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Abstract. Presented paper deals with ratcheting prediction in the field of line rolling contact. The 
main aim is to simulate the wear process due to the contact fatigue on inductively hardened sample 
of R7T material. For the stated purposes, the authors have used the wear model based on shear band 
cracking mechanism and non-linear kinematic and isotropic hardening rule of Chaboche and 
Lemaitre. Obtained results are subsequently compared with experimental data as well as with 
metallographic analysis. 

Introduction 

Description of the interaction between rail and wheel is even today still very complex set of 
problems to be described. We have to take into account phenomena such as hardening of the 
material in the surface and subsurface layers and also the crack propagation mechanism 0. 

The prevailing wear mechanism in case of dry rolling/sliding contact is undoubtedly ratcheting, 
which is, among other, responsible for plastic deformation accumulation below contact surface. 
Fletcher and Beynon observed equilibrium between wear and crack growth 0. The crack growth, in 
itself, can be described by two phases: initiation of crack as the result of ratcheting and its 
propagation by the effect of shear stress. Tyfour et al. observed, that reaching the accumulated 
critical plastic deformation in particular depth is a starting point of a crack initiation phase 0. 

In most cases, nucleated cracks grow parallel to the contact surface and cause material 
delamination (flanking phenomena, see Fig. 1) 0. According to Merwin and Johnson 0 the 
orthogonal shear strain γxz is the only 
component responsible for accumulation of 
plastic shear strain below contact surface.  

Nowadays, despite the possibility of 
using relatively powerful computers, are the 
semi-analytical approaches still powerful 
tools for wear and ratcheting prediction.  

One of them is the approach of A. Mazzu 
0, who has in his wear model utilized a 
simplified non-linear kinematic hardening 
model, based on the Chaboche-Lemaitre 
plasticity model. According to Mazzu, the 
only stress component, responsible for 

plastic flow is τxz. Proposed hypothesis is, 
however, not valid at shallow depths below 
the contact surface, where σx stress component plays a major role on plastic shear accumulation 
(Fig. 5). One year later, Mazzu therefore published a correction of his algorithm 0, which takes into 
account the influence of σx stress component at shallow depths below the contact surface.

Fig. 1. Flanking phenomena. 
 



      

Proposed paper presents a new way of ratcheting and wear prediction based on the results from 
experiment on inductively hardened R7T material. The elastic stress field, which is needed for 
following numerical computations with the semi-analytical approach 0, is originally obtained with 
use of Boussinesq approximation. Realized numerical computations also take into account the 
variation of traction coefficient, obtained from realized experimental test. The authors have also, in 
contrast to 0, applied a new procedure for identifying the Chaboche plasticity model material 
parameters. The procedure is based on an algorithm with a random number generator. All 
procedures have been written in C# programming language. 

Rolling Contact Fatigue Test 

The rolling contact wear test has been performed 
in the Rolling Contact Fatigue Laboratory at the 
Department of Mechanics of Materials of VŠB - 
Technical University of Ostrava, using the 
TUORS testing machine 0, see Fig. 2. The 
diameter of the wheel disc was 82,45 mm, 
whereas the diameter of the rail disc was 
215,55mm. The wheel specimen was made of 
R7T steel and was subsequently heat treated by 
induction hardening. The rail specimen was made 
of class C steel.  

The difference between the diameters of the 
specimen and the diameters of the gears in the 
gearbox led to creepage of 0,75 %. The Hertzian 
contact pressure was 1200 MPa and the wheel 
specimen realized 105 cycles in total. The torque has been recorded during the entire test on the 
shaft, which has been carrying the wheel specimen. For selected number of cycles (10000, 20000, 
60000 and 100000) has the test procedure been stopped and we have measured the weight and 
diameter loss as well as the roughness of the contact surface of the wheel specimen. Furthermore, a 
photographic documentation of the contact surface has been made. Table 1 summarizes the values 
of computed loss of radius, which has been stated according to the measured weight loss. Fig. 3 
displays the torque record on the shaft, which has been carrying the wheel specimen, for the first 
5000 cycles. The value of the torque become stabilized on the mean value of 153 N.m after 4800 
cycles and remained stable until the end of the test (105 cycles). 

 

 

Number of cycles [-] 
Loss of radius 

[mm] 

10000 0,0006 

20000 0,011 

60000 0,049 

100000 0,148 

 

 

Fig. 2. TUORS testing machine. 
 

Table 1. Computed loss of radius. 
 

Fig. 3. Worn depth as the function of number of 
cycles. 

 



      

Metallographic Analysis 

After 105 cycles, the wheel 
specimen has been subjected to 
metallographic analysis, focused 
on evaluation of critical value of 
plastic shear strain (γcrit) and 
shape of the deformation profile 
below contact surface. Following 
picture shows us the methodology 
of determining the critical plastic 
shear strain, which is proportional 
to the slope of the tangent 
corresponding to the plastic flow 
orientation at the crack tip 0, see 
Fig. 5. 
 
 

 
 
   
 

The mean value of angle, representing the plastic flow orientation at the crack tip, was equal to 
73,6 degrees, which corresponds to γcrit = 3,41 [-]. 

Wear Model 

Applied wear model is based on, so called, shear band cracking mechanism. The mechanism 
describes the wear process as independent simultaneous phenomenon, responsible for removing the 
layers of the material from the surface as a result of plastic shear strain accumulation below the 
contact surface. Surface initiated cracks follow the plastic lines according to the presence of 
ductility exhaustion 0. 

 

γcrit = tg(α) α 

Fig. 5. Evaluation of critical plastic shear deformation.  
 

Fig. 4. Torque record for the first 5000 cycles. 
 



      

 
 
 

 
For ratcheting prediction in particular depths below contact surface in case of rolling/sliding two-

dimensional contact, the authors have used a non-linear kinematic hardening rule, introduced by 
Lemaitre and Chaboche 0 (see Table 1), which is described in detail in 0. Unlike Mazzu 0, we have 
used two Voce rules, which allow us to control the entire hardening process more flexibly. The 
numerical simulations also took into account the variability of coefficient of friction, which played 
an important role in the evolution of ratcheting in the first 5000 cycles (see Fig. 4). Every ten 
cycles, there has been realized an update of elastic stress field according to the value of friction 
coefficient, which has been derived from the torque record. Beyond 5000 cycles, the value of 
friction coefficient become a constant (f = 0,39 [-]). 
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Evaluation of back-stress variable 
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Plastic shear strain increment 
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Calibration of Chaboche Plasticity Model 

The material parameters for further calculations of the deformation profiles were obtained with aim 
of numerical approach, which has been developed by authors themselves. Due to the nature of the 
task, we were not able to use an optimization algorithm, which would incorporate a particular 
gradient method. The reason was, that the parameters are extremely varying on each other, so that 
we would not be able to find the minimum of the complex function with optional mathematical and 
physical interpretation. Therefore, we have incorporated a random number generator, which 
generates in each step a unique set of parameters. 
 

       

 

  

  

Shear band cracking γxz>γcrit 

Worn layer 

Ratcheting γxz<γcrit 

Shakedown 

x 

y 

z 

Fig. 6. Shear band cracking mechanism. 
 

Table 1. Chaboche-Lemaitre plasticity model. 
 



      

The optimization procedure starts by defining the intervals for each parameter from which the 
random numbers have to be generated. The random number generator works on the basis of 
generating numbers with uniform distribution pattern. One cycle contains four computations of 
wear layer under prescribed reference number of cycles, afterwards an error value is evaluated in 
following way 
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where hWref k is the reference value of the worn layer and hW
k is the value of worn layer reached after 

specified number of cycles. Reference values of the worn layer with corresponding value of cycles 
were obtained from realized experiment. Following table summarizes obtained material parameters 
for Chaboche plasticity model as well as supportive data, needed for numerical simulation. 
 
 
 

Reference values of worn layer with corresponding 
value of number of cycles obtained from experiment 

 

 

 

Material 
parameters 

 

C [MPa] 230 000 

γ [-]  0,6 

Worn layer [mm] Number of cycles [-] σL [MPa] 560 

0,0006 10 000 R∞1 [MPa] 30 

0,011 20 000 b1 [-] 0.1 

0,049 60 000 R∞2 [MPa] 10 

0,148 100 000 b2 [-] 0,0001 

 

Line contact parameters 

Maximal Hertz contact pressure p0 [MPa] 1 200 

Hertz contact half width a [mm] 0,71 

 

Other parameters 

Range of inspected depths zmin - zmax [mm] 0,0006- 0,15 

Number of layers in the range of inspected depths  250 

Critical plastic shear deformation γcrit [-] 3,41 

Results 

A total of four computations were made with aim to obtain the plastic shear deformation profile 
below worn layer as well as to assess the loss of radius after 1.104, 2.104, 6.104 and 1.105 numbers of 
cycles. As mentioned earlier, the experiment has been for specified numbers of cycles interrupted in 
order to obtain the weight loss and other needful data. According to the Fig. 7, where are displayed 
computed plastic shear deformation profiles, we can say, that the stabilization process of the profile 
was held earlier than in 10000 cycles. This phenomenon is directly bounded to the presence of 
material layer which underwent some type of heat treatment. The harder the surface and subsurface 
material layers are, the less number of cycles is needed for stabilization of deformation profile. 
From Fig. 7 we can also notice the bound of the active layer in which occurs in dominant way the 
accumulation process of plastic shear deformation. 

Table 2. Parameters for semianalytical simulation. 
 



      

    

The thickness of active layer was in case of numerical simulation equal to 7 micrometers, while 
the metallographic analysis showed the mean value of 12 micrometers. Fig. 9 displays dependence 
of loss of radius on the number of cycles. It can be clearly seen, that the presented wear model tends 
to predict the loss of diameter linearly compared to experimental data. The conformity between the 
experiment and the numerical simulation was acceptable taking into account that we are operating 
in a very shallow depths below contact surface. Thanks to relatively low critical plastic shear 
deformation and as mentioned before, shallow depths below contact surface, is the entire process of 
finding and optimizing the material parameters very sensitive and challenging as well. 
 

 
 

Conclusion 

A wear model, based on shear band cracking mechanism and ratcheting prediction by use of a non-
linear kinematic hardening rule, introduced by Lemaitre and Chaboche 0, enables not only to 
determine the wear rate for particular loading conditions, but also, and especially, to analyze and 
assess the evolution of the accumulation of plastic shear strain beneath the contact surface. Overall, 
four numerical simulations have been realized in order to determine the loss of radius as well as the 
deformation profile below contact surface. Numerically obtained values of loss of radius were 
afterwards compared with their counterparts, calculated from weight loss (Fig. 9). The comparison 
between the numerical solution and experimental data in case of loss of radius and the thickness of 

Fig. 7. Accumulated plastic shear strain profiles. 
 

12µm 

Fig. 8. Metallographic analysis of 
deformation profile. 

 

Fig. 9. Loss of radius as the function of number of cycles. 
 



      

active layer showed relatively good agreement between these two approaches taking into account 
that we are operating in a very shallow depths below contact surface. From engineering point of 
view, the wear model can be used for evaluation of wear resistance in different kinds of practical 
applications. 
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