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Abstract. Presented paper deals with ratcheting predictiotiné field of line rolling contact. The
main aim is to simulate the wear process due t@dm¢act fatigue on inductively hardened sample
of R7T material. For the stated purposes, the asthave used the wear model based on shear band
cracking mechanism and non-linear kinematic andrapac hardening rule of Chaboche and
Lemaitre. Obtained results are subsequently cordpaiieh experimental data as well as with
metallographic analysis.

I ntroduction

Description of the interaction between rail and @lhis even today still very complex set of
problems to be described. We have to take into tatcphenomena such as hardening of the
material in the surface and subsurface layers Badtlae crack propagation mechanism 0.

The prevailing wear mechanism in case of dry rglsliding contact is undoubtedly ratcheting,
which is, among other, responsible for plastic deftion accumulation below contact surface.
Fletcher and Beynon observed equilibrium betweearwead crack growth 0. The crack growth, in
itself, can be described by two phases: initiatadncrack as the result of ratcheting and its
propagation by the effect of shear stress. Tyfdualeobserved, that reaching the accumulated
critical plastic deformation in particular depthaistarting point of a crack initiation phase 0.

In most cases, nucleated cracks grow parallel ® dbntact surface and cause material
delamination (flanking phenomena, see Fig. 1) OcoMding to Merwin and Johnson O the
orthogonal shear strairyy, is the only
component responsible for accumulation &
plastic shear strain below contact surface.

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

One of them is the approach of A. Maz:
0, who has in his wear model utilized
simplified non-linear kinematic hardenin S
model, based on the Chaboche-Lemaif¥s
plasticity model. According to Mazzu, thESsgs
only stress component, responsible g

plastic flow ist,. Proposed hypothesis is Fig. 1. Flanking phenomena.
however, not valid at shallow depths belo

the contact surface, whesg stress component plays a major role on plastiarshecumulation
(Fig. 5). One year later, Mazzu therefore publisaearrection of his algorithm 0, which takes into
account the influence o0&y stress component at shallow depths below the cobrgarface.




Proposed paper presents a new way of ratchetingvaad prediction based on the results from
experiment on inductively hardened R7T materiale Bhastic stress field, which is needed for
following numerical computations with the semi-apigial approach 0, is originally obtained with
use of Boussinesq approximation. Realized numegoahputations also take into account the
variation of traction coefficient, obtained fromaliged experimental test. The authors have also, in
contrast to 0, applied a new procedure for idemifythe Chaboche plasticity model material
parameters. The procedure is based on an algontitm a random number generator. All
procedures have been written in C# programminguage.

Rolling Contact Fatigue Test

Department of Mechanics of Materials of VSB
Technical University of Ostrava, using t
TUORS testing machine 0, see Fig. 2. T&=E
diameter of the wheel disc was 82,45 m
whereas the diameter of the rail disc w ™
215,55mm. The wheel specimen was made |
R7T steel and was subsequently heat treatec
induction hardening. The rail specimen was me
of class C steel.

The difference between the diameters of t
specimen and the diameters of the gears in "
gearbox led to creepage of 0,75 %. The Hertz Fig. 2. TUORS testing machine.
contact pressure was 1200 MPa and the wt
specimen realized 2@ycles in total. The torque has been recordednduttie entire test on the
shaft, which has been carrying the wheel specifenselected number of cycles (10000, 20000,
60000 and 100000) has the test procedure beenestogopd we have measured the weight and
diameter loss as well as the roughness of the costaface of the wheel specimen. Furthermore, a
photographic documentation of the contact surfaaelbieen made. Table 1 summarizes the values
of computed loss of radius, which has been statedrding to the measured weight loss. Fig. 3
displays the torque record on the shaft, whichlieen carrying the wheel specimen, for the first
5000 cycles. The value of the torque become stailon the mean value of 153 WNafter 4800
cycles and remained stable until the end of thie(1€8 cycles).

Table 1. Computed loss of radius. 0,16
. 0,14 »
Loss of radius 012 /
Number of cycles [-] [mm] Loccof 0.1 //
10000 0,0006 radius 0,08 /
20000 0,011 [mm] 0,06 4
0,04
60000 0,049 00s Pl
100000 0,148 ooV | |
0 50000 100000
Number of cycles [-]

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



Metallographic Analysis

After 10° cycles, the wheel 007

specimen has been subjected 1
metallographic analysis, focusec 150 +
on evaluation of critical value of

plastic shear strain ypdi) and g
shape of the deformation profile¥m] 100
below contact surface. Following
picture shows us the methodolog
of determining the critical plastic
shear strain, which is proportiona
to the slope of the tangent + t t 'r

5071

corresponding to the plastic flow 0 1000 2000 3000 4000 5000
orientation at the crack tip 0, sec Number of cycles []
Fig. 5.

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

Fig. 5. Evaluation of critical plastic shear defation.

The mean value of angle, representing the plastve érientation at the crack tip, was equal to
73,6 degrees, which correspondsde= 3,41 [-].

Wear Mode

Applied wear model is based on, so called, shead bmacking mechanism. The mechanism
describes the wear process as independent simoltsipdienomenon, responsible for removing the
layers of the material from the surface as a resuftlastic shear strain accumulation below the
contact surface. Surface initiated cracks follove thlastic lines according to the presence of
ductility exhaustion 0.



Shear band cracking,>ycri

Ratchetingyy,<yerit

Shakedown

Fig. 6. Shear band cracking mechanism.

For ratcheting prediction in particular depths ketmntact surface in case of rolling/sliding two-
dimensional contact, the authors have used a meadikinematic hardening rule, introduced by
Lemaitre and Chaboche 0 (see Table 1), which isrdesl in detail in 0. Unlike Mazzu 0, we have
used two Voce rules, which allow us to control grgire hardening process more flexibly. The
numerical simulations also took into account thealmality of coefficient of friction, which played
an important role in the evolution of ratchetingtire first 5000 cycles (see Fig. 4). Every ten
cycles, there has been realized an update of ®lsiséss field according to the value of friction
coefficient, which has been derived from the torgeeord. Beyond 5000 cycles, the value of
friction coefficient become a constaht=(0,39 [-]).

Table 1. Chaboche-Lemaitre plasticity model.

Elastic domain definition F =\\/§B‘XZ-XXZ\-(R+0’L)S0
- 12 [de
Back-stress variation law dX,, =CEH=2-yIX,, =
NE V3
I sotropic term variation law R=R,, [l1-exp - E*/ﬁ +R,, l1-exp -b #
IEF { bl x/éJ:l 2 EE { 2 x/§
Evaluation of back-stress variable Xy, =V £+ (XSZ -v EEJ ex;{— vy EﬂyxZ - yfz)}
between two steps y y V3
Plastic shear strain increment Ay, =-— e (n XBZ ~vicly)
vy | X2 -vi{Cly)

Calibration of Chaboche Plasticity M odel

The material parameters for further calculationthefdeformation profiles were obtained with aim
of numerical approach, which has been developeauitlyors themselves. Due to the nature of the
task, we were not able to use an optimization #lgor which would incorporate a particular
gradient method. The reason was, that the parasnaterextremely varying on each other, so that
we would not be able to find the minimum of the gdex function with optional mathematical and
physical interpretation. Therefore, we have incosped a random number generator, which
generates in each step a unique set of parameters.



The optimization procedure starts by defining thiervals for each parameter from which the
random numbers have to be generated. The randonbarugenerator works on the basis of
generating numbers with uniform distribution paite©ne cycle contains four computations of
wear layer under prescribed reference number desyafterwards an error value is evaluated in
following way

24: ‘h/vrefk _h/vk‘ (1)

error =

k=1 ef k

wherehw « is the reference value of the worn layer aatlis the value of worn layer reached after
specified number of cycles. Reference values ot layer with corresponding value of cycles
were obtained from realized experiment. Followiablé summarizes obtained material parameters
for Chaboche plasticity model as well as suppordata, needed for numerical simulation.

Table 2. Parameters for semianalytical simulation.

Reference values of worn layer with corresponding C[MPa] 230 000
value of number of cycles obtained from experiment e 06
Worn layer [mm] Number of cycles [-] _ o, [MPa] 560

0,0006 10 000 p';/'rzt,f,g?érs R.1[MPa] 30
0,011 20 000 by [-] 0.1
0,049 60 000 R.2[MPa] 10
0,148 100 000 b, [-] 0,0001
Maximal Hertz contact pressupg[MPa] 1200
Line contact parameters Hertz contact half widtla [mm] 0,71
Range of inspected depth§z Znx [Mmm] 0,0006- 0,15
Other parameters Number of layers in the range of inspected depths 250
Critical plastic shear deformatigg;; [-] 3,41

Results

A total of four computations were made with aimotmtain the plastic shear deformation profile
below worn layer as well as to assess the losadifis after 1.0°, 210%, 610 and 110° numbers of
cycles. As mentioned earlier, the experiment has lier specified numbers of cycles interrupted in
order to obtain the weight loss and other needdits.dAccording to the Fig. 7, where are displayed
computed plastic shear deformation profiles, wesan that the stabilization process of the profile
was held earlier than in 10000 cycles. This phemmmes directly bounded to the presence of
material layer which underwent some type of hesttnent. The harder the surface and subsurface
material layers are, the less number of cyclesemsdad for stabilization of deformation profile.
From Fig. 7 we can also notice the bound of thevadayer in which occurs in dominant way the
accumulation process of plastic shear deformation.
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Fig. 7. Accumulated plastic shear strain profiles. Fig. 8. Metallographic analysis of

deformation profile.

The thickness of active layer was in case of nuraégimulation equal to 7 micrometers, while
the metallographic analysis showed the mean valu® anicrometers. Fig. 9 displays dependence
of loss of radius on the number of cycles. It carclearly seen, that the presented wear model tends
to predict the loss of diameter linearly compa@@xperimental data. The conformity between the
experiment and the numerical simulation was actéptaking into account that we are operating
in a very shallow depths below contact surface.nkkato relatively low critical plastic shear
deformation and as mentioned before, shallow ddpeh®y contact surface, is the entire process of
finding and optimizing the material parameters v@mgsitive and challenging as well.
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Fig. 9. Loss of radius as the function of numbecyafies.
Conclusion

A wear model, based on shear band cracking mechaamsl ratcheting prediction by use of a non-
linear kinematic hardening rule, introduced by Lé&meaand Chaboche 0, enables not only to
determine the wear rate for particular loading d¢mas, but also, and especially, to analyze and
assess the evolution of the accumulation of plattear strain beneath the contact surface. Overall,
four numerical simulations have been realized ageoto determine the loss of radius as well as the
deformation profile below contact surface. Numdhcabtained values of loss of radius were
afterwards compared with their counterparts, cateal from weight loss (Fig. 9). The comparison
between the numerical solution and experimenta datase of loss of radius and the thickness of



active layer showed relatively good agreement betwtbese two approaches taking into account
that we are operating in a very shallow depthswweatontact surface. From engineering point of

view, the wear model can be used for evaluatiowedr resistance in different kinds of practical

applications.
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