Education of the Slovak Republic.  
 
 



 155

 
 
Index of authors 
 

1. Ábel M.   135 

2. Brezinová J.   35, 121, 127 

3. Draganov I.   103 

4. Draganovská D.  135 

5. Dulebová L.   79 

6. Dzieniszewski G.  151 

7. Franta L.   151 

8. Gajdoš I.   67 

9. Greškovič F.   115 

10. Guzanová A.   35, 121, 127 

11. Herditzky A.   45 

12. Kaščák L.   113, 127, 135 

13. Krzaczek P.   7, 145  

14. Kyrylovych V.  15 

15. Kvasuk S.   39 

16. Lorincová D.   127 

17. Lubas J.   19 

18. Majerníková J.  85 

19. Malega P.   29 

20. Malejčík J.   35 

21. Malyarenko A.  39 

22. Mitenkov M.   39 

23. Olexová M.   45 

24. Ondáč M.   151 

25. Pasternak I.   51 

26. Piekarski W.   7 

27. Sazonov A.   15 

28. Shabaycovitch V.  61 

29. Slota J.   67 

30. Sobotová L.   73, 79 

31. Spišák E.   73, 85 



 156

32. Spišáková E.   93 

33. Sulym H.   51 

34. Todorov M.   103 

35. Varga J.   115 

36. Viňáš J.   121, 127, 135 

37. Wolańczyk F.   141 

38. Zając G.   145 

39. Zdravecká E.   151 


