Influence of sliding wear on contact characteristics
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Abstract. During the process of starting, braking and running of the train, sliding contact between
wheel and rail occurs. The wear caused by sliding contact exerts a noteworthy influence on the
contact characteristics of wheel/rail. To analyze these characteristics, a three-dimensional
wheel/rail contact wear model is established, and the contact characteristics at different wear
depths are studied. The results indicate that at initial contact, the wheel/rail contact patch is
approximately elliptical in shape and its area is 122.5 mm?. The von Mises stress of the wheel and
rail is maximum in the subsurface at a distance of 2 mm from the contact interface, with maximum
values of 559 MPa and 628 MPa respectively. When the wear depth is less than 0.5 mm, the wear
depth, contact area and size increase quickly. As the amount of wheel contact wear increases, the
maximum contact stress gradually decreases and the contact stress becomes uniform. In addition,
the calculation results indicate that the contact patch shape does not always remain elliptical, the
shape can change from elliptical to rectangular as the wear depth increases. As the increasing of
wear amount, the contact stress gradient on the inner side of wheel contact surface increases.

Keywords: wheel/rail sliding contact, wear, contact characteristics, wear depth.
1. Introduction

With rapid development of rail transport industry, train speed and transportation density
increase rapidly. In high-speed railways and heavy-load railways, the traction and braking
performance of trains have faced increasingly high requirements. During the train braking process,
the sliding wear on the wheel tread is very significant. The wear on the wheel/rail contact surface
significantly influences the smoothness and safety of train operations, which increases the
operating costs. The sliding contact can cause significant wear to the wheel tread and further
change the geometry of the contact surface. Therefore, the contact characteristics of the wheel/rail
will also change. Fig. 1(a) indicates a flat scar of 85 mm x 65 mm x 2.5 mm formed on the wheel
tread of a high-speed railway due to sliding contact. Fig. 1(b) indicates the scratch on the wheel
tread on a normal-speed railway [1]. The scratches on the wheel surface significantly affect the
dynamic characteristics and safety of trains [2], [3].

a) High-speed railway bj Normai—speed réilway
Fig. 1. Scratches and wear to wheel contact surface
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The contact between the wheel and rail is a complex process, and the sliding wear of the contact
surface is very obvious during wheel/rail sliding contact. Numerical methods are frequently
employed to analyze wheel/rail contact. Sladkowski et al. established a three-dimensional (3-D)
model to analyze the stress distribution in the contact region of wheel at varying angles of attack
[4]. Yang et al. developed an implicit-explicit finite element model to simulate wheel creep
problems and analyzed the distribution of residual stress [5]. W. Daves et al. investigated the wear,
fatigue and damage under different contact conditions [6]. T. Ameyu et al. used a finite element
model to simulate the moving load of an actual train and analyzed the dynamic response of elastic-
plastic deformation, stress and friction heat [7]. The above numerical studies demonstrate that the
speed, contact stress, contact position, rail cant and ambient temperature have a significant impact
on the contact state and wear of the wheel/rail contact surface. At the same time, experimental
methods are commonly used to study the wear and friction mechanism of wheel/rail. B. Elisa
validated the wear and rolling fatigue model through experimental research in the laboratory [8].
P. J. Bolton conducted fatigue experiments to study the mechanism of wear and crack formation
on the rolling contact surface, and obtained a large amount of data leading to wear [9]. J. W. Seo
et al. used a twin-disc test machine to study the wear of the rail under rolling conditions, and the
results show that the increase in wear has greatly shortened the life of the rails, and the
maintenance cost has also been increased [10]. L. Zhou et al. conducted fatigue cycle experiments
to analyze the impact of alternating temperatures on wheel/rail wear [11]. Ramalho. A et al. found
that the growth of micro cyclic stress is also a major cause of wear [12]. The above experimental
results are very important for understanding the mechanism of friction and wear. However, the
influence of wear caused by sliding contact on the wheel/rail contact characteristics has not been
fully studied.

Wheel/rail sliding contact is a commonly observed state of contact between the wheel/rail
contact pair, and this phenomenon is general in heavy haul railways and subways. During sliding
contact, a noteworthy thermal phenomenon occurs on the contact surface. Wang et al. [13]-[17]
studied the thermo-mechanical characteristics of the contact region during wheel/rail sliding
contact using the finite element method. However, the influence of sliding wear on the friction
heat and contact characteristics is not considered in the research models. In fact, sliding wear can
significantly change the geometric shape of contact surface, thereby affecting the contact
characteristics. In this paper, a 3-D wheel/rail sliding contact wear finite element model is
established first, then the contact characteristics (including the shape of contact patch, stress, etc.)
in the sliding wear process are calculated, and finally the influence of sliding wear on contact
characteristics is analyzed.

2. Contact wear model

In this paper, a numerical calculation method is employed to analyze the impact of sliding wear
on contact characteristics. The sliding wear between wheel and rail is calculated according to
Archard wear theory [18], it is:

p(x, 2)vs
wT ()

where v is wear rate, and represents the wear amount per unit area and per unit time. k,, is the
wear coefficient. vg is the wheel/rail relative sliding speed. H represents the hardness of the
material. p(x, z) is the contact stress on contact interface, and it can be calculated according to the
extended Lagrangian algorithm, it is:

0, Ucon = 0'
Kconucon + Qi+1: Ucon < 0:

p(i2) = 2)
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where K_,, is the wheel/rail normal contact stiffness. u.,, is the contact gap between the wheel
and rail, as shown in Fig. 2. Q;, is:

Q; + KeonUcon, |ucon| >0,

Qi+1 - {Qil |uCOTl| S @l (3)

where 0 is the intrusion tolerance. £, is the Lagrange multiplier component at the i-th iteration
step.

con

Fig. 2. Contact stiffness and contact gap
3. Finite element model
3.1. Wheel/rail sliding contact wear model

A 3-D wheel/rail contact wear model is constructed based on the actual wheel/rail dimensions
using ANSYS software, shown as Fig. 3 [19]. The model contains wheel, rail, rail pad, sleeper
and foundation (Fig. 3(a)). In the model, the SOLID185 solid element is chosen to simulate the
wheel, rail, rail pad, sleeper and foundation (Fig. 3(b)). The wheel/rail contact behavior is
simulated with CONTA174 element and TARGE170 element (Fig. 3(c)). Simultaneously, the
wear elements are defined on the contact surface of wheel/rail based on Archard wear theory.
Small size and fine element are designed in wheel/rail contact region because of stress
concentration, and large size and coarse element are adopted in another region (Fig. 3(d)).
Different size elements are connected by multi-point constraint method. The model has
147076 nodes and 147209 elements in total, and the minimum size of the element is 0.5 mm
through multiple calculations.

Sleeper

1%

¢) Wheel/rail contact pair d) Wheel/rail contact in detail
Fig. 3. 3-D wheel/rail contact wear model
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3.2. Calculation parameters and boundary conditions

The dimensions of the wheel and rail are illustrated in Fig. 4(a) and Fig. 4(b), respectively.
The LM-type wheel tread and S-shaped spoke are used in the model for wheel, and the diameter
of wheel is 915 mm. The rail type is 60 kg/m standard rail. The length of rail in the model is
4.35 m, the rail cant is 1:40. The height and width of the rail sleeper is 0.25 m and 1.2 m,
respectively. The sleeper gauge is 0.6 m. The material compositions and mechanical parameters
are shown in Table 1 and Table 2, respectively. The coefficient of friction is 0.3. The wheel/rail
material constitutive relationship is depicted in Fig. 5. The 100 kN load is applied to the wheel
axle’s centre. The wear coefficient is 5%10* [20]. In the model, the lateral movement (X-direction)
of the wheel is constrained and is only allowed to slide along the rail. The two ends of the rail are
constrained in both the longitudinal (Z-directional) and transverse (X-directional) directions. The
vertical displacement (Y-direction) of the foundation bottom is constrained. Symmetric constraint
conditions are applied on the symmetry planes of the sleeper and the foundation (The red line in

Fig. 3(a)).

Table 1. Material compositions of wheel/rail
Materials C (Wt%) | Mn (wt%) | Si(wt%) | P (wt%) | S (wt%) | Cu (Wt%)
Wheel (CL60) | 0.57-0.65 | 0.75-1.10 | 0.15-0.35 | <0.025 | <0.020 <0.20
Rail (U71Mn) | 0.65-0.77 | 1.10-1.50 | 0.15-0.40 | <0.035 | <0.035 <0.20

Table 2. Mechanical parameters of wheel/rail

Elastic modulus | Poisson’s ratio | Yield stress | Strength limit | Hardness
Wheel 216 GPa 0.3 628 MPa 1110 MPa 320 HB
Rail 215 GPa 0.3 496 MPa 1000 MPa 300 HB
73 mm
D
| 915mm
176 m
e le—150mm
a) Wheel b) Rail
Fig. 4. Size of wheel/rail
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Fig. 5. Constitutive relation of wheel/rail material
4. Results
4.1. Wheel/rail initial contact characteristics

Fig. 6 and Fig. 7 show the contact stress on the wheel/rail contact surface obtained by the finite
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element model and Hertz contact theory, respectively. Table 3 shows the maximum contact stress
and the size of contact patch. Fig. 6, Fig. 7 and Table 3 illustrate that the contact patch of the
wheel/rail is approximately elliptical in shape and its area is 122.5 mm?, and the maximum contact
stress is close to 1200 MPa. At the same time, the calculation results show that the results obtained
by using the finite element method and Hertz contact theory are relatively consistent, which also
indicates the finite element model established in this paper is reasonable. Fig. 8 represents the von
Mises stress contour maps in contact regions along longitudinal and transverse directions
(Longitudinal direction refers to the direction along the length of the rail, and transverse direction
refers to the direction perpendicular to the longitudinal direction). Fig. 8 indicates that the von
Mises stress in the wheel/rail contact region is relatively concentrated and gradually decreases
outward. The calculation shows that maximum von Mises stress of wheel and rail is located in the
subsurface at a distance of 2 mm from the contact interface, the maximum value is 559 MPa and
628 MPa respectively.
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Fig. 6. Contact stress in finite element model Fig. 7. Hertz contact stress
Table 3. Contact stress and size of contact patch
Finite element model | Hertz contact theory | Error (%)
Contact stress 1160 MPa 1198 MPa 3.2
Semi-major axis 8.0 mm 7.5 mm 6.7
Semi-minor axis 4.8 mm 5.2 mm 7.7
Contact area 126 mm? 122.5 mm? 2.9
// V o
/
‘k\ DMX =.928E-03 DMX —928E-03
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| SMX —.628E+09 SMX = 28E+09
\ A =349E+08 A =349E+08
\ { B =105E+09 B =105E+09
A > C =.174E+09 C =174E+09
\\ // _ D =.244E+09
W !f_efl,, A E :.'32;‘:1}33:899 \ E -3k 09
; G =.454E+09 H =523E+09
LN H =.523E+09 I =593E+09
o I =593E+09

b) Transverse direction

a) Longitudinal direction
Fig. 8. Von Mises stress in wheel/rail contact region (Pa)

4.2. Wear contact characteristics

The wheel/rail contact wear characteristics are obtained through the numerical model. Fig. 9
shows the profile of the worn wheel at wear depths (h) of 0.25 mm, 0.5 mm, 0.75 mm and 1 mm.
Fig. 10 shows the contour maps of contact stress at different wear depths. Fig. 11 shows the
maximum contact stress at different wear depths. Fig. 9 and Fig. 10 indicate that the contact area
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and size increase quickly when the wear depth is less than 0.5 mm. And subsequently the growth
rate in contact size gradually decreased.

2 i
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Fig. 9. Contact surface contour curves at different wear depths
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Fig. 10. Contact stress at different wear depths (Pa)
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Fig. 11. Maximum contact stress at different wear depths

Fig. 10 indicates that the wheel/rail contact patch shape gradually changes from ellipse at the
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initial sliding contact (h < 0.5 mm) to rectangle (0.5 mm < h < Imm ). Moreover, Fig. 10 shows
the contact stress gradient on the inner side of wheel contact surface gradually increases. During
train operation, the wheel inner tread is susceptible to developing sliding wear. Fig. 10 and Fig. 11
indicate the maximum contact stress decreases quickly when the wear depth is less than 0.5 mm.
At the same time, the results show that the contact stress becomes more uniform as the wear
amount increases. After the contact stress decreases, the wear rate decreases according to Eq. (1),
and the rate of increase in wear depth and contact patch area gradually decrease.

5. Conclusions

Wheel/rail sliding contact is a common contact phenomenon in railway transportation, which
leads to wear and significant changes in contact stress on the contact interface. The variation law
of contact characteristics during wheel/rail sliding contact process is studied by numerical
calculation. The main conclusions are the following.

1) Atthe initial contact, the contact patch between the wheel and rail is approximately elliptical
and its area is 122.5 mm?. The stress concentration is clearly evident in the contact region between
the wheel and rail, and the maximum von Mises stress of the wheel and rail appears in the
subsurface of contact region, the maximum values are respectively 559 MPa and 628 MPa.

2) When the wear depth is less than 0.5 mm, the contact area and size increase quickly. As the
amount of wheel contact wear increases, the maximum contact stress gradually decreases and the
contact stress becomes more uniform.

3) The contact patch does not always remain elliptical. When the depth of wear surpasses
0.5 mm, the shape of the contact patch approaches a rectangle. As the increasing of wear amount,
the contact stress gradient on the inner side of wheel contact surface increases, which indicates
the inner side of the wheel tread is more prone to wear.

6. Discussion

In this article, a 3-D wheel/rail sliding contact wear model is established, and the influence of
wear on contact characteristics is studied during wheel sliding contact process. The research
results can clarify the changes in contact characteristics and provide a reference for the study of
sliding friction heat. However, the influence of sliding friction heat is not considered in the
calculation of sliding wear in the model. In fact, sliding wear, friction heat and contact force are
coupled to each other, so it is not easy to achieve numerical calculation. At present,
thermal-mechanical coupling model considering wear is being studied in order to obtain research
results in the future.
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