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Abstract: Thermal damage caused by frictional heat of rolling-sliding contact is one of the most important failure forms of wheel and
rail. Many studies of wheel-rail frictional heating have been devoted to the temperature field, but few literatures focus on wheel-rail
thermal stress caused by frictional heating. However, the wheel-rail creepage is one of important influencing factors of the thermal stress.
In this paper, a thermo-mechanical coupling model of wheel-rail rolling-sliding contact is developed using thermo-elasto-plastic finite
element method. The effect of the wheel-rail elastic creepage on the distribution of heat flux is investigated using the numerical model
in which the temperature-dependent material properties are taken into consideration. The moving wheel-rail contact force and the
frictional heating are used to simulate the wheel rolling on the rail. The effect of the creepage on the temperature rise, thermal strain,
residual stress and residual strain under wheel-rail sliding-rolling contact are investigated. The investigation results show that the
thermally affected zone exists mainly in a very thin layer of material near the rail contact surface during the rolling-sliding contact.
Both the temperature and thermal strain of rail increase with increasing creepage. The residual stresses induced by the frictional heat in
the surface layer of rail appear to be tensile. When the creepage is large, the frictional heat has a significant influence on the residual
stresses and residual strains of rail. This paper develops a thermo-mechanical coupling model of wheel-rail rolling-sliding contact, and

the obtained results can help to understand the mechanism of wheel/rail frictional thermal fatigue.

Keywords: wheel-rail rolling-sliding contact, frictional heating, creepage, residual stress/strain,

thermo-elasto-plastic finite element method

sliding friction. They pointed out that the thermal stresses
1 Introduction greatly affect the shakedown limit in wheel/rail contact.
FISCHER, et al[lo], established the thermo-elastic plane
strain finite element model to analyze the stress state due to
the wheel-rail sliding friction. However, the effect of the
mechanical load or the wheel-rail normal contact load and
tangential load was not considered in the model.
KULKARNI, et al'''l, employed the finite element package
ABAQUS to calculate the temperature and stress-strain
distributions of rail under the wheel-rail rolling/sliding
contact. In the thermo-mechanical coupling model, material
properties were assumed to be temperature independent.
WIDIYARTA, et al''?l, presented the computer simulation
of wear and crack initiation based on the ratcheting failure
with thermal effect. They found that the frictional heating
effects increase the rate of damage accumulation by
ratcheting, leading to increased wear and rolling contact
fatigue. WU, et al[m, used a finite element method to
analyze the wheel-rail fiction thermal elastic-plastic
deformation and residual stress during different wheels
sliding over rail. MARSYM, et all"] numerically
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In railway engineering, the thermal damage, as a difficult
topic of wheel-rail system research, is one form of
wheel-rail rolling contact fatigue failure in the high speed
and heavy haul operation! ?. The frictional heat at the
wheel-rail contact area is generated by the relative slip
between the wheel-rail contact surfaces. The thermal stress
induced by the frictional heat can impel the initiation and
propagation of cracks in wheel and rail. To reveal the
mechanism of the thermal damage and reduce the thermal
damage phenomenon, it is necessary to study the
temperature and stress/strain distributions of wheel and rail
in various operating situations.

Many studies have been devoted to the temperature field
during the wheel-rail rolling/sliding contact *®. However,
few literatures on wheel-rail thermal stress due to frictional
heating are reported. ERTZ, et al”, proposed an analytical
solution for the surface temperature rise and thermal stress
generation during the rolling contact of wheel subject to
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and residual stress and strain under the non-steady state
rolling contact between wheel and rail. The obtained
numerical results show that the creepage or stick-slip

condition greatly influences the residual stresses and strains.

However, the effect of temperature was neglected.

The aim of the present paper is to investigate the effect
of the creepage on the temperature rise, residual stress and
residual strain under wheel-rail sliding/rolling contact. A
thermo-mechanical coupling elastic-plastic plane strain
finite element model for wheel-rail contact is developed by
using the finite element code ABAQUS. The
heat-convection between the rail and surrounding air and
temperature-dependent material properties are taken into
consideration.

2 Numerical Modeling

2.1 Model of wheel-rail contact

When a wheel and a rail get into contact under the action
of the static wheel load, the contact area and the pressure
distribution are usually determined by using the Hertz
theory. The normal pressure distribution is !'’

2 2

X z
P(x,2) = p, 1_a_2_b_2’ ()

where x and z are the local coordinates in the longitudinal
and lateral directions, respectively. po(=3P/mab) is the
maximum contact pressure, P is the total normal contact
force. a and b are the semi-axes of the contact ellipse. In
railway engineering, the wheel-rail contact patch becomes a
slim elliptical shape in the lateral direction after a
long-term wear, as shown in Fig. 1.
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Fig. 1. Wheel-rail in sliding contact and slim contact area
The three-dimensional rolling contact problem is

simplified to be a two-dimensional problem to determine
the stress and temperature fields in wheel-rail contact in
this paper. The two-dimensional contact model (2D model)
is time saving. In the 2D model, the normal pressure at any
point of the contact ellipse of a wheel rolling on the rail is

2
pm:m$*%, 2)

where the maximum pressure can be expressed as
Po=—"7> 3)

b*(:4b/ 3) is the equivalent length of the contact patch in
the lateral direction. The equivalent concept is based on the
condition that the maximum Hertzian pressures are
identical in the three-dimensional and the two-dimensional
cases. In addition, the contact lengths in the longitudinal
direction are identical in the two cases.

To consider the partial slip condition, the contact area is
divided into slip and stick zones, as shown in Fig. 2. In the
stick zone, the materials of two contact bodies have
identical micro-slip velocities. In the slip zone, the
tangential force is proportional to the normal pressure.
Carter derived the tangential force distribution for the
two-dimensional partial slip elastic rolling contact. The
mathematical expressions for the tangential force
distribution in the slip and stick zones of the contact area,
q(x), are as follows "]

q’(x), —a<x<—c+d,,
g=1 @)
g +q"(x), —c+d,<x<a,
where
q'(x) = fp(x), (5)
4V 12
q%nz—fﬁhl—ﬁ_S} : (©)
a c

where f is the friction coefficient. ¢ represents the half
width of the stick area, and d,=a—c is the distance between
the centers of the slip and stick region. A graphic
illustration of Eq. (4) is shown in Fig. 2.

Slip Stick

Fig. 2. Tangential force distribution for line rolling contact

If the two contact elastic bodies with the same physical
properties can be modeled as two half spaces contacting
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each other, the tangent traction has no effect on the normal
pressure distribution, the geometry shape and size of the
contact patch!'®. In the paper, the physical properties of a
wheel and a rail are assumed to be the same. And compared
to the geometry characteristic size of the wheel and the rail
and curvature radius near the wheel-rail contact patch, the
size of the contact patch appears to be very small.
Therefore, in the present study it is assumed that the effect
of tangent traction on the distribution of normal pressure is
neglected in the wheel-rail contact model.

In the paper, the irregularities of wheel and rail in the
straight track are not considered and the wheel-rail contact
force is constant. The numerical analysis of non-steady
state partial slip wheel-rail rolling contact can be found in
Ref. [15]. The effect of rail corrugation on the wheel-rail
thermal contact pressure and temperature distributions
during wheel braking was investigated by using the finite
element method in Ref. [19].

In Eq. (4), the stick zone size is determined by the
contact load using the following equation

12
[ 7
g

where Q denotes the total tangential force.

When a wheelset is moving on a track, the interface of
wheel/rail contact patch has a relative slip caused by the
wheel/rail rigid movement, their local elastic deformation
and the structure elastic deformation of the wheelset/track.
The total slip of wheel/rail contact patch consists of rigid
slip and elastic slip. And the rigid and elastic relative slips
are represented by the rigid and elastic creepages,
respectively. The rigid creepage is the ratio of the
difference in velocity of the two surfaces over the mean
velocity. And the elastic creepage is the rate of the change
of the relative tangential elastic deformation of a pair of the
contact points. The detailed description of the creepages
can be found in Ref. [20].

The rigid creepage, &£, can be determined by using
Carter’s equation '

TR

1—- 1-%]:-2]70015‘*

Y
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where R is the nominal rolling radius of the wheel and E is
the elastic contact modulus which is determined using the
following equation

1-v? 1-v?
=0T )
El E2

where E; and E, are the Young’s module of wheel and rail
materials, respectively, and v, and v, are the Poisson’s
ratios of the wheel and rail materials, respectively.

By using the rigid creepage, &, Eq. (8) can be rewritten
[20]
as

2R . 1(2RY 2R
2B e 2B 1ge, when 2R <o,
o i3 ) e v 0
—sgn($), when %|§|>2,

where =0 represents the pure rolling case. When |¢|=fa /R,
the stick area diminishes, corresponding to the full slip case.
The partial slip is represented by 0<|¢|<fa/R.

The total longitudinal creepage of wheel-rail, w, equals
the sum of the rigid creepage & and elastic creepage
Ou/0x+(0u/0t)/vydue to the deformation of wheel-rail.
Considering the steady state partial slip in wheel-rail rolling
contact, namely Ou/dt =0, the sliding equation for a pair
of contacting particles in the contact is written as **!

- Zf;f x, slip zone,
w = -2 g (a1
O0x _d, 2fp,

—, stick zone,
a

where u denotes the tangential elastic deformation
difference between a pair of the contacting particles. In the
stick zone, w=0.
The thermal flux per unit area and per unit time in the
contact area can be given as I
O(x) = g(x)w(x)V', (12)
where V is the rolling speed of the wheel. It is assumed that
the mechanical energy generated by friction in the contact
patch is transformed completely into heat. And a heat

partition factor, representing the fraction heat flow rate
entering the rail, is assumed as constant value 0.5 ).

2.2 Finite element model

In this study, a fully coupled thermal-stress analysis is
employed because the stresses are dependent on the
temperature distribution in rolling/sliding contact. The
mechanical and thermal solutions are obtained
simultaneously in the analysis. The coupled temperature-
displacement elements are considered in the modeling. The
temperature is calculated using a backward-difference
scheme, and the nonlinear equations are solved using
Newton’s method.

An exact implementation of Newton’s method involves a

non-symmetric Jacobin matrix as illustrated in the
following coupled equations
Kuu KuT AU Ru
= | (13)
K, K. )|AT R,




e 44

LI Wei, et al: Numerical Analysis of Rolling-sliding Contact with the Frictional Heat in Rail

where AU and AT are the corrections to the incremental
displacement and temperature, respectively. K; are
sub-matrices of the fully coupled Jacobin matrix, and R,
and R; are the vectors of the mechanical and thermal
residual loads, respectively.

The line contact is assumed to be a plane strain problem.
The two-dimensional coupling thermo-mechanical finite
element model for rail is developed to investigate the
elastic-plastic strain/stress state and the temperature rise in
the rail, during a wheel rolling/sliding on it, as shown in
Fig. 3. In the numerical model, the rail is modeled by a
rectangle with the length of 150 mm and height of 30 mm.
The above size of rail model is determined by trial

investigation and is large enough to eliminate the end effect.

The heat-convection between the rail and its ambient and
the temperature-dependent material properties are taken
into consideration. The bottom and two ends of the rail are
assumed to be insulated and fixed. The frictional heat
source generated by wheel-rail rolling/sliding contact is
simulated by the flux boundary condition. The normal
pressure and the tangent traction obtained by Egs. (2) and
(4) in the contact patch are used as the boundary forces for
the FE model. The movement of contact patch is simulated
by the moving boundary conditions. The rail mesh consists
of 22 500 4-node bilinear coupled temperature-
displacement plane strain elements and 22 936 nodes.
Because the thermal effects due to friction only exist in the
thin layers near the contact surface, fine mesh is used near
the contact surface of the rail, as shown in Fig. 3. The size
of the smallest element is about 0.4 mmx0.05 mm. A
number of steps are utilized to translate the boundary
conditions of the contact patch from point 4 to point B, as
shown in Fig. 3. After the contact load and the frictional
heat resource reach point B, the load and the frictional heat
are decreased gradually in incremental steps. The
temperature rise and the stresses approach to the steady
state after the contact load and the frictional heat source
move the three contact patches. The present numerical
analysis considers the length of six contact patches during a
wheel rolling/sliding on the rail.

y
r 33mm, 84 mm

|
Moving loads and flux l

Al Contact patch

Convection bound:

Thermal isolation| boundaries: ab, bc, cd
x=T75mm

Fig. 3. Finite element mesh model

3 Results and Discussions

In the present numerical analysis, a locomotive wheel
with profile of JMI1, the axle load W=23 t and rolling

radius R=525 mm is selected. The rail is CHN60 of China.
According to Hertzian theory, the semi-axis of the contact
ellipse in the longitudinal direction is ¢=7.0 mm and the
maximum contact pressure Po=878 MPa *!. The density of
rail material is 7 790 kg/m’. The ambient temperature Ty is
20 OC, and the heat transfer coefficient between the rail
surface and the ambient is selected as /=20 W e m™> « K.
The coefficient of friction between wheel-rail contact is
assumed to be 0.3. The rolling speed of the wheel is about
120 km/h. The linear kinematic hardening model is used
for plasticity calculation of the rail material. The value of
ET/E is assumed to be 0.1. ET is the tangent modulus. In
this paper, the influence of wheel-rail frictional temperature
rise on the material properties of the rail is taken into
account. The temperature-dependent material properties of
rail are listed in Table 1 and Table 22",

Table 1. Temperature-dependent material properties
Specific heat Thermal conductivity
T ture 7/°
emperature 7/°C o, /0 ok K KW+ !+ K
0 419.5 59.71
350 629.5 40.88
703 744.5 30.21
710 652.9 30.00
800 657.7 25.00
950 665.2 27.05
Table 2. Temperature-dependent material properties
T t Young’s . , Yield Co:}flﬁmenlt of
em;)/er(&; e modulus  Poisson’s stress expearrrlrslglon
© ratio v
E/GPa S,/MPa /10K
0 213 0.295 483.0 9.97
24 213 0.295 483.0 9.97
230 201 0.307 485.1 10.82
358 193 0314 418.8 11.15
452 172 0.320 3324 11.27
567 102 0.326 151.1 11.31

Fig. 4 shows the distribution of heat flux for the different
creepages during the wheel-rail rolling/sliding contact. In
Fig. 4, the solid and dotted lines represent the results of the
total creepage and rigid creepage, respectively. Fig. 5
presents the temperature difference ratio, which is defined
as (Tie—Ty)/ T\, Where T\ is the temperature due to the total
creepage considering the elastic creepage and 7}, is the one
due to the rigid creepage neglecting the elastic creepage in
the rail surface. From Figs. 3 and 4, it is noted that the
effect of elastic creepage on the heat flux generated by the
wheel-rail friction and the temperature rise of rail material
is attenuated as the rigid creepage increases. According to
Eq. (11), when the rigid creepage value & increases, the
effect of elastic creepage Ou/0x on the total creepage w(x)
becomes weak. And the difference of the thermal flux Q(x)
under rigid creepage and total creepage becomes small with
increasing &, as seen in Fig. 4. The value of temperature
rise is dependent on the thermal flux. So the temperature
difference ratio (T\;—T.)/ T, is decreasing as the ceepage
increases.



CHINESE JOURNAL OF MECHANICAL ENGINEERING *45 .
32+
5 . - . o A
15 With considering the effect of elastic creepages i\; .
& e uf
E 8
2 10t 8
§ 5 16f
= k=
=T} Without considering the effect g
é 5| m,. elastic creepages g oL
3 e £
R e 8 ““'---..__‘__________
I -
0 C | 1 | |
or | | | | | | | - _2 _3 -
-6 -4 =2 0 2 4 6 Creepage ¢/%
Location within contact x/mm Fig. 5. Variation of temperature difference ratio with creepage
(a)£=0.1%
24— With considering the effect of elastic creepages . . .
_ In order to investigate the effect of creepage of wheel/rail
7 . . . contact on the temperature rise, residual stress and residual
E Without considering the effect X .
é 16 of elastic creepages strain of the rail, five creepages (70.1%, —0.2%, —0.3%,
Z —2%, and —4%) are considered in the simulations.
= According to Eq. (8), the critical value of the creepage
?_,_' sl determined by {=—a ¢ f/r, is about —0.4%. If |¢] > 0.4%, a
= full slip state of wheel-rail contact will happen.
(]
z Figs. 6 and 7 show the variations of the temperature and
ol | | | | | | the longitudinal thermal strain (along the x direction) with
-6 -4 =2 0 2 4 6 the vertical depth of the rail for the different creepages,
Location within contact x/mm respectively. From Figs. 6 and 7, it is known that the
(b) £=03% temperature rise and the longitudinal thermal strain in the
s oq o .
With comsidering the eff ] surface layer of rail increase as the creepage increases and
“, . I . 1‘ actie - - .
18 ith considering the effect of elastic creepages the effect of the creepage on the material temperature and
strain of rail surface is significant. Comparing Fig. 6 with
& Fig. 7, it can be found that the thermal strain of rail material
= . . .
; “ is proportional to the temperature rise. When the creepage
s T N increases from —0.3% to —2%, the maximum temperature
2 Without considering the effect AN increases from about 41 °C to about 134 °C, which can
S of elastic creepages induce the appreciable thermal stress in the material of the
% 16k . .
s 16 rail surface. The zone affected by the temperature rise
% exists in the thin layer of 0.3 mm close to the rail top during
the wheel-rail sliding/rolling contact.
[V] S 1 1 I I I I ]
-6 —4 -2 0 2 4 6 8
0~
Location within contact x /mm
(c)E=1%
With considering the effect of elastic creepages
180 - E oish
B
— =
a =
: / 5
= E
< 10 ,’/\_ o ‘ i 030 5.5 =—4%
= Without considering the effect R
= ! of elastic creepages -
st
%
= 60
51 0.45 L I 1 ]
- 0 65 130 195 260

L
Ll
s
=
ol
-
o
oo

Location with contact x /mm
(d)E=4%

Fig. 4. Heat flux distributions for different creepages
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Fig. 6. Variation of temperature with depth for different
creepages

Since the zone affected by the temperature rise exists in
the thin layer of 0.3 mm close to the rail top, to be



e 46

LI Wei, et al: Numerical Analysis of Rolling-sliding Contact with the Frictional Heat in Rail

convenient for analysis, the residual stress and residual
strain in the depth of about 1 mm from the rail top surface
are shown in the following results. All the following results
reported are taken from the middle cross section of rail
model (i.e., x=75 mm, as shown in Fig. 3) at which the
effect of the rail ends is very small. In the present
simulation, a single wheel pass is considered. Two cases of
the wheel-rail contact are analyzed: case 1 is for the
thermo-mechanical coupling simulation, case 2 for the only
mechanical loading simulation without considering thermal
effect. The results for case 1 and case 2 are shown with the
solid lines and the dashed ones in the following figures,
respectively.

0 —
£
E 0I5F
=
2
=l
g
E 0.30F
=
0.45 r . J
0.0 0.6 1.2 1.8
Thermal strain £,,/10™
Fig. 7. Variation of thermal strain with depth for different

creepages

Fig. 8 illustrates the variation of Von Mises equivalent
residual stress (o), with the depth for different creepages.

4 2 <
0r ;IA /J}' ( . J
I - 3
E
£ o3
<
£ 1.&=—0.1%
= 2.£=-02%
E 3.£=-03%
£ 06F 4.6==2%
= 5.6 =—4%
i - - - - Results without thermal stress
0.9& . Results with thermal stress
| i | | 1 |
0 70 140 210 280
Residual Von Mises stress(a,) . /MPa
Fig. 8. Variation of residual Von Mises stress with depth

for different creepages

Comparing case 1 with case 2, the thermal response for
the low creepages (¢=—0.1%, —0.2%, —0.3%) has little
effect on the residual equivalent stress in the surface layer
of rail, as shown in Fig. 8. It is because that the fictional
heat generated by the sliding for the lower creepages results
in the lower temperature rise (as seen in Fig. 6). However,
the effect on the residual equivalent stress in the layer of

the rail surface becomes large as the creepage increases
(¢&=—2%, —4%). The residual equivalent stress for case 2 is
larger than that for case 1 when creepages ({=—0.2%,
—0.3%, —2%) are lower. But when the creepage increases
to a certain value (—4%), the residual equivalent stress for
case | is larger than that for case 2.

The variations of the residual stresses in the x and z
directions ((oy), and (o)) with the depth for the different
creepages are shown in Figs. 9(a) and 9(b), respectively.

;
0 2 4
) <1
3
g
% 0.3
= 1. £=—0.1%
oy 2. E=—02%
= 3.£=-03%
2 06k 4. &=—-2%
5 5.6=—4%
> \ 7
‘.‘ - - -- Results without thermal stress
0.9 : Results with thermal stress
1 1 Il 1 | |
=200 =100 0 100 200 300
Residual stress (o, ),/MPa
(a) x direction
3 2 4 3
or S
£
0.3
£ 1. £=—0.1%
= 2. £=-02%
= 3.6=-03%
=z Results with 4.6 ==2%
] = === Results without 5 &£=—49
E 0.6 thermal stress > ° ?
o
= Results with
thermal stress
09+
1 | |
=200 =100 0 100

Residual stress (o. ),/ MPa
(b) z direction

Fig. 9. Variation of residual stress in the x and z directions
with depth for different creepages

From Fig. 9, it is seen that the residual stresses in the x
and z directions for case 1 appear to be tensile stresses, but
those for case 2 appear to be compressive stresses when the
creepage increases to a certain value (¢ =—4%). The reason
is that the temperature of the surface layer material of rail
decreases more steeply than that of the subsurface layer
material. And the temperature of the surface layer material
becomes higher than that of the subsurface layer material.
After cooling shrinkage, the surface material of the rail is in
the tensile state for keeping the continuous material
deformation. Therefore, the thermal effect easily causes the
surface crack initiation in the wheel-rail contact area. For
the lower creepages (é=—0.1%, —0.2%, —0.3%), the
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thermal loads have little effect on the residual stress
distribution. Near the rail surface the residual stress in the x
and z directions induced by the mechanical load is
compressive. The thermal load caused by the small
creepages can reduce the residual compressive stresses
generated by the mechanical load. But as the creepage
increases (£ =—4%), the effect of the thermal load becomes
more significant and the residual stress in the x and z
directions near the rail surface exhibit the tensile stress. The
results show that the thermal load in the surface layer of
rail caused by the temperature rise can lead to the tensile
residual stress, and the wheel load can lead to the
compressive residual stress. Therefore, the thermal load is
destructive. And it is necessary to avoid the high creepage
operation of the vehicles.

Figs. 10(a) and 10(b) illustrate the variations of the
residual shear strain (j,), and the residual equivalent
plastic strain (&,), with the depth for the different creepages,
respectively.

0 5 3. \
4 [
170
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J 1 1 |
i -3 -2 0
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0 ' 2 V4 5
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E £ 0,
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= 2. E=—02%
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=
0.3F
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04 1 1 1 J
0.0 0.8 1.6 24 32 4.0

Residual equivalent plastic strain (ff,) ,.-’r 10 =
(b) Residual equivalent plastic strain
Fig. 10. Variation of residual equivalent plastic strain and

residual shear strain with depth for different creepages

From Figs. 10(a) and 10(b), the residual shear strains and
the residual equivalent plastic strains for case 1 and case 2

increase with increasing creepage. When the creepages ¢ is
—0.1%, —0.2%, —0.3%, and —2%, the maximum residual
shear strain for case 1 is only about 5% larger than that for
case 2. But when the creepage reaches —4%, the maximum
residual shear strain and the maximum residual equivalent
plastic strain for case 1 are larger than those for case 2 by
57.51% and 48.27%, respectively. It is because when the
temperature caused by the wheel-rail friction increases to a
certain value, its effect on the material properties (seen in
Table 1 and Table 2) is enough to soften the rail surface
material. Probably a certain critical value range existing
between —2% and —4% can result in the abrupt change of
the residual plastic strain. Besides the effect of the thermal
load on the residual strain is in about 0.3 mm depth, which
corresponds to the affected zone of the temperature rise.

4 Further Discussion

The present study is based on the simplified assumptions
which were also used in Refs. [3-9]. First, in the slip zone
during wheel-rail rolling-sliding contact, the heat generated
at the interface of wheel and rail produces a certain thermal
distortion. And the thermal deformation has an effect on the
contact area size, the slip zone size and the distributions of
normal pressure and tangential tractions which cause the
frictional heating!'®). In this paper, the effect of the thermal
deformation on the above parameters related to the contact
area is neglected and will be investigated in the near future.

The present work is an attempt to couple the wheel-rail
contact mechanical load with the thermal load due to
wheel-rail frictional heating in the modeling. The contact
pressure is assumed to follow the idealized Hertzian
distribution and the Carter tangential force distribution is
used. Both distributions are based on elastic solutions. A
more realistic consideration should include the influences
of the plastic deformation, the geometry of the wheel and
the rail and dynamics behavior on the contact forces. From
Fig. 4, it can be found that when the creepage |£]<0.74%,
the temperature difference ratio is larger than 10%. And the
results obtained (as shown in Figs. 3 and 4) show the effect
of the elastic creepage due to the elastic deformation of
wheel and rail on the frictional heating should be
considered when the creepage |£]<0.74%.

Fig. 11 shows the variation of the maximum temperature
of rail surface with the total creepage. The maximum
temperature of rail material linearly increases as the
wheel-rail creepage increases. Because the maximum
temperature is below about 40.94 °C when the creepage
|£]<0.3%, the effect of wheel-rail creepage on the thermal
stress is not obvious when the creepage |£/<0.3%, as shown
in Figs. 8 and 9. When the temperature of rail material is
over 600 °C, the thermally induced phase transformation of
the material occurs’®”. From Fig. 11, it can be found that
the maximum temperature of rail material is only about
245 °C when the creepage ||=4%. However, although
temperature-induced martensitic transformation does not
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happen under the conditions given in this paper, the
temperature rise of rail material cannot be neglected.
Temperature rises of about 50 °C would affect stresses in
the same magnitude as the mechanical loads do'!. Actually
the wheel-rail frictional temperature rise of above 600 °C
may occur in certain extreme circumstances, such as the
larger wheel-rail frictional coefficient, heavier wheel loads
with the above creepage, and the wheel sliding on the rail
during braking and traction®™ ' . In order to clearly
understand the mechanism of wheel/rail frictional thermal
fatigue, it is very necessary to investigate some exceptional
service conditions in the future work.

250
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s0- /
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Fig. 11. Maximum temperatures of the rail surface material

for different wheel-rail creepages

Although the affected zone of temperature rise exists in
the surface layer of the rail with the depth of about 0.3 mm
during wheel-rail sliding/rolling contact, the high
temperature of rail material which results in thermal plastic
deformations occur in a very thin surface layer of about 70
pm depth, as shown in Figs. 8-10. It coincides with the
results of Refs. [4] and [23].

To simplify the modeling for the wheel-rail contact with
the frictional heating, the wheel rolling over the rail is
simulated with the translation of boundary conditions of
contact patch across the contact surface in this paper. The
heat transfer from the wheel to the rail through the contact
patch is neglected. The effect of the heat transfer between
the wheel and rail on the temperature rise was investigated
in Ref. [5]. The influence of wheel-rail friction coefficient
on the frictional heating is not investigated in the paper.
However, the high temperature rise due to wheel-rail
friction has an influence on the wheel-rail frictional
coefficient which is related to many factors, such as the
material physical properties, the status of the contact
surfaces, the contact load, the environment, etc.

The assumptions of complete energy transformation into
heat, no heat loss and the constant heat partition factor
during wheel-rail rolling-sliding contact are considered in
the modeling. However, the numerical results including the
wheel-rail frictional heating depend on the heat partition
factor value which determines the heat distribution
partitioned into the wheel and rail. Ref. [8] makes an

investigation into the effect of the varying of the heat
distribution partitioned into the wheel and the rail on the
temperature rise in the wheel and the rail.

The contact surfaces of wheel and rail are subjected to
high stress and high temperature generated by wheel-rail
friction. The high temperatures of the surfaces due to
wheel-rail friction occur instantaneously. Therefore, it is
difficult to obtain the value of the transient temperature rise
of wheel and rail through the experimental investigation. In
the paper, the experimental analysis on wheel-rail contact
temperature rise is not given. Due to the complication of
real wheel-rail contact problem and the limitation of
computer ability, the three-dimensional wheel-rail contact
problem has to be assumed to a two-dimensional problem.
The three-dimensional wheel-rail contact model and the
more complicated contact conditions will be investigated in
the future study.

5 Conclusions

(1) Based on the thermo-elasto-plastic finite element
method, a thermo-mechanical coupling numerical analysis
is performed to investigate the states of the strain/stress and
the temperature rise of rail during wheel-rail sliding/rolling
contact. The results show that the temperature rise and
thermal strains in the surface layer of rail increase as the
creepage increases.

(2) The residual stresses in thin layer of rail in the
circumferential and axial directions induced by the thermal
loads appear to be tensile.

(3) The effects of the thermal load on the residual stress
and the residual strain are significant for the high creepages
and the thermal affected zone exists in the thin layer of rail
surface with depth of about 0.3 mm during wheel-rail
sliding/rolling contact.

(4) When the creepage reaches a certain critical value,
in the
thermo-mechanical case become tensile stresses, while in
the mechanical case they appear to be compressive stresses.
And the residual stress and the residual strain in the surface
layer of rail increase with increasing creepage.

the circumferential and axial residual stresses
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