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Abstract. The aim of our analyses was to model the process of the thermal micro-crack
development on and under a railway wheel tread, equipped only with a disk brake during
an intensive braking procedure. Considering the fact that the thermal micro-crack develop-
ment is a complex problem, a multistage finite element modelling technique was developed.
Using the new modelling approach, the heat and the thermal stress development can be
observed between the wheel and the rail using thermal and coupled thermal-elastic-plastic
FE simulations.
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1. INTRODUCTION

During intensive wheel-braking of the railway vehicles it appears that the wheel slides
on the rail. While the macroscopic sliding speed is restricted it is not eliminated by the
WSP (Wheel Slide Protection System). Through the sliding process considerable heat

Figure 1. Highlighted thermal cracks on the surface of the wheel tread El
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is generated between the connecting parts. This heat may cause micro-cracks on
and under the wheel tread. These phenomena can be observed not only on vehicles
equipped with brake pads but also on those with a disk brake. A great of research
is focusing on the heat development between the wheel and the rail and the different
defects of the railway wheels using various calculation methods. In order to anal-
yse the contact temperature and the temperature fields of components in a relative
sliding motion Knothe and Liebelt used Laplace transformations combined with
the method of Green’s functions. They reduced the three-dimensional problem, as an
approximation, to a two-dimensional one. Tanvir also applied the Laplace trans-
formation method to the determine the temperature on and under the wheel tread. A
new mathematical model was developed to investigate the temperature distribution,
in the case of rolling contact and at different slips, between the wheel and the rail by
Spiryagin et al. . Their investigation involved the one- and the so-called two-point
contact cases as well.
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Beside the analytical calculation methods many authors used numerical models to
analyse the temperature distribution. Gupta et al. [6] used both two- and three-
dimensional FE models to analyse the temperature rise and distribution on and under
the tread of a locomotive wheel in the case of different combinations of creep and
adhesion. Ertz and Knothe [7] computed the maximum surface temperature during
rolling contact with sliding friction between the wheel and the rail with semi-analytical
and numerical methods. In addition they created a comparison of the previous results.
Kennedy et al. [§], to determine the temperature distribution and the heat partition
between the elements in frictional contact, used a transient FE model. Furthermore,
the results were compared with many analytical solutions. Sabitz and Zobory [9]
as well as Sabitz and Kolonits [10] also used FEM to investigate the temperature
distribution on the surface of the wheel tread.

The finite element method is also popular in the case of the examination of the stress
field caused by the temperature distribution. Wu et al. [11] using two-dimensional
FEM model, analysed the residual stress and strain distributions on and under a
rail head in the case of different loading cases and passes with or without thermal
load. Furthermore Sdbitz and Zobory [12], Peng et al. [13] and Peng et al. [14] also
used the finite element method to investigate the thermal stress distribution in the
case of a tread braked wheel in the same cases, allowing for the so-called “rail chill”
effect. The finite element method is also used as a tool to investigate wheel defects
(e.g. thermal fatigue cracks, rolling contact fatigue, etc.) together with experimental
investigations. Makino et al. [15] analysed shelling as a typical rolling fatigue crack
with FE method and with two cylindrical specimens. Similarly Kabo [16], Ringsberg
and Lindbéck [17] and Pletz et al. [18] chose FEM to examine rolling fatigue during
different situations. An experimental test equipment was used by Handa et al. [19] to
examine the tread thermal crack development and propagation. The analysis involved
not only the wheel-rail contact but also the tread breaking process. The same test
apparatus was used by Handa and Morimoto [20| to investigate the dominant factor
of thermal crack development and the possible countermeasures.

In our research a multistage finite element model was developed to investigate the
complete background of the thermal micro-crack development on and under a wheel
tread, equipped only with a cdisk brake under an intensive braking process. For the
elaboration the ANSYS Workbench V14.5 software was used.

2. THE STRUCTURE OF THE MULTISTAGE FINITE ELEMENT MODEL

Taking into consideration that the problem under examination is so complicated,
the problem has been divided into several smaller tasks with several partial FE models.
The analysis of the contact and the frictional state of a wheel-rail connection and
the heat and the thermal stress generation between them were examined separately.
To verify the new FE modelling method and validate the results, analytical and/or
numerical methods were used at each model stage. The schematic structure of our
multistage FE modelling method can be seen in Figure
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In the first stage a frictional contact analysis was performed using a simplified
segmented wheel-rail geometry. During the calculation half a model was used. In
the following stages the size of the models were also modified. In the course of the
thermal and the coupled analyses, a 14°-piece of a railway wheel with simplified
geometry and a 175-mm long rail, compliant with the UIC 60E1 profile standard
(both also segmented) were examined (Zwierczyk and Véradi [21]).

In the different computational steps, different basic contact assumptions were used.
During the computation of the contact, real-life contact conditions, an elliptical con-
tact patch and parabolic contact pressure distribution (analytical models), caused by
the bodies in contact, were taken into consideration. During the transient thermal and
the coupled transient thermal-elastic-plastic analyses the previously computed ellipti-
cal contact area was considered to be rectangular with uniform pressure distribution
to compute the heat source. Through the combined thermal and contact analysis the
formerly described rectangular contact patch with uniform pressure distribution (due
to the heat source) and a parabolic pressure distribution (obtained from the contact
computation) were used (Zwierczyk [4]).

Symmetry plane

Figure 3. The initial geometries, used during the thermal and the
coupled analyses [4]
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3. THE RESULTS

As a result of the frictional contact analysis the size and the shape of the contact
zone, furthermore the distribution of the contact pressure, which was essential to the
examination of the temperature field were determined. The significant size of the
contact ellipse radiuses and the contact pressure distribution can be seen in Figure 5]
Besides, the complete slipping procedure of the wheel on the rail could also be investi-
gated, also with the displacement of the contact patch within the contact zone (Zwier-
czyk and Véradi [21]). As was mentioned before, all stages were validated and/or
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Figure 4. Contact pressure distribution and the size of the contact
patch on the wheel tread (St; Sp illustrated in Figure 7) (Zwierczyk
and Varadi
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Figure 5. Temperature distribution vs. time on the wheel side during
5 revolutions (Zwierczyk [4])
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verified with different analytical and numerical methods. In the case of the contact
pressure and the size of the contact patch the Hertz theory was used to validate
the results. To verify the slipping procedure and the displacements, a simplified FE
control model was built (Zwierczyk [4]).

In the next step thermal analyses were performed both the wheel and the rail.
Moving and distributed heat source models were built (distributed heat source models
provide the “average temperature” during each revolution while moving heat source
models provide information about the temperature development moment by moment
in the vicinity of the contact area). As a result of these analyses the temperature
distribution on and under wheel and the rail tread, furthermore the average base
temperature of both of the contacting elements were determined (Zwierczyk and
Véradi [22]; Zwierczyk and Vdradi [23]). The heat sources were calculated using
the previous contact pressure and contact patch. The thermal computation valida-
tion is based on Tian at al’s [5] analytical solution, some of the results were compared
with experimental data and measurement results from the literature.

For the third stage of Figure [2| a coupled thermal-elastic-plastic FE analysis was
performed. With the help of this stage the stress field caused by the temperature
distribution could be calculated. Figure [7] shows the von Mises stress distribution
under the wheel tread. As can be seen in the figure, in the t12 time instant when
heat source is just passing through the sampling line, the von Mises stress reaches the
yield strength and a small plastic zone appears on and under the surface of the wheel
tread. The verification of the model was elaborated by a control FE computation
using submodels.
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Figure 6. Distribution of von Mises stress below the tread (Sd illus-
trated in Figure 7) during the 1st revolution (the thin dotted line rep-
resents the yield strength as a function of temperature, t12 indicates
the time instant when the von Mises stress reaches its maximum)
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In the last stage a combine contact-thermal-elastic-plastic model was elaborated
using the contact pressure, calculated in the first stage. The contact pressure was ap-
plied as a load together with the heat source, as can be seen in Figure 7. Results show
that because of the common effect of the thermal and mechanical load the previously
computed plastic zone becomes larger and reaches deeper layers of the wheel as can
be seen in Figure 8. This plastic zone may contribute to the development and the

Figure 7. Method of entering heat flux and contact pressure together
and the locations of the sample lines (p-contact pressure; g-heat
source; sample line St according to the direction of sliding; sample
line Sd in the direction of depth; sample line Sp in direction across
the tread) (Zwierczyk [4])

appearance of the micro-cracks on and under the surface. The calculation method was
verified with control FE analyses and the results were compared with measurements
which are available in the literature.

4. CONCLUSIONS

The joint effect of contact and thermal stresses was studied with transient thermal-
elastic-plastic FE models. The coupled stress state caused plastic behavior in deeper
layers compared to the “pure” thermal stress computations. The former stress max-
imums migrated from the surface to deeper layers (0.2-0.3 mm under the surface).
The results show that the two independent effects, i.e. the “pure” thermal stress and
contact stress generation, should be analysed at the same instant because of their joint
impact on micro-crack development. Our intention was to present the numerical algo-
rithm (i.e. multistage FE modelling method), introduced in . The thermal aspect
of the thesis was published in [22]. The coupled aspect of the transient thermal and the
non-linear thermal stress analysis was published in . Combined contact+thermal
stress results have not been published yet. Each stage of the multistage FE modelling



74 P. T. Zwierczyk, K. Vdradi
0 100 200 300 400 300 600 700
N i . N . — e 0
.......... -~
------ ’
- 7’
7
1
I}
"
i -1
1]
'
'
1
— ,l
g ¥
E i
3 A R N T AN A RO S U SO S R O 4o 2
w2 '
o
]
¢
—— Pure Hertz —— Pure thermal stress :
3 -3
m==atlc e Yield strength ’:' :
‘f H
4

von Mises [MPa]

Figure 8. Distribution of von Mises stress below the tread (Sd il-
lustrated in Figure 7) under different loading conditions during the
1st revolution (the red dotted line represents the yield strength as
a function of temperature, tlc represents the common effect of the

thermal and mechanical load)
method was validated and/or verified with analytical and numerical analyses, further-
more the results were confronted with the results of measurements which can be found
in the literature. The results shows that with the help of these coupled models the

background of this thermo-mechanical problem can be investigated using a normal
personal computer.
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