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Abstract: To explore the thermal effect of interfacial friction at the nano/microscale, a solid-solid 

contact model of a rough surface with a single peak was established to research single-crystal Fe. The 

friction characteristics, stress distributions, temperature changes, and energy changes under different 

indentation depths and lattice orientations during the shearing process were analyzed. From the 

perspective of temperature and energy, the mechanism of the thermal effect was revealed. The 

relationship between the friction force, temperature, and energy at the atomic scale was clarified. The 

results showed that the temperature of the asperities gradually increased during the shearing process, and 

a stress concentration formed in the shearing zone. After contact, the asperities had undergone 

unrecoverable plastic deformation, and there was wear at the contact interface accompanied by the loss 

of atoms from the asperity. At each indentation depth, as the rotation angle of the crystal increased, the 

friction force, average temperature, and the sum of the changes in thermal kinetic and thermal potential 

energy all first increased and then decreased; the trends of the three parameters changing with the rotation 

angle of the crystal were consistent. The average decreases in the friction force, average temperature, 

and the sum of the changes in thermal kinetic and thermal potential energy were 52.47%, 30.91%, and 

56.75%, respectively, for a crystal structure with a rotation angle of 45° compared to a crystal structure 

with a rotation angle of 0°. The methods used in this study provide a reference for the design of frictional 

pairs and the reduction of the thermal effect of interfacial friction. 

 

Keywords: Interfacial friction; Thermal effect; Friction force; Temperature; Energy; Molecular 

dynamics 

 

1 Introduction 

Friction is a ubiquitous physical process that exists widely in applications in various fields, such as 

machinery, civil engineering, and aerospace. The normal operation of most equipment depends on the 

relative motion between components, and relative motion inevitably causes friction between contact 

surfaces, which produces thermal effects of friction and mechanical responses. The thermal effect of 

friction is a very complex process of energy conversion; the most direct impact of the thermal effect of 

friction is to increase the temperature of the frictional pair. The high local temperature of the contact 

interface may reach the melting point of the material, resulting in friction-induced failure or interfacial 

bonding and damage to the structure of the frictional pair in severe cases [1]. Thus, the thermal effect of 

interfacial friction has become an impediment to analyzing the processes of friction and wear. According 

to statistics, 1/3-1/2 of the world's energy is consumed by friction in various forms, and wear caused by 

friction is an important reason for the failure of mechanical equipment. Therefore, reducing the thermal 

effect of interfacial friction is of great significance for improving the quality of products and prolonging 
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the service life and increasing the reliability of mechanical equipment. 

Research on the thermal effect of interfacial friction mainly includes two aspects: the macroscale and 

the nano/microscale. Theoretical analyses and experimental measurements are mainly performed on the 

macroscale [2-5]. However, due to the narrowness of the contact interface, it is not easy to systematically 

study the temperature distribution between the contact surfaces, and the mechanism of the thermal effect 

is not completely clear. The friction modes of rough surfaces at the nano/microscale, shown in Fig. 1, 

include indentation, plowing, and shearing. As a common mode of friction, asperity-asperity shear has 

become the subject of research to investigate the thermal effect of interfacial friction. All real surfaces 

are rough surfaces composed of countless asperities with different radii of curvature. This paper has 

universal significance for the study of the thermal effect of interfacial friction on asperity-asperity contact 

pairs. Research on the nano/microscale starts from the structure of atoms and molecules. The analysis of 

the contact and friction behavior of rough surfaces is carried out by molecular dynamics (MD) 

simulations, which supplements theoretical analyses and experimental measurements and provides a new 

method to investigate the mechanism of thermal effects and the changes in dynamic microstructure [6-

13]. 

For example, Harrison et al. [14] used MD simulations to analyze the friction produced when two 

diamond (1 1 1) surfaces are placed in sliding contact; they believed that the mechanical excitation of 

the interfacial lattice layers (in the form of vibrational and rotational energy) is the essence of friction at 

the atomic scale. This excitation propagated to the rest of the lattice and eventually dissipated as heat. 

Chantrenne [15] calculated the energy change for a smooth Au/Au contact pair during sliding friction; 

their results proved that elastoplastic deformation and adhesion were the main causes of frictional heat. 

Lin et al. [16] studied the temperature change and microstructure evolution of Cu/Fe and Cu/Ag frictional 

pairs at different sliding speeds and found that the average temperature for the frictional pair materials 

increased rapidly with sliding speed. Chen et al. [17] studied the interfacial flow and characteristics of 

heat transfer during the friction process and showed that the interfacial structure significantly affected 

the friction force and temperature increase. The atomic flow during the friction process was conducive 

to heat dissipation and reduced the friction force. In addition, Hayashi [18] studied nanofriction (without 

wear) between nonmetallic solids. The orderly forced vibration accompanying the sliding motion was 

separated by sampling and averaging the random thermal motion of passive atoms; they found that the 

resonance phenomenon significantly increased the energy dissipation rate, resulting in high friction 

resistance. This results enriched the design theory for sliding parts of high-performance 

nanoelectromechanical systems (NEMS).  

 

Fig. 1 Friction modes of rough surfaces at the nano/microscale. (a) Indentation. (b) Plowing. (c) 

Shearing. 
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To date, much research work has been done on the thermal effect of interfacial friction. Nevertheless, 

most studies have focused on the relationship between the evolution of the atomic structure of the 

interface and temperature change. There has been less development of quantitative descriptions and 

analysis of the thermal effect of interfacial friction from the perspective of microscale energy, and there 

has been no clarification of the relationship between friction force, temperature, and energy at the atomic 

scale. 

As an indispensable industrial material, Fe is a raw material for producing generators and motor cores, 

and it is the core component of steel. The durability and performance of Fe materials will be improved 

by the effective reduction of frictional heat. In this study, single-crystal Fe was taken as the research 

subject. By changing the indentation depth and lattice orientation, the mechanism of the thermal effect 

during the shearing of asperities was qualitatively and quantitatively revealed from the perspective of 

temperature and energy, and the relationship between friction force, temperature, and energy at the 

atomic scale was systematically clarified. The methods used in this study provide a practical design 

concept for decreasing the friction resistance and plastic deformation of frictional pairs and reducing the 

thermal effect of interfacial friction. 

 

2 Methods 

2.1 Model Setup 

The three-dimensional MD model of asperity-asperity shear is shown in Fig. 2. The model uses Fe with 

body-centered cubic (bcc) crystal structure, mainly divided into upper and lower parts. Each part is 

composed of a rigid base and a hemispherical asperity. The rigid base is an Fe plate composed of 6006 

atoms, with a size of 55×5×55 Å. An asperity with a radius (R) of 55 Å is connected to the rigid base, 

with a total of 29932 atoms. The model's size depends on two factors: (1) The model is too small to truly 

reflect the structural properties on the nano/microscale. (2) The model is too large, and the cost of 

calculations is too high. In the simulation system, the x-axis oriented in the [1 0 0] lattice direction is 

consistent with the sliding direction of the asperity. The y-axis oriented in the [0 1 0] lattice direction is 

perpendicular to the surface of the Fe plate. The z-axis is oriented in the [0 0 1] lattice direction, and the 

three axes are orthogonal to one other and conform to the right-hand rule. In the model, periodic boundary 

conditions are imposed along the x-axis and the z-axis, while nonperiodic and shrink-wrapped boundary 

conditions are imposed along the y-axis. Asperity-asperity shear involves severe elastoplastic 

deformation, which can easily lead to crystal defects. Compared with the Lennard-Jones (LJ) potential 

and the Morse potential, the Finnis-Sinclair (FS) embedded-atom method (EAM) multibody potential 

[19, 20] can better represent the energy and mechanical properties of solid Fe that contains defects. 

Therefore, this realistic potential is used to simulate the interaction between Fe atoms. The Newtonian 

equation of motion is solved by the Velocity-Verlet algorithm, and the accuracy of the solution depends 

on the value of the time step. In the simulation, the time step is 0.001 ps, which not only ensures the 

accuracy of the simulation but also improves the calculation efficiency. The simulation was carried out 

with the Larger-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) MD code. 
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Fig. 2 Three-dimensional MD model of asperity-asperity shear. 

 

2.2 Simulation Process 

The simulation process is divided into two stages, namely, the initialization stage and the sliding stage. 

In the initialization stage, the simulation system fully relaxes and equilibrates at 298 K to ensure that the 

system has a more reasonable initial configuration. Subsequently, the rigid upper base is slid along the 

x-axis at a speed of 0.2 ps/Å so that the upper moving asperity and the lower fixed asperity undergo 

sheared. A sliding speed of 0.2 ps/Å has been widely used in MD simulations of friction and wear [21-

24]. Junge [25, 26] and Vadgama [27] showed that the presence or absence of a thermostat in the 

simulation system has little effect on friction properties such as the tangential action and normal action. 

To facilitate the quantification of the frictional heat of the interface, the temperature of the system is not 

controlled during the sliding stage to satisfy the accuracy of the equation of energy balance: 

 Wsc(t)=∆Etot(t) (1) 

where Wsc(t) is the work done by the friction force during the shearing process of the asperities, and 

∆Etot(t) is the change in total energy in the simulation system. 

Due to the shearing between the asperities, energy flows into the simulation system according to the 

following equation: 

 Ein(t)=Wsc(t)=∫ F(τ)vdτt

0
 (2) 

where F(τ) is the friction force at time τ in the shearing process, and v is the sliding speed of the upper 

moving asperity. 

Work done by the friction force leads to an increase in the total energy of the system, and the equation 

is as follows: 

 ∆Etot(t)=∆Ekin(t)+∆Epot(t) (3) 

where ∆Ekin(t) is the change in kinetic energy, which is composed of the change in translational kinetic 

energy ∆Ekin,tra(t) and the change in thermal kinetic energy ∆Ekin,therm(t). The former does not affect 

the system's total energy [28, 29], and only ∆Ekin,therm(t) needs to be considered. ∆Epot(t) is the change 

in potential energy, which is composed of the change in thermal potential energy ∆Epot,therm(t) and the 

change in deformational potential energy ∆Epot,def(t). The former is caused by the change in atomic 

arrangement due to the temperature change, and the latter is related to the deformation of the asperities 

after the upper moving asperity passes over the lower fixed asperity. The latter is derived from the 
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physical sliding interaction of the asperities, which is an index used to measure the degree of deformation 

of the asperities after sliding friction. 

Notably, the simulation system does not use a thermostat to dissipate the excess energy in the form of 

heat, so the energy flowing in due to work done by the friction force is stored in the system in the form 

of kinetic energy and potential energy. In other words, the heat generated by friction is closely related to 

the increases in the thermal kinetic energy and thermal potential energy [26, 30, 31]. Therefore, to analyze 

the thermal effect of interfacial friction, the relationship between the work done by the friction force, 

thermal kinetic energy, thermal potential energy, and deformational potential energy should be clarified. 

 

2.3 Simulation Variables 

The influence of two simulation variables, the indentation depth and the lattice orientation, on the friction 

force, temperature, and energy of the asperity was analyzed. The definitions of indentation depth and 

lattice orientation are shown in Fig. 3, where γ is the indentation depth, the distance between the bottom 

of the upper moving asperity and the top of the lower fixed asperity. θ is the rotation angle of the bcc 

lattice around the z-axis. The values of the simulation variables under each working condition are listed 

in Table 1. For the indentation depth, the values are 0.00R, 0.02R, 0.04R, 0.06R, 0.08R, 0.10R, and 0.12R, 

respectively, where R is the radius of the asperity. When friction occurs at the contact interface, the 

indentation depths mentioned above are similar to the interference range of a single asperity on a rough 

contact surface [32]. For the lattice orientation, θ is 0°, 9°, 18°, 27°, 36°, and 45°. There are seven 

indentation depths at each working condition. In this study, a total of forty-two simulations of asperity-

asperity shear were carried out. 

 
Fig. 3 Definitions of indentation depth and lattice orientation. (a) Indentation depth. (b) Lattice 

orientation. 

Table 1 Values of the simulation variables 

               Simulation variables 

Working conditions 
Lattice orientation Indentation depth (Å) 

Ⅰ [1 0 0], [0 1 0], [0 0 1] 0.00R-0.12R 

Ⅱ [10 63 0], [63��� 10 0], [0 0 1] 0.00R-0.12R 

Ⅲ [10 31 0], [31��� 10 0], [0 0 1] 0.00R-0.12R 

Ⅳ [1 2 0], [2� 1 0], [0 0 1] 0.00R-0.12R 

Ⅴ [5 7 0], [7� 5 0], [0 0 1] 0.00R-0.12R 

Ⅵ [1 1 0], [1� 1 0], [0 0 1] 0.00R-0.12R 
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3 Results and Analysis 

3.1 Friction Characteristics 

The thermal effects of interfacial friction directly affect the elastic modulus, hardness, tensile strength, 

and other physical parameters of materials, thereby indirectly affecting the friction characteristics of the 

frictional pair [1, 33]. Therefore, friction characteristics are inseparable from the thermal effect of 

interfacial friction. In the shearing process of asperities, the tangential force (friction force) and the 

normal force can be obtained by the following equation [27]: 

 F�t/n=
1

N
∑ Ft/n(ti)
N

i=1  (4) 

where Ft(ti) and Fn(ti) are the tangential reaction force and the normal reaction force of the rigid lower 

base at time ti, respectively. N is the number of times that the reaction forces were evaluated during the 

shearing process of the asperities. In this study, the reaction forces of the asperities were counted every 

500 time steps. 

To facilitate the observation and analysis of the change in friction force during the shearing process, 

the friction force as a function of the normalized sliding distance (x/R) under some working conditions 

is shown in Fig. 4, where x is the sliding distance of the upper moving asperity. When the upper moving 

asperity approaches and contacts the lower fixed asperity, the number of atoms in contact increases, and 

the friction resistance of the upper moving asperity gradually increases from zero. As the indentation 

depth increases, the time when the upper and lower asperities begin to make contact gradually advances, 

which is reflected in the normalized sliding distance corresponding to the beginning of contact between 

the asperities at the four indentation depths in Fig. 4; their values are approximately 0.75, 0.5, 0.375, and 

0.25. When the normalized sliding distance is approximately 1.0, the line connecting the centers of the 

spheres in the upper and lower asperities is nearly parallel to the y-axis, and the friction force at each 

indentation depth reaches the maximum. After that, as the upper moving asperity continues to slide and 

passes the lower fixed asperity, the lattice deformation exceeds its limit, causing the lattice atoms to 

reposition themselves. The pressure in the deformed lattice is released due to the repositioning of the 

atoms, which is reflected in the slow decline of the friction force from the highest value until it reaches 

zero. In addition, it can be seen intuitively from Fig. 4 that at each indentation depth, the friction force is 

smaller when the crystal is rotated by 45° around the z-axis than when the crystal is rotated by 0° around 

the z-axis, and the sliding distance required for the two asperities to finish the contact is shortened. 

Notably, violent thermal motion of the atoms of the asperity was generated due to heat produced by 

friction, and the position coordinates and force states of the atoms were constantly changing, causing the 

friction force to fluctuate during the shearing process. 
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Fig. 4 Friction force as a function of x/R under some working conditions. (a) Indentation depth is 

0.00R. (b) Indentation depth is 0.04R. (c) Indentation depth is 0.08R. (d) Indentation depth is 0.12R. 

 

The atomic stress (Von Mises) of the asperities under some working conditions is shown in Fig. 5. It 

can be seen from Fig. 5(b) and Fig. 5(e) that the phenomenon of stress concentration indicated by the 

arrow appears in the contact area during the contact process, and the maximum atomic stress reaches 46 

GPa, which is consistent with the conclusion obtained by Zheng [34]. However, because the contact 

interface was filled with alkane molecules that provided lubrication, the maximum atomic stress in 

Zheng's experiment was 40 GPa. In addition to the asperity-asperity shear, similar phenomena, such as 

indentation, cracking, and bending, were also observed in MD simulations [35-37]. After contact, the 

elastic deformation of the contact area of the asperities can be restored. Nevertheless, the results showed 

that unrecoverable plastic deformation remained due to the shearing, and the contact interface was worn 

and accompanied by the loss of some atoms from the asperity. Compared with Fig. 5(c), the degree of 

plastic deformation and the number of atoms lost from the asperity in Fig. 5(f) are both lower; the number 

of atoms lost from the upper moving asperity are 122 and 42, respectively. 

 

Fig. 5 Atomic stress (Von Mises) of asperities under some working conditions. (a) The indentation depth 

is 0.00R, and the lattice orientation is 0° before contact. (b) The indentation depth is 0.00R, and the lattice 

orientation is 0° during contact. (c) The indentation depth is 0.00R, and the lattice orientation is 0° after 

contact. (d) The indentation depth is 0.00R, and the lattice orientation is 45° before contact. (e) The 

indentation depth is 0.00R, and the lattice orientation is 45° during contact. (f) The indentation depth is 
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0.00R, and the lattice orientation is 45° after contact. 

 

The friction force as a function of θ at different indentation depths is shown in Fig. 6. It can be seen 

from Fig. 6 that except for the indentation depth of 0.12R, as the rotation angle of the crystal increases, 

the friction force first increases and then decreases. The maximum friction force occurs in the working 

conditions with a rotation angle of 9° or 18°. For any rotation angle of the crystal, the friction resistance 

of the asperity increases with the indentation depth, which is consistent with the conclusions obtained by 

Zhu and Pham [38, 39]. The reason for the above relationship is that the friction force is the sum of the 

resistances produced by the adhesion effect and the plowing effect [40, 41]. When the indentation depth 

is greater, more atoms are in contact between the upper moving asperity and the lower fixed asperity, and 

the upper moving asperity needs to overcome stronger adhesion and displace more atoms during plowing. 

For the seven indentation depths studied in this article, compared with the working condition with a 

rotation angle of 0°, the friction force of the crystal structure with a rotation angle of 45° is reduced by 

34.12%, 40.82%, 62.71%, 73.01%, 67.23, 52.52%, and 36.91%. The friction force of the crystal structure 

with a rotation angle of 45° has an average decrease of 52.47%, and the anti-friction effect is more 

significant than that of other rotation angles. The reason is that when the rotation angle of the crystal is 

45°, the sliding surface (1 1 0) is parallel to the direction of movement of the asperity, so the asperity is 

subject to less friction resistance [42], which is similar to the conclusions obtained by Sorensen [43] and 

Zhong [29]. 

 

Fig. 6 Friction force as a function of θ at different indentation depths. 

 

3.2 Temperature Changes 

The most direct impact of the thermal effect of interfacial friction is increasing the temperature of the 

frictional pair [44]. The average temperature of the simulation system after contact as a function of θ at 

different indentation depths is shown in Fig. 7. On the whole, as the rotation angle of the crystal increases, 

the average temperature of the simulation system after contact first increases and then decreases. The 

maximum also appears in the working conditions with a rotation angle of 9° or 18°, consistent with the 

change in the friction force in Fig. 6. For any rotation angle of the crystal, the average temperature of the 

simulation system after contact increases with the indentation depth. In other words, the indentation depth 

is positively correlated with the average temperature. At present, research on the thermal effect of 

interfacial friction rarely analyzes the relationship between indentation depth and average temperature. 
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Instead, present research only analyzes the influence of sliding speed on average temperature, showing 

that sliding speed and average temperature are positively correlated [16, 45]. For the seven indentation 

depths modeled in this article, compared with working conditions with a rotation angle of 0°, the average 

temperature of the crystal structure with a rotation angle of 45° after contact is reduced by 10.03%, 

13.75%, 33.02%, 43.10%, 45.90%, 37.93%, and 32.63%. The average temperature of the crystal structure 

with a rotation angle of 45° has an average decrease of 30.91%, and the average reduction is larger than 

that of other rotation angles. The above analysis showed that the crystal structure with a rotation angle 

of 45° is conducive to reducing the thermal effect of interfacial friction, thereby reducing the temperature 

of the frictional pair. 

 

Fig. 7 Average temperature of the simulation system after contact as a function of θ at different 

indentation depths. 

 

Although the average temperature of the simulation system reflects the strength of the thermal effect 

of interfacial friction, it cannot explain the temperature distribution of the asperities during the contact 

process. Therefore, to study the temperature distribution of asperities in the shearing process, the 

simulation system was divided into 12 layers, from bottom to top, along the y-axis. A single asperity is 

divided into 5 layers, and the temperature of each layer is calculated every 100,000 time steps. The 

temperature as a function of the layer number under some working conditions is shown in Fig. 8, where 

the 0th and 12th layers represent the rigid lower base and rigid upper base, respectively. Because the 

rigid lower base imposes fixed constraints, and the rigid upper base only performs rigid translational 

motion, the temperatures of the 0th and 12th layers were zero, according to the relationship between the 

sum of the kinetic energy of atomic motion and the thermodynamic temperature [33]. The temperature 

of the asperities in each working condition increases with the normalized sliding distance, which was 

also concluded by Lin and Chen [16, 17]. In general, the temperature of the 6th or 7th layer before the 

completion of contact, that is, the temperature in the direct contact area of the asperities before the 

completion of contact, is slightly higher than that at other positions. After contact, the temperature of 

each layer of the asperity tends to be the same. When the indentation depth is 0.00R, the crystal structure 

with rotation angles of 0° and 45° has temperature increments of 56.61 K and 37.09 K, respectively, and 

the difference in temperature increments is 19.52 K. When the indentation depth is 0.12R, the crystal 

structure with rotation angles of 0° and 45° has temperature increments of 405.56 K and 222.48 K, 

respectively, and the difference in temperature increments is 183.08 K. The above results showed that 
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the difference in the temperature increment increases significantly with the indentation depth. The 

temperature increment when the crystal is rotated by 45° around the z-axis is smaller than that when the 

crystal is rotated by 0° around the z-axis., again proving that the crystal structure with a rotation angle of 

45° is conducive to reducing the thermal effect of interfacial friction. 

 

 

Fig.8 Temperature as a function of the layer number under some working conditions. (a) The indentation 

depth is 0.00R, and the lattice orientation is 0°. (b) The indentation depth is 0.00R, and the lattice 

orientation is 45°. (c) The indentation depth is 0.12R, and the lattice orientation is 0°. (d) The indentation 

depth is 0.12R, and the lattice orientation is 45°. 

 

3.3 Energy Changes 

The thermal effect of interfacial friction is a very complex process of energy conversion. When two 

metals are in contact with each other and strong local shear occurs on the surface, the mechanical energy 

is converted into heat energy by friction. As mentioned earlier, the heat generated by friction is closely 

related to the increases in the thermal kinetic energy and thermal potential energy. Therefore, this section 

analyzes the relationship between the work done by the friction force, thermal kinetic energy, thermal 

potential energy, and deformational potential energy. To obtain the change in thermal potential energy 

caused by the temperature change [25, 26], the simulation system is relaxed at 0 K and stabilized at 

different temperatures. During this process, the upper moving asperity does not slide to prevent the 

asperities from contacting each other. The equation of thermal potential energy as a function of 

temperature is obtained by polynomial fitting. Combined with Eq. (3), the change in the deformational 

potential energy caused by physical sliding interaction can also be obtained. 

The energy changes as a function of x/R under some working conditions are shown in Fig. 9. It can be 
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seen from Fig. 9 that when the upper moving asperity gradually approaches and contacts the lower fixed 

asperity, external energy flows into the simulation system due to the work done by the friction force, as 

shown by the upward trend in the graph of the change in total energy. At the same time, heat is generated 

in the friction process, so the graphs of the changes in thermal kinetic and thermal potential energy also 

show an upward trend, and the change in the thermal potential energy is slightly larger than the change 

in the thermal kinetic energy. For working conditions (a) and (b) in Fig. 9, the sum of the change in the 

thermal kinetic energy and the change in the thermal potential energy are 917.26 eV and 619.35 eV, 

respectively, and the difference between the two is 297.91 eV, indicating that the thermal effect of 

interfacial friction is weaker when the rotation angle of the crystal is 45° than 0°. The working conditions 

(c) and (d) in Fig. 9 also reflect the same relationship, and the degree of weakening of the thermal effect 

is more significant when the indentation depth is 0.12R. The sum of the change in the thermal kinetic 

energy and the change in the thermal potential energy are 6528.95 eV and 3560.37 eV, respectively, and 

the difference between the two is 2968.58 eV. Combining the calculation results in Section 3.1 shows 

that for any indentation depth, the friction force is smaller when the crystal is rotated by 45° around the 

z-axis than when the crystal is rotated by 0° around the z-axis. Therefore, under the same sliding distance, 

the crystal structure with a rotation angle of 45° has a smaller change in total energy due to work done 

by the friction force, and the sum of the change in the thermal kinetic energy and the change in the 

thermal potential energy is also smaller. 

 

 

Fig.9 Energy changes as a function of x/R under some working conditions. (a) The indentation depth is 

0.00R, and the lattice orientation is 0°. (b) The indentation depth is 0.00R, and the lattice orientation is 

45°. (c) The indentation depth is 0.12R, and the lattice orientation is 0°. (d) The indentation depth is 

0.12R, and the lattice orientation is 45°. 
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The sum of the change in the thermal kinetic energy and the change in the thermal potential energy as 

a function of θ at different indentation depths is shown in Fig. 10. In general, as the rotation angle of 

the crystal increases, the sum of the change in the thermal kinetic energy and the change in the thermal 

potential energy first increases and then decreases, which is consistent with the trend in the friction force 

in Fig. 6 and the trend in the average temperature in Fig. 7. For any rotation angle of the crystal, the sum 

of the change in the thermal kinetic energy and the change in the thermal potential energy increases with 

the indentation depth, which is consistent with the conclusion obtained by Junge [26]. For the seven 

indentation depths used in this article, compared with the working condition with a rotation angle of 0°, 

the sum of the change in the thermal kinetic energy and the change in the thermal potential energy of the 

crystal structure with a rotation angle of 45° is reduced by 32.63%, 63.73%, 61.80%, 69.66%, 66.74%, 

57.52%, and 45.17%. The sum of the change in the thermal kinetic energy and the change in the thermal 

potential energy of the crystal structure with a rotation angle of 45° has an average drop of 56.75%, and 

the average reduction is larger than that of other rotation angles. Combining the calculation results in 

Section 3.1 and Section 3.2 shows that for the contact pair of asperities on the rough surfaces, as shown 

in Fig. 2(c), the crystal structure with a rotation angle of 45° (within a reasonable interference range) not 

only reduces the friction resistance and plastic deformation of the frictional pair but also reduces the 

temperature increase and heat generated by the thermal effect of interfacial friction. 

 

Fig. 10 Sum of the change in the thermal kinetic energy and the change in the thermal potential energy 

as a function of θ at different indentation depths. 

 

4 Conclusions 

In this study, a microscopic contact model of a rough surface with a single peak was established using 

MD simulations. By changing the indentation depth and the lattice orientation, the mechanism of the 

thermal effect during the shearing process of asperities was qualitatively and quantitatively revealed from 

the perspective of temperature and energy, and the relationship among the friction force, temperature, 

and energy at the atomic scale was systematically clarified. The main conclusions are as follows: 

(1) During the shearing process, the temperature of the asperities gradually increased, and violent 

thermal motion of the atoms was generated due to the heat produced by friction. There was a stress 

concentration in the shearing zone. 

(2) As the number of contact atoms increased and the pressure in the deformed lattice released, the 

friction force first increased and then decreased. When the indentation depth is greater, the adhesion and 
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plowing effects are stronger, increasing the friction force. After contact, unrecoverable plastic 

deformation of the asperities was generated due to shearing. The contact interface was worn and 

accompanied by the loss of atoms from the asperity. 

(3) At each indentation depth, as the rotation angle of the crystal increased, the friction force, average 

temperature, and the sum of the changes in thermal kinetic and thermal potential energy all first increased 

and then decreased; the trends of the three parameters changing with the rotation angle of the crystal 

were consistent. Compared with other rotation angles of the crystal, when the rotation angle is 9° or 18°, 

the friction force, average temperature, and the sum of the changes in thermal kinetic and thermal 

potential energy all reach their maximum values, and the thermal effect of interfacial friction is 

significant. Therefore, the design of such frictional pairs should be avoided. 

(4) Compared with the working condition with a rotation angle of 0°, since the sliding surface of the 

crystal structure with a rotation angle of 45° is parallel to the direction of movement, the average 

reductions in friction force, average temperature, and the sum of the changes in thermal kinetic and 

thermal potential energy are 52.47%, 30.91%, and 56.75%, respectively, which dramatically decreases 

the friction resistance and plastic deformation of the frictional pair and reduces the temperature increase 

and heat generated by the thermal effect of interfacial friction. 
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