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1. Introduction 

During the contact of two bodies, their interaction 

causes an increase in stress and thus an increase in surface 

energy. Therefore, this energy, depending on the type of 

material, can cause physicochemical changes in it, which 

in turn lead to the phenomenon of decohesion. In order for 

the phenomenon to occur, it must be exceeded the limit of 

strength of the material is usually the yield point. Depend-

ing on the material's properties (especially hardness) the 

time in which contact surfaces stay in contact is extremely 

important because the longer it is, the more energy will be 

transferred to the other body. In the case of materials with 

a high hardness, the energy is first converted into elastic 

and then plastic impacts, causing plastic deformation and 

dislocation motion, leading to the separation of material 

layers and its defect. However, much more plastic materi-

als are faster than the yield point and the separation of ma-

terial in the form of flaky wear debris. 

The occurring processes of wear of metal parts of 

machines different from each other by special features and 

the mechanism of wear development. The image of the top 

layer wear differs from each other: the appearance of the 

friction surface, structural changes of the surface layer ma-

terial, mechanism of destroying the surface layer material, 

the shape and dimensions of wear debris and their compo-

sition. 

The reasons for the recall of the product from fur-

ther services may vary, with abrasive and/or adhesive or 

fatigue being the most important, followed by other types 

of wear. The pressure of the wheel causes the material on 

the rolling surface to begin to move, i.e. "flow", and the 

resulting permanent deformations lead to the formation of 

patchy wear products. As the number of cycles increases, 

the flakes formed can lead to fatigue cracks. This process 

is called ratchetting [1]. Ratchetting consists in accumulat-

ing deformation, in the main direction of load displace-

ment, in the course of consecutive cycles (Figs. 1, 2). Ac-

cording to the dislocation theory of defects, stress concen-

trators are clusters of dislocations that form after encoun-

tering obstacles. The increase in stresses results in the gen-

eration of new dislocations, which move as a result of ex-

ceeding the yield point. As a result of mutual blocking of 

dislocating dislocations and the presence of atoms of do-

pants of alloying elements, gradual strain strengthening 

occurs. In work [2] authors presented a new two-

dimensional plain strain rough wheel/rail contact model is 

developed which includes stick-slip phenomena of the real-

istic contact situation and is related in a mechanically jus-

tified way to the three-dimensional situation. Appearing 

the small rough areas causes pick of the stresses in surface 

layer. The presented research allows to determination the 

distribution of stresses and their depth in subsurface layer 

and how appear the wear debris. In this way we can char-

acterisation of wear type [3]. 

2. Rolling-sliding contact characterization  

When the wheels roll on rails, both the wheel and 

the rail are deformed and the point of their contact changes 

into a certain area. For a perfectly contoured surface of the 

wheel and head of the rail, the contact area is an ellipse. 

When the wheel is rolling on a rail, parts of this area are in 

contact with the rail and a slip on the part. These forces 

distributed over the contact area appear as stresses, while 

the distribution of tangential stresses depends on the shape 

and size of the area, the values of slip and the condition of 

the rolling surfaces. The wheel rolling on the rail rests on a 

small surface, the field of which is from 100 to 150 mm2 

depending on the profile and the degree of wear of the run-

ning surface of both the wheel and rail [3].  

The final result is the detachment of the surface 

layer material from the rolling surface (Fig. 1). 

 

Fig. 1 Top layer with visible turning off wear debris (the 

zone is textured at a right angle) 

 

The normal stresses caused by the local pressure 

of the wheels often cause the yield point to be exceeded 

below the running surface of the rail head. This statement 

is correct in the case of the theory of wear developed by 

Suha in the process of rolling and sliding friction. Irre-

versible changes on the surface of the material and just 

below it arises as a result of the concentration of stresses 
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usually located under the surface of the material, at a cer-

tain depth, resulting in separation of the material. The basic 

condition for low-fatigue fatigue cracks is the presence of 

cyclic plastic deformations. The work of plastic defor-

mation during one cycle determines the area limited by the 

hysteresis loop. Part of this work goes to the material, 

causing changes in structure, while the rest is dissipated as 

heat. In the initial stage of cyclic loading there is a change 

in material properties which, depending on its type and 

load conditions, can be subject to cyclic strengthening of 

deformation or cyclic deformation weakening. After a rela-

tively small number of load cycles (often <100), the prop-

erties stabilize and the material acquires a constant re-

sistance to cyclic stresses or cyclic deformations [4]. 

 

               a                                                    b 

Fig. 2 Scheme of the surface layer of the rail: a) before 

operation, b) after operation [2] 

3. Experimental details  

Numerical simulations and tests using a computer 

microtomograph will allow locating the places most ex-

posed to wear and damage depending on various operating 

conditions. Tribological tests were conducted on an 

Amsler testing machine. The device, with a tribological 

couple of a roller-roller type, serves for testing wear in 

case of rolling friction, sliding friction or a combination of 

both. To determine the values of forces acting in laboratory 

conditions in relation to the real conditions, the theory of 

similitude was applied in the wheel-rail system and formu-

la (1) was used, assuming geometrical similarity of the 

friction couples under consideration [6]: 
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where: P’ and P – load in laboratory conditions and in a 
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substitute radius in laboratory conditions and in a real ob-

ject, in m. 

This way, the values of forces, and consequently, 

of stresses formed in the rolling-sliding contact in the fric-

tion couple were determined. By comparing the compres-

sive stresses formed in the contact zone during rolling-

sliding friction of two interacting components in both a 

real and laboratory object (1), it is possible to map with a 

rough approximation the conditions present in both friction 

zones (Table 1). 

Table 1 

List of stress values depending on the type of system 

Load in conditions Stress in wheel-rail contact * 

σu, MPa 

Stress in a roller-roller system on laboratory stand * 

σ, MPa real object laboratory stand 

100 kN/wheel 2 kN 836 875 

*Hertz formula 

 

Strengthening the rail material, after a longer pe-

riod of track exploitation, causes its degradation, contrib-

uting to the fatigue cracks of the rail. At the same time, 

plastic "flow of material" appears as a result of the tangen-

tial stress. The material "flows" along the rail in the direc-

tion of the rolling wheel and in the transverse direction 

towards the running edge of the rail (Fig. 3). 
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Fig. 3 Cross-section of the surface layer of the rail after 

operation 

 

The phenomenon of wear occurring in a rolling-

slip contact always has the form of wear debris, the size 

and shape of which is determined by variable operating 

factors, type of treatment (thermal or plastic) and condition 

and properties of the surface layer of the material. Howev-

er, in order to fully correlate the relationship between wear 

and durability, all the significant types of stresses that oc-

cur in the rail under the influence of variable interactions 

should be considered [5]. 

One of the tasks undertaken in this paper is an at-

tempt to explain the cause and effect relationship of operat-

ing parameters to the wear of the wheel/rail contact zone in 

which fatigue processes are initiated. To obtain a faithful 

reflection of the friction surface, the following procedure 

was used (Fig. 4). 

Data import from a computer microtomograph 

can be performed using a free tool, ie the FIJI program. 

The possibilities of this program allow you to save the im-

age obtained from the microtomograph in a lossless 

(*.raw) format to (*.stl) format. In the GMSH program, the 

geometric model allows you to generate a mesh mesh and 

export to a MES solver (MSC.Marc). The subject of nu-

merical simulations is the analysis of the state of stresses in 

the contact zone for the real contact surface (after coopera-

tion) in the following sets of tests: 

a) analysis of friction surface after cooperation 

(deformable) and perfect deformable surface, 

b) analysis of friction surface after cooperation 

(deformable) and rigid ideal surface (rigid). 
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a 

 

b 

Fig. 4 The real surface layer obtained in laboratory test by 

Computed Tomography (Nanotom S) (a) and stages 

of project (b) 

 

Data import from a computer microtomograph 

can be performed using a free tool, ie the FIJI program. 

The possibilities of this program allow you to save the im-

age obtained from the microtomograph in a lossless 

(*.raw) format to (*.stl) format. In the GMSH program, the 

geometric model allows you to generate a mesh mesh and 

export to a MES solver (MSC.Marc). 

The capabilities of the FIJI ImageJ program are 

quite extensive and advanced. The software allows view-

ing, editing, processing or printing graphics of both 8, 16 

and 32-bit graphics. ImageJ allows you to open images 

saved in commonly used and popular formats (such as 

TIFF, RAW, GIF, JPEG, BMP, PNG, PGM, ASCII). In 

addition, the DICOM (Digital Imaging and Communica-

tions in Medicine) recording system is supported, used in 

medical imaging, or FITS (Flexible Image Transport Sys-

tem) found in the field of astronomy, used, among others, 

by NASA or IAU. The great advantage of the program is 

its speed, which, with very large files, is of great im-

portance to users who often use "weaker" computers. 

Summing up, you can successfully use the program dedi-

cated primarily to medical applications and use in the 

broadly understood technical industry (Fig. 5). 
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Fig. 5 Roughness profile 2D 

The subject of numerical simulations is the analy-

sis of the state of stresses in the contact zone for the real 

contact surface (after cooperation) in the following sets of 

tests: 

a) analysis of friction surface after cooperation 

(deformable) and perfect deformable surface,  

b) analysis of friction surface after cooperation 

(deformable) and rigid ideal surface (rigid). 

In addition, for the purpose of comparison, simu-

lations of the system were also carried out in the case of 

cooperation of ideal surfaces (smooth - with no signs of 

wear) for the case of two deformable bodies and a deform-

able and rigid body. The analysis of the state of stress and 

strain in the contact zone for the friction surface after co-

operation (both worn surfaces, deformable) is being pre-

pared. The tests were carried out using the MSC.Marc pro-

gram to determine the distribution of stresses in the surface 

layer. On figure presented the real surface topography 

which were mapped in simulation tests by means of FEM 

(Fig. 6, 8f). 

 

Fig. 6 The real surface topography on metallographic spec-

imen 

4. Numerical simulations  

Appropriate models of the analyzed machine parts 

have to be built if FEM is to be effectively applied. There-

fore, the user should undertake the following activities like 

pre and postprocessing. 

In addition, numerous contaminants, very com-

mon in the Upper Silesian Industrial Region, can accumu-

late on the surface of the rail. One of them is a wide range 

of different organic pollutants were identified [8]. A num-

ber of these compounds are present in coal, coal wastes, 

and coal tar, as well as in vehicle emissions or fly ash de-

rived from combustion. The accumulation of these com-

pounds on the surface of railway rails may cause a change 

in the coefficient of friction or wear mechanism. There-

fore, the proposed factors should be tested in the future. 

The analyzed model was a section of the friction 

surface with a width of 1.9 mm and a height not exceeding 

16 μm. The tests were performed for 2D and 3D models. 

The MSC.Software/Marc system was used for numerical 

analysis. A non-linear calculation was performed. Rail 

material with the following material coefficients was as-

sumed: Young's modulus E = 210 000 MPa and Poisson's 

ratio ν = 0.3 and a density ρ = 7900 kg/m3. The detailed 

boundary conditions are illustrated in Fig. 7. In the 2D 

research 2757 nodes and 11642 shell elements were used 

to build the model. 3D numerical model was built using 

212896 elements and 46989 nodes. Mesh type is mix of 

bricks, wedges, pyramids and tetrahedral. 

In order to compare the obtained results, a model 

with a real contact surface and a flat surface was used 

(Fig. 7). 



 357 
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b 

Fig. 7 Boundary conditions: a) real contact surface, b) flat 

contact surface 

5. Results 

The main objective of the research was to deter-

mine the actual contact area and the relationship between 

the analyzed friction surface and its susceptibility to me-

chanical damage. This is of particular importance as the 

analyzed wear processes form differently on the actual 

contact surface than is the case for analyzes of ideal sur-

faces with isotropic material properties. An important part 

of the research is the attempt to locate the most vulnerable 

places depending on various operating conditions and to 

identify the basic mechanisms of wear. As a result of the 

FEM analysis, the results of simulation tests are presented 

on Fig. 8. Tables 2, 3 presents a summary of the obtained 

results. 

In real working conditions of the wheel-rail as-

sembly, there are stresses and slips affecting the processes 

occurring in this important place in the place of contact. 

The contact surface is permanently changed depending on 

many factors, both construction and operation. As a result 

of the overlap of these factors, the problem of durability of 

the surface layer, especially the running surface of railway 

rails, remains unsolved. Currently, the biggest problem is 

to maintain the balance between abrasive wear (vertical 

and lateral wear - occurring in railway rails) and fatigue 

wear, which occurs in the form of contact-fatigue damages 

leading to cracks on the surface and even transverse 

cracks. 

Table 2 

Reduced Huber-Mises stress (MPa) and surface depth (μm) 

2D model: Reduced Huber-Mises stresses σz, MPa/stress depth d, μm  

Worn surface Flat surface 

Rigid/Deformable Deformable /Deformable Rigid/Deformable Deformable /Deformable 

2242/12 2164/25 753/ - 695/ - 

3D model: Reduced Huber-Mises stresse [MPa]/surface depth [μm] 

Worn surface Flat surface 

Rigid/Deformable Deformable /Deformable Rigid/Deformable Deformable /Deformable 

3368/6 2368/10 851/ - 823/ - 

Table 3 

Selected operational parameters for the chosen railroad 

surface 

Tests type 
Operational parameters Reduced stress 

σz, MPa Load Q, N 

Laborato-

ry stand 

P1= 500 

P2= 1000 

P3= 2000 

437 

618 

875 

In wheel-

rail sys-

tem 

Q1= 2,00·104  

Q2= 6,25·104  

Q3= 10,00 ·104  

408 

661 

836 

 

For P and Q: 

1 – rail load during the ride of an empty freight 

train; 

2 – rail load during the ride of passenger train;  

3 – rail load during the ride of a fully loaded 

freight train; 

Given velocities refer to speed limits in Poland. 

For the surface of worn and deformable friction 

the stress values were lower than for the surface of the rig-

id type. This is related to the larger contact surface and the 

plastic deformation of both surfaces. However, the depth 

of residual stress is almost twice as high as for contact with 

rigid material. The depth of retention is strictly correlated 

with the thickness of the patches of wear products that 

break off from the friction surface due to the influence of 

operating factors [cellar]. Considering the flat surface of 

cooperation, no micro-friction processes can be observed 

[7]. All aspects of the wear process should be considered 

on a micro scale, i.e. using the nomenclature of the so-

called - microtribology. The simulation tests were carried 

out of the preliminary studies. The use of elastic material 

model allowed to present the mechanism of wear and pro-

cesses in the micro-contact. A model based on elastic-

plastic material would not allow determining the wear 

mechanism and the depth of stress occurring in the subsur-

face of the material. 
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2D model 

 

a 

 

b 

3D model 

 

c 

 

d 

 

e 

 

f 

Fig. 8 Distribution of reduced Huber-Mises stresses: a) a curved surface (deformable) and surface after cooperation (de-

formable); b) a curved surface (rigid) and surface after cooperation (deformable); c), d) 3D model; e) probability 

appearing of the wear debris and measurement of the stress depth d; f) adhesion phenomena and fatigue wear 

 

6. Conclusions 

The paper presents the influence of selected ex-

ploitation factors on the condition of the surface layer 

through the use of simulation tests using the finite element 

method (FEM). The surface layer was mapped using a 

computer microtomograph and the influence of operational 

parameters on its condition was presented using simulation 

tests by means of FEM. 

Numerical analysis allows to explain the mecha-

nism of wear and determine local stresses values. The ob-

tained results of operational investigations prove that 

cracks and spallings of the micro and macro scale appear 

in areas with maximum stress and deformation, there is 

proof in work [2]. On the basis of the conducted simulation 

tests, FEM was found to be the right tool used to identify 

the areas of special wear hazard. The method also helps to 

explain the wear mechanisms and determine the character-

ization of wear. It could be say that FEM analysis helped 

to recognize and explain the wear mechanisms in depend 

of the selected operational conditions. The determination 

areas of the local stresses value of allowed the prediction 

of wear initiating places. Analyzing the real contact sur-

face, we received over 3 times higher stresses values than 

on a flat surface (Table. 2). Besides, it can be determining 

the depth of residual stress and correlate with the thickness 

of the obtained flake wear debris. 

On Fig. 8 f appearing of adhesion process, which 

provide to adhesion wear and fatigue wear is presented. In 

failure area crack which propagate to through in the mate-

rial could be arise. 

The main objective of the research was to deter-

mine the real contact area and the relationship between the 

analyzed friction surface and its susceptibility to mechani-
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cal damage. This is of particular importance as the ana-

lyzed wear processes form differently on the real contact 

surface than is the case for analyzes of ideal surfaces with 

isotropic material properties. An important part of the re-

search is the attempt to locate the most dangerous places 

depending on various operating conditions and to identify 

the basic mechanisms of wear. 
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H. Bąkowski, A. John , J. Brodny  

SELECTED ISSUES IN THE FRICTION PROCESS FOR 

MICROCONTACT ROLLING-SLIDING IN THE 3D 

MODEL OBTAINED FROM MICROTOMOGRAPH 

S u m m a r y 

Under the passing train in the rail, a three-

dimensional state of stress is created. The mutual forces 

exerted by the wheel on the rail consist of the normal (ver-

tical) and longitudinal and transverse forces of the tangen-

tial force. The vertical force has a static component derived 

from the weight of the rail vehicle, a quasi-static compo-

nent derived from the unbalance in the curves and a ran-

dom component resulting from the vibrations of the vehi-

cle mass as a result of unevenness of the track and flange 

rim impacts due to serration. The distribution of tangential 

forces in the wheel-rail system depends on the shape and 

size of the contact area, the slip values and the state of the 

running surface (surface topography). 

During the contact of two bodies, their interaction 

causes an increase in stress and thus an increase in surface 

energy. Therefore, this energy, depending on the type of 

material, can cause physicochemical changes in it, which 

in turn lead to the phenomenon of decohesion. In order for 

the phenomenon to occur, it must be exceeded the limit of 

strength of the material is usually the yield point. 

Depending on the material's properties (especially 

hardness) the time in which contact surfaces stay in contact 

is extremely important because the longer it is, the more 

energy will be transferred to the other body. In the case of 

materials with a high hardness, the energy is first convert-

ed into elastic and then plastic impacts, causing plastic 

deformation and dislocation motion, leading to the separa-

tion of material layers and its defect. However, much more 

plastic materials are faster than the yield point and the sep-

aration of material in the form of flaky wear debris. 

The paper presents the influence of selected ex-

ploitation factors on the condition of the surface layer 

through the use of simulation tests using the Finite Element 

Method (FEM). The surface layer was mapped using a 

computer microtomograph and the influence of operational 

parameters on its condition was presented using simulation 

tests by means of FEM. 

Keywords: wear, microcontact rolling-sliding, FEM, 

tribological test, microtomography. 
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