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Abstract
Under the "One belt, One road" strategy, the trade in goods is more frequent in diverse countries. The
difference in train gauge between countries often leads to low e�ciency of freight transportation. In
several schemes, the variable gauge bogie can e�ciently solve this problem. The fretting wear between
the axles and wheels of train gauge changeable bogies may cause the connection relaxation and failure
in the actual working process, resulting in potential safety hazards. Diverse experimental researches
show that surface treatment technology can effectively reduce the friction and wear between axles and
wheels. However, its micro wear reduction mechanism is not clear, to date. Therefore, the three-
dimensional fretting wear model of bogie axle and wheel is established by molecular dynamics method
in this paper. The wear reduction mechanism of surface treatment technology is then clari�ed from the
micro point of view, and also veri�ed by experiments. The results show that there is micro convex contact
between the two surfaces under the contact stress. The micro convex is extruded and deformed, hence
forming an adhesion. Whereas, the convex adhesion is desorbed by the shear force during separation,
resulting in fretting wear. Since the wear reduction is caused by the reduction of transverse force, good
lubrication and wear reduction effect can be achieved by MoS2 coating and nitriding. The surface
treatment of MoS2 coating also reduces the friction coe�cient between axles and wheels along with
improving load bearing. Whereas, the friction coe�cient can be decreased by increasing the nitriding
amount.

1 Introduction
With the vigorous development of the global trade integration, transnational cargo transportation is
becoming ever more frequent. The railway’s development has turned into a crucial goal of various
countries due to its low cost and huge transportation capacity [1, 2]. However, due to the differences in
train gauges in various countries, it takes a lot of time to replace any identical device during the
transportation, which leads to a great inconvenience of transnational cargo transportation under the
strategy of "One Belt and One Road" [3]. Variable gauge bogie wheelsets can realize migration on
different gauge tracks, and have the advantages of low cost and high e�ciency [4, 5]. Meanwhile, the
axle and wheel mating mode make it easy to produce axial slip, impact and vibration between the axles
and wheels, resulting in wear of key components [6]. Since the available research on wear mechanism is
not very comprehensive [7–13], the present study of fretting wear is focused on macroscopic experiment.

The proposal of the "Hard Ball" model and the successful development of multi-body Embedded-Atom
Method (EAM) [14–16] ake molecular dynamics become a signi�cant method to study the properties of
metal materials at the nanoscale level [17]. Various researchers analyzed the fretting on the surface of
metal Zr and alloy AZ91, while others have studied the tribological properties of coated materials such as
MoS2 based on molecular dynamics method [18–23]. Their results show that the surface treatment can
reduce wear by changing the fretting area. However, in the present microscopic fretting wear mechanism
analysis, the research focus is mainly on the single-atom metal or simple metal compounds. Furthermore,
the molecular dynamics analysis of complex alloy structure is rarely seen [24].



Page 3/17

To solve the above-mentioned problems, a variable gauge bogie model with complex alloy structure has
been established by molecular dynamics method in this paper. The microscopic wear mechanism and
wear reduction mechanism of surface treatment of bogie have also been revealed by combining the
simulation and experiment. The results are highly signi�cant for the wear resistance design of variable
gauge bogie and the microcosmic modeling of complex alloy.

2 Con�guration Of The Exoskeleton Arm
Previous researches [25, 26] demonstrate that DZ2 steel of axle material and D2 steel of wheel material
belong to face-centered cubic lattice (FCC), and their lattice constants are a = b = c = 3.43 mm and α = β = 
γ = 90°. Therefore, Fe matrix is extended based on the face-centered lattice under this parameter. Fe
atoms have been randomly replaced in the matrix according to the material composition in Table 1 to
complete the doping in DZ2 and D2 steel alloys. The �nal molecular dynamics model is shown in Fig. 1.

Table 1
Material compositions

Material DZ2 D2

C

Si

Mn

P

S

Cr

Mo

Ni

0.24 ~ 0.32

0.20 ~ 0.40

0.60 ~ 0.90

≤ 0.01

≤ 0.01

0.90 ~ 1.20

0.20 ~ 0.30

0.50 ~ 1.50

0.48 ~ 0.58

0.65 ~ 0.80

≤ 0.015

≤ 0.015

≤ 0.030

≤ 0.08

≤ 0.030

≤ 0.016

The whole model is divided into three parts: �xed layer, thermostat and free layer, as demonstrated in Fig.
1. In the present model, the boundary layer �xed model does not move in the y direction. Therefore, the y
direction is an aperiodic boundary, and the x and z directions are periodic boundaries. The thermostat is
used to adjust the ambient temperature of the system, whereas the initial temperature is set at 300 K. The
free layer moves in accordance with Newton's law of motion, and the data needed for the micro-friction of
wheel and axle are then obtained. A rough peak with height of 20.58 Å was established in the free layer to
simulate the fretting wear process. The micro-canonical ensemble, also known as NVE ensemble, is
selected for the simulation of the working condition between the wheel and axle. This way, the whole
system has no energy and particle exchange with the outside world.

EAM is suitable for intermetallic molecular dynamics simulation [27]. In this paper, EAM is used for
relaxation processing to accurately characterize the interactions between atoms in the alloy under stable
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state. The EAM potential function is shown in Eq. (1) [14]:

E =
1
2 ∑N

i=1∑j=1≠iφij(rij) + ∑N
i=1Fi(ρi)

1
Where E represents the sum of potential energy between atoms, φij represents the pair potential of
interatomic interaction, rij represents the distance between atoms, Fi is the energy required when atom i is
embedded into the position of electron density unit 1, and ρi shows the local electron density generated
by all atoms in the system at the position of atom i.

Lennard-Jones (LJ) potential consists of a simple structure with high calculation e�ciency. It can
simultaneously calculate the interaction force between the two interfaces with high calculation
e�ciency[28]. Hence, LJ potential has been used in this paper to represent the interaction force between
wheel and axle. The potential function form of LJ method is shown in Eq. (2) [28]:

ULJ(r) = 4ε[(
σ
r )12 − (

σ
r )6]

2
where, ULJ represents the sum of potential energy between atoms, ε is the potential well depth that
re�ects the strength of the interaction between two atoms, σ is the �xed distance between atoms when
the interaction potential is equal to zero, and r is the distance between two atoms at any instance.

According to the addition and subtraction properties of Eq. (2) regarding r, an increase in r to a certain
value leads the potential energy of LJ to zero. The distance at this point is known as truncation radius rc.
This phenomenon occurs when the distance between the analyzed atom and the observed atom is
greater than rc. Due to the relatively greater spacing between atoms as compared to the truncation radius,
the interaction force becomes insigni�cant [29]. Hence, the force between the two atoms is not
calculated. The truncation radius rc is calculated to be 11 Å, according to the atomic parameters of wheel
and axle material [29].

3 Fretting Wear Numerical Results And Analysis
The research has been conducted using Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) for calculating and using Visual Merchandising (VMD) for post-processing. The timestep and
the output interval τ is set as 0.0025 fs and 1.25 fs, respectively. The wheel DZ2 steel is �xed, and the
axle DZ2 steel moves horizontally at a constant speed of 2.5 m/s. Figure 2 demonstrates the fretting
wear phenomenon between wheels and axles. The two rough peaks completely contact and overlap at 8τ
(Fig. 2(a)). Whereas, the two rough peaks are separated at 15τ (Fig. 2(b)). The two rough peaks contact
for the second time at 45τ (Fig. 2(c)). The residual heights of the two rough peaks are about 17.15 Å, and
The system begins to stabilize at 200τ.
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Figure 3 depicts a detailed representation of the deformation of the rough peak during the fretting wear.
The contact of the two rough peaks resulted in obvious extrusion deformation, as shown in Fig. 3(a). This
lead to an interatomic adhesion (Fig. 3(b)), causing some atoms to be desorbed under the shear force
(Fig. 3(c), top view). Therefore, the general process of fretting wear can be deduced as following steps:

1. The contact stress makes the micro-bumps contact, resulting into extrusion deformation and adhesion.

2. During the separation, the protruding adhesive is desorbed by the shear force that leads to the fretting
wear.
Figure 4 shows the varying regulation of friction coe�cient with time in fretting friction process. It can be
visualized that the friction coe�cient surges during the contact extrusion deformation and reaches a
peak value at the maximum contact, which is the maximum extrusion deformation. Due to the in�uence
of atomic bond formation and contact point growth, the peak friction coe�cient is found to be greater
than one [26]. After that, the shear force results in the breaking of the atomic bond, and atoms are
desorbed from the matrix. Meanwhile, the friction coe�cient keeps on decreasing, simultaneously. The
subsequent cyclic friction did not form a large extrusion deformation as with the �rst contact. Hence, the
friction coe�cient oscillated at a smaller value with an average single-peak friction coe�cient of 0.225.

4 Fretting Wear Reduction Mechanism Of Surface Treatment
Technology And Experimental Analysis
The damage and failure of materials mostly begin with the surface damage, for which there is a
modeling lubrication surface treatment technology for materials [30]. In the surface treatment process,
nitriding and coating MoS2 can achieve good anti fretting wear effect. Therefore, this chapter explores its
wear reduction mechanism [31].

4.1 Fretting Wear reduction mechanism and experimental
analysis of MoS2 model
Various researches have demonstrated that the solid lubrication coating of MoS2 bonded on LZ50 steel
has good resistance to radial fretting wear [6–9]. Therefore, the surface MoS2 coating was added on the
basis of the model to analyze the in�uence of surface treatment technology on fretting wear, as
presented in Fig. 5.

The revised model is depicted in Fig. 5 (a), and the simulation results obtained are shown in Fig. 5 (c). It
can be seen that the surface treated by MoS2 produces fretting wear behaviors, such as extrusion
deformation, adhesion and desorption fretting. The varying regulation of friction coe�cient with time
(Fig. 5 (b)) shows that the average friction coe�cient is 0.218, which is lower than the corresponding
friction coe�cient of the untreated model. The results exhibit that the coating MoS2 can signi�cantly
reduce the wear, and protect the metal from fretting friction.
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To further optimize the ideal conditions of MoS2 coating, simulation analysis method was applied to
observe the number of coating layers, temperature and load, and the obtained varying regulation of
friction coe�cient with time, as shown in Fig. 6. It has been observed that the friction coe�cient has no
obvious change trend with the coating thickness and temperature changing (Fig. 6(a) and 6(b)). Whereas,
the friction coe�cient values have been found to decrease with the increase of load (Fig. 6(c)). This
shows that the friction coe�cient of MoS2 is inversely correlated with the load. Several researchers have
conducted in-depth studies on MoS2 lubrication characteristics, and found that the friction coe�cient
decreases with the increase of load [32–34]. The simulation results are in line with those published
above. Therefore, it is concluded that MoS2 coating can play a crucial wear reduction lubrication effect at
both high and low temperatures. However, the wear reduction effect is mainly in�uenced by the load, and
the lubrication effect and the pressure are in direct relation with each other.

The surface of DZ2 steel was coated with MoS2 with bonding solid lubricant layer. The workpiece
obtained by this method has been found to have good fretting wear resistance [35]. WTM-2E friction and
wear tester machine is specially used to test the friction coe�cient and wear resistance of various
coatings or solid lubricating materials, with an advantage of high testing accuracy and simple
operational process. Hence, the friction coe�cient of the workpiece coated with MoS2 was measured by
WTM-2E under diverse loading. In the experiments, the speed was set as 400 rpm, a loading radius of 3
mm and a cylindrical �xture with a probe diameter of 2.4 mm was used for testing. Three groups of
friction and wear experiments were carried out under different pressures of 0.043 MPa (20 grams), 0.108
MPa (50 grams) and 0.152 MPa (70 grams). The average and maximum friction coe�cients obtained are
presented in Table 2. The average friction coe�cient of each group is approximately 0.1, which is lower
than that of the untreated workpiece (0.225). The decline rate was 55.6%, as shown in Fig. 4. This
indicates that the surface coating MoS2 signi�cantly reduces the wear. Furthermore, the average friction
coe�cient gradually decreases with the increase of load, which is also in line with the numerical �ndings.
 

Table 2
Material compositions

Load 0.043 MPa 0.108 MPa 0.152 MPa

favg

fmax

0.111

0.172

0.103

0.184

0.990

0.264

4.2 Fretting Wear reduction mechanism and experimental
analysis of nitriding model
The surface chemical composition and organization considerably alter after the nitriding treatment of the
workpiece. As shown in Fig. 7 (a), Nitrogen atoms were swapped, randomly, and potential functions were
reasonably chosen to characterize the nitriding model after relaxation [36]. The varying regulation of
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friction coe�cient with time after simulation has been shown in Fig. 7 (b). Statistically, the maximum
friction coe�cient of the nitriding model is 6.83, and the average friction coe�cient is 0.194. Compared
with the prior untreated model group, the friction coe�cient of the two groups is decreased, indicating
that the nitriding treatment can greatly reduce fretting wear. This can be attributed to the formation of
high hardness value of nitride Fe4N between nitrogen and metal after nitriding. Hence, the nitriding
treatment also enhances the hardness and wear resistance of the steel surface.

Varying the nature of nitriding process will lead to the modi�cation of compound and nitrogen content in
bogie, thus affecting the lubrication effect [37]. Figure 8 compares the in�uence of different nitriding
depth, nitriding amount and load on the nitriding model's wear reduction effect. It can be seen that the
friction coe�cient does not signi�cantly alter with the depth and load of nitriding treatment. However, the
friction coe�cient decreases with the increase of the nitriding amount. The results depict that a �ne wear
reduction effect can be attained by increasing the nitriding amount. However, the increase of nitriding
amount in the alloy will also lead to low plasticity and toughness of the wheel [38]. Therefore, relevant
factors need to be comprehensively addressed to choose the optimized amount of nitriding for the
industrial application of the process.

The ion nitriding workpiece can be generated by the application of three-stage nitriding method with the
best anti-fretting wear effect [39]. Therefore, to verify the accuracy of the simulation analysis, the current
study adopts the three-stage nitriding method to treat the workpiece surface. WTM-2E was used to carry
out the experimental study under the pressure values of 0.043 MPa, 0.108 MPa and 0.152 MPa,
respectively. The remaining experimental conditions are consistent with the ones described in the section
4.1. All other parameters were consistent with the experimental setup of coated MoS2. The average and
maximum friction coe�cients obtained under different loads are presented in Table 3. Experimental data
show that the value of friction coe�cient of nitriding workpiece is less than that of the untreated
workpiece under various load conditions. This indicates that the nitriding treatment method is far
effective in reducing the wear. Furthermore, it can be observed that the average friction coe�cient of
nitriding workpiece is not in�uenced by the variation of load, when the analysis of the average friction
coe�cient has been performed under each load.  

Table 3
The friction coe�cient of nitriding workpiece under

different loads
Load 0.043 MPa 0.108 MPa 0.152 MPa

favg

fmax

0.206

0.274

0.215

0.275

0.208

0.291

4.3 Fretting wear reduction mechanism analysis
The wear reduction mechanism of the surface treatment process was studied by the untreated models,
i.e. nitriding model (20%) and MoS2 model (100 Kcal/mole.Å). The varying regulation of positive pressure
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(Y direction) and friction (X direction) of the three output models in fretting wear are shown in Fig. 9 It can
be visualised that the positive pressure of all models has a similar trend over time (Fig. 9 (a)). The
oscillation becomes obvious when the contact and the detachment occur, and the oscillation starts to
weaken after the contact. The friction coe�cient of MoS2 model is found to be the lowest followed by the
nitriding model, and the untreated model is the largest, as shown in Fig. 9 (b). The discussed results are
consistent with the simulation results of friction coe�cient. Therefore, by comprehensive analysis of the
discussed results, it can be concluded that the decrease of friction coe�cient after surface treatment is
not due to the change of positive pressure, but mainly due to the decrease of transverse friction force
(bond-breaking shear force) during the desorption fracture.

5 Conclusion
Aiming at the fretting wear behavior, the fretting wear model between bogie wheel and axle was
established from the microscopic point of view by using molecular dynamics method. The fretting wear
phenomenon and the changing regulation of friction coe�cient with time were analyzed. The results
demonstrate that the general process of fretting wear can be presented as follows:

1. The micro-bumps contact under stress, then the micro-bumps extrude and form adhesion.

2. The adhesion is desorbed by the shear force during the separation to form fretting wear.
On the basis of fretting wear model, two molecular dynamics models of coated MoS2 and ion nitriding
surface treatment were established, respectively. Simulation and experimental results conclude that the
surface treatment technology can play a vital role in effectively reducing the wear effect. It is found that
the friction coe�cient of coated MoS2 model signi�cantly decreases by increasing the load. Whereas, a
considerable decrease of the friction coeffocoent of nitriding model has been observed with the increase
of nitriding amount. By analyzing the varying regulation of transverse and longitudinal force with time, it
is found that the reduction of transverse force is the principal reason for reducing the wear of surface
treatment applications.
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Figures

Figure 1

Molecular dynamics simulation model between wheels and axles
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Figure 2

Fretting friction-wear process for single rough peak. (a) For 8τ Wear during operation; (b) For 15τ Wear
during operation; (c) 45τ Wear during operation.

Figure 3

Characteristics of fretting friction behavior: (a) extrusion, (b) adhesion, (c) desorption.
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Figure 4

(a) Single. (b) Double rough peak’s changing regulation of friction coe�cient.

Figure 5
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(a) Molecular dynamics simulation model of MoS2 surface coating, (b) Characteristics of fretting friction
behavior of MoS2 model, (c) Changing regulation of friction coe�cient of coated MoS2 model.

Figure 6



Page 16/17

Varying regulation of friction coe�cient with (a) number of coating layer variation, (b) temperature
variation and (c) load �uctuation

Figure 7

(a) Molecular dynamics simulation model of nitriding model, (b) Changing regulation of friction
coe�cient of nitriding model and untreated model.

Figure 8

Changing regulation of friction coe�cient with (a) nitriding depth variation, (b) load �uctuation and (c)
nitriding quantity variation.
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Figure 9

Changing regulation of (a) positive pressure and (b) frictional force with the three model.


