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In this work, the tribological, mechanical and thermal properties of graphene (Gr)-based 3C-SiC nanocomposite
as a metal-free friction material were first studied by using molecular dynamics (MD) simulations. In tribological
properties, the frictional force, normal force, effective coefficient of friction and wear rate were investigated. The
effects of scratching depth, temperature, scratching velocity and the number of Gr layers in the composite to the
friction process were considered. Young’s modulus, ultimate tensile stress (UTS) and failure strain in the me-
chanical properties, and thermal conductivity in the thermal property were also included to understand the
tribological performances of the composite. The interfacial interaction energy was evaluated to characterize the
effect of interface on material properties. The validations were performed on some representative results. In the
simulation results with the selected configurations which are listed in the subsequent content, the nanocomposite
showed the lowest wear rate with an appreciable coefficient of friction at the scratching depth of 10 A.10 m/s
was the optimal scratching speed to maintain the best wear performance. A temperature of 300 K yielded the
highest coefficient of friction and the lowest wear rate. The model with three Gr layers showed a relatively high
coefficient of friction and a relatively low wear rate. The model with five Gr layers stacked in 3C-SiC exhibited
the best mechanical performance. The nanowire model with two Gr layers showed a higher thermal conductivity.
The research findings will provide guidance in design and manufacturing of Gr/3C-SiC friction materials. The

study will also help understand the effect of Gr as a potential reinforcement for metal-free friction materials.

1. Introduction

The friction materials used for brake systems are very important in
many areas such as the automotive and aerospace industries. Tradi-
tionally, brake pads and discs are made of metals or alloys because of
their superior thermal properties. They have the ability to withstand and
dissipate heat quickly in brake systems. Besides, their high strength and
modulus create high resistance to large pressure and friction. However,
due to the negative impact of metal ingredients on the environment,
semi-metallic friction materials have been widely used. Meanwhile, the
use of semi-metallic material does not adequately minimize the effect of
metals on the environment. This has prompted researchers to switch to
environmentally friendly, metal-free compositions in brake pad and
clutch applications. However, the absence of metal compositions can
make the friction material more susceptible to heat, leading to short
service life of the friction materials. In an automotive brake system,
there is a common phenomenon called thermal-mechanical instabilities
(TMI), which may cover thermal-elastic instabilities (TEI), thermal
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buckling, dynamic instabilities as well as their couplings. The phe-
nomenon can generate hot spots and excessive thermal stresses to cause
structural instability, resulting in acceleration of material failure. In
order to extend the service life while maintaining the effective perfor-
mance of metal-free friction material, a good thermal stability, high
strength and high wear resistance will be necessary.

A significant amount of prior studies on metal-free friction materials
have been. As a typical non-metal friction material, SiC has been proven
to possess high thermal stability and hardness with excellent tribological
performance [1]. Zhou et al. performed an experiment to investigate the
tribological properties of SiC and the effect of the addition of graphite on
the micro scale [2]. Liu et al. added nano-SiO2 in NBR through MD and
found that nano-SiO2 can reduce the possibility of collision and the
temperature at the friction interface, which then reduces the interfacial
friction stress and the potential wear of NBR [3].

More importantly, Gr can also be a useful reinforcement material due
to its excellent mechanical properties and thermal properties [4-6], and
therefore Gr has a huge prospect in the automotive industry [7].
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Although the Gr industry is still in the early stages with many challenges
to its applications, a substantial progress has been made with regard to
its mass production in the industry [8]. There are many works related to
the MD simulation for the mechanical properties of Gr/SiC composite in
the literature [9-11], and some researchers have also studied the ther-
mal conductance between SiC and Gr [12-14]. For example, Llorente
et al. [15] investigated the tribological performance of Gr/SiC com-
posites under dry sliding in the laboratory and found that the wear
resistance of SiC was improved significantly by creating a wear pro-
tecting Gr-based tribo-film from the Gr fillers. However, the friction
simulation of Gr/SiC nanocomposite using MD has not been discussed in
depth. 3C-SiC, also called B-SiC, is one of the SiC polytypes with zinc
blende cubic crystal structure. Because of its low thermal expansion,
excellent corrosion resistance, relatively high modulus, good resistance
to high temperature and high pressure [16], 3C-SiC is a promising ma-
terial for metal-free friction material. In addition, Gr has fascinating
mechanical and thermal properties such as high Young’s modulus,
thermal conductivity, flexibility and hardness, and therefore Gr is also a
superior reinforcement material [17]. In general, Gr can interact with
SiC surfaces by either Van der Waals (VdWs) force or covalent bonds
[18]. The strong bonding between SiC and Gr is of interest in recent
years because it responds differently from the ones with weak in-
teractions. However, it remains a challenge to produce covalently
bonded interactions between SiC and Gr in manufacturing. Some com-
mon methods to prepare the covalently bonded Gr/SiC composite are
through epitaxial growth [18] or microwave plasma chemical vapor
deposition (CVD) [19]. There is also a new technology of synthesizing
Gr/SiC composites, which is helicon wave plasma CVD invented by Chen
et al [20]. Filleter et al. [21] used a method called thermal decompo-
sition synthesis to grow single and bilayer Gr films on the Si-terminated
(0001). They showed that the underlying interface layer has a very
similar structure to Gr, and the transition from atomic stick-slip friction
to a regime of ultralow friction with certain normal load and tip-sample
interaction potential. In this research, a Gr/3C-SiC nanocomposite
model with covalent bonds in-between is constructed by using non-
reactive classical MD simulation at the nanoscale to evaluate its poten-
tial use as friction material and provide data on finding good candidates
for making metal-free friction materials. The structure of the nano-
composite is basically a laminate with two to four Gr sheets stacking
separately in the bulk 3C-SiC. The laminate structure, which usually has
a high strength-to-weight ratio [22], may improve the strength, stabil-
ity, and other properties. A compressed Gr laminate could also have a
higher thermal conductivity [23]. Moreover, it was reported that
forming the covalent bonds between Gr flakes could considerably
enhance the thermal conductivity of laminates [24]. In this work, co-
efficient of friction, wear behavior, Young’s modulus, tensile strength,
and thermal conductivity of the covalent bonding Gr/3C-SiC nano-
composite laminate under various circumstances were studied for the
first time. The spatial von-Mises stress distribution and temperature
distribution of the workpiece in a scratching simulation were discussed.
The effect of the scratching depth, scratching speed, temperature, in-
ternal stress, number of Gr layers on the tribological performance, the
effect of the number of Gr layers on the mechanical performance, and
effect of the length of the model, the number of Gr layers on the thermal
conductivity of the Gr/3C-SiC nanocomposite laminate were the main
objective to study in this work. We believe the present work will be
valuable in studying the potential use of covalent bonding Gr/3C-SiC
composite laminate in practical applications related to the automotive
industry by providing in-depth knowledge and guidance for the use of
metal-free friction materials.

2. Simulation models and methods
2.1. Tribological properties of Gr/3C-SiC nanocomposite

In the evaluation of tribological properties, a block Gr/3C-SiC
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nanocomposite laminate model is developed with a spherical diamond
tool scratching on the surface of the laminate. The spherical diamond
tool has the tendency to deform any material softer than it while
imitating the asperity on the friction surface at the nanoscale. Basically,
there are three different scenarios corresponding to the number of Gr in
the model with a single layer, two layers, and three layers within the
body of SiC, respectively. One of the schematics of the model is shown in
Fig. 1.

The workpiece with the dimension of 240 x 150 x 77 (units: 10\)
contains a stack of armchair Gr layers within 3C-SiC bulk matrix. The
distance between adjacent Gr layers is about 17 A. In Fig. 1, the Si atoms
in the main laminate body are in yellow, the C atoms are in gray, and the
Gr atoms are in purple. Below the main body, there are two additional
SiC layers. One is 7 A in height with dark blue Si atoms and light green C
atoms as the thermostat layer to simulate the heat dissipation process
during friction. The other one is 5 A in height with red Si atoms and light
blue C atoms as the boundary layer to be immobilized to avoid the
movement of the workpiece during friction [25]. The hard spherical
indenter with a radius of 50 A is in diamond structures with the C atoms
in dark green. In the laminate model, the interactions between SiC and
Gr are set as covalent bonding. Moreover, to avoid the effect from the
different interfaces between the two phases on the material’s properties,
the surfaces of SiC in direct contact with Gr layers are all Si-terminated.
In this system, three types of potentials are used. Tersoff [26] potential is
implemented to describe the interactions inside SiC and the interactions
between SiC and Gr. Since the Gr layers are fully connected with SiC by
covalent bonds, there are no VdWs interactions between Gr layers;
Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) po-
tential [27] with a cut-off distance of 2 A [28] is utilized for the in-
teractions in Gr layer; The last one is Morse potential with a cut-off
distance of 10 A to represent the interactions between the indenter and
the workpiece [29]. Here, Tersoff potential computes the potential en-
ergy of a system of atoms in three-body interactions. AIREBO potential is
developed for the system containing the interactions of carbon and/or
hydrogen. It usually consists of three terms to evaluate the total
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Fig. 1. Simulation model of (a) Gr/3C-SiC nanocomposite with three layers Gr
and a diamond indenter and (b) the front view of Gr/3C-SiC nano-
composite laminate.
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potential energy E. (See Supplementary Eq. (A.1) and (A.2).).

In this work, a software tool called Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [30] is employed with the
visualization code Ovito to complete the simulation [31]. The velocity-
Verlet algorithm is implemented to integrate Newton’s equation of
motion [32]. Also, the time step in scratching simulation is set to 1 fs.
After the energy minimization of the structure, the temperature was
controlled by Nose-Hoover thermostat, and the pressure was controlled
by Nose-Hoover barostat. The workpiece was first relaxed under NVT
(constant number of atoms, volume, and temperature) ensemble at 300
K, then NPT (constant number of atoms, pressure, and temperature)
ensemble with 300 K and zero pressure was implemented to the simu-
lation in x- and y-direction. A constant downward velocity of 0.2 A/ps
was applied to the indenter under NVT ensemble until it indented at a
certain depth in the workpiece and keeps the position until the model
was fully relaxed. After that, the indenter moved horizontally with a
constant velocity along x-direction. (Scratching on (001) SiC surface at
[100] direction.) By changing the scratching depth, scratching speed,
temperature and the number of Gr layers, the influence of these factors
on tribological properties can be studied. The details of the simulation
are listed in Table 1.

For the Morse potential used in this simulation, the parameters
involved in the interactions between Si atoms and diamond atoms, and
between C atoms from SiC or Gr and diamond atoms are listed in
Table S1 [25]. It should be noted that the interactions between the atoms
in the indenter are ignored and the relative positions of those atoms are
fixed to ensure that the indenter is rigid. In scratching simulation, the
frictional force and normal force were calculated directly from the
command “fix setforce” provided by LAMMPS that can derive the
component forces along scratching direction and perpendicular to the
scratching direction on the indenter.

2.2. Mechanical properties of Gr/3C-SiC nanocomposite

The testing of mechanical properties such as elastic modulus and
tensile strength is critical to ensure that the composite is strong enough
to withstand failure during friction. The bulk model with the dimension
of 75a x 62a x 16a (a: lattice constant of SiC) is applied to examine the
elastic modulus of Gr/3C-SiC nanocomposite. One of the examples of the
corresponding model is depicted in Fig. 2. The periodic boundary con-
dition (PBC) is implemented in all three dimensions. The potentials
involved here are the same as the scratching simulation. The system is
first relaxed under NPT ensemble with 300 K after energy minimization.
Further, the model is deformed with a constant strain rate of 0.001 ps
in the x-direction to stretch the model until it fractures.

Since PBC is used in this case, the boundary effect caused by the finite
size of the model can be ignored. Five gap distances between adjacent Gr
layers: 10 }o\, 12 f\, 17 A, 21 Z\, and 34 A are selected to evaluate the
elastic modulus and UTS. Different gap distances at the micro level will
result in different total amounts of the stacking Gr layers within the SiC
at the macro level. It is also noted that with different number of Gr

Table 1
Configurations of the MD simulation for scratching of the laminate.

Configurations Details

Dimensions Workpiece: 240 x 150 x 77; distance between adjacent Gr

layers: 12, 17, 21; tool: 50 in radius (Unit: A)

Total number of 330,000
atoms
Boundary pPDPS
conditions
Time step 1fs
Temperature 300, 500, 700 K
Scratching speed 10, 20, 30, 40, 50, 60, 70, 80 m/s
Scratching depth 10, 20, 30 A
Scratching length 80 A
Potentials Tersoff, AIREBO, Morse
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Atom types
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Fig. 2. Gr/3C-SiC nanocomposite model with a gap distance of 17 A between
adjacent Gr layers for tensile test simulation.

layers, the length of the model in z-direction in the original box would be
different, but it will not affect the final result with PBC. The configu-
rations of the tensile loading simulation are exhibited in Table 2.

2.3. Thermal properties of Gr/3C-SiC nanocomposite

In LAMMPS, the treatment of the thermal conductivity can usually be
divided into two methods. The first method is equilibrium molecular
dynamics (EMD) evaluation based on the Green-Kubo formulism
[33,34], which utilizes the autocorrelation of spontaneous heat flux in
the equilibrium state. The second method is non-equilibrium molecular
dynamics (NEMD), which is based on the static heat flux in the non-
equilibrium state. In this study, NEMD method is implemented in the
Gr/3C-SiC nanowire system to calculate the thermal conductivity along
the x-direction with different lengths under 300 K. One of the models is
shown in Fig. 3.

The simulation model has the same height as the previous studies,
which is 65 A. The width of the model is also the same as its height. The
surface of the composite nanowire is set as C-terminated in this simu-
lation of thermal conductivity calculation. After energy minimization,
the system is first relaxed under NVT ensemble at 300 K to keep the
temperature of the model to be around 300 K. This step can dissipate the
potential energy of the system while keeping the initial volume of the
system unchanged. Then, NPT ensemble is implemented with zero
pressure in all three dimensions while keeping the temperature un-
changed. After the volume, temperature, and pressure become stable,
the simulation is run with NVE ensemble for 90 ps. Two thermostats are
applied to the nanowire model, one with 310 K at the position of % L, and
the other with 290 K at the position of % L shown in Fig. 3 (b). A heat flux
is then produced between the two thermostats. When the heat flux be-
comes stable, the average temperatures at different sections of the model
along the x-direction are recorded within 300 ps from the simulation. By
changing the length of the model in the x-direction, the thermal con-
ductivity in each case can be calculated. The number of Gr layers stacked
in SiC is also changed to evaluate its effect on the thermal conductivity.

Table 2

Configurations of the MD simulation for tensile loading of composite.
Configurations Details
Dimensions 327 x 270 x 69 (Unit: A)
Distance between adjacent Gr layers 10, 12, 17, 21, 34 (Unit: A)
Total number of atoms 620,000
Boundary conditions PPP
Time step 1fs
Temperature 300 K

Potentials
Strain rate

Tersoff, AIREBO
0.001 ps~!
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Z
(b) Heat Heat
Z
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Fig. 3. Simulation model of Gr/3C-SiC nanowire with 3 Gr layers and a length of 400 A along the x-axis.
scratching depth: 20 A, scratching speed: 20 m/s, temperature: 300 K,
Zab}; 3 " P | conductivity of it number of Gr layers: 3.

ontigurations of the simulation for thermal conductivity of composite. Fig. 4 (a) shows the variations of both frictional force and normal
Configurations Details force with scratching distance. At the beginning of the scratching, the
Dimensions 200 (400, 500, 800, 1000) x 65 x 65 (Unit: A) normal force is at its largest magnitude, because the indenter has already
Number of Gr layers 2,34 indented into the workpiece at the end of the indentation process before
Boundary conditions ppp scratching. There is no frictional force at first since the indenter has not
Time step 0.3 fs d hori 1lv. Wh he ind h 1
Temperature 300 K yet move orl'zonta y. When the indenter starts to move, the norma
Potentials Tersoff, AIREBO force drops rapidly from its highest value, because the rear part of the

Table 3 lists the configurations of the simulation.

The thermal conductivities of pure 3C-SiC with the same sizes and
system configurations are calculated. A comparison is then made be-
tween the thermal conductivity of Gr/3C-SiC nanocomposite and pure
3C-SiC. Moreover, the number of the stacked Gr layers in SiC is also
considered since it could impact the thermal conductivity as it brings
different number of interfaces into the laminate [35].

3. Simulation results and discussions
3.1. Tribological properties of Gr/3C-SiC nanocomposite
The frictional force, normal force, and corresponding coefficient of

friction with scratching distance from one of the scratching simulations
is shown in Fig. 4. The following default configuration were used:

indenter is separated from the workpiece and the total contact area
decreases. Compared to the initial status, only half of the indenter gets
contact with the workpiece, which will reduce the normal force. On the
other hand, the frictional force increases very quickly as the indenter
experiences more resistance from the workpiece along the scratching
direction. This causes the coefficient of friction to increase as shown in
Fig. 4 (b). After a while, both frictional force and normal force tend to
remain stable with small fluctuations when the indenter displacement
reaches 20 A due to the thermal motion of the atoms and the movement
of the dislocations that may exist in the material [25]. In order to
simplify the calculation, the frictional force and normal force are aver-
aged when their values can be considered unchanged. The effective
coefficient of friction y, is then calculated by using Amontons-Cou-
lomb’s law [36] shown in Eq. (1) based on the ratio of the averaged
frictional force F to the averaged normal force N.

N @



Y. Zhang et al.

7000
6000
~5000 F
Z

4000
S3000
(]

2000
1000

0 1 L 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Scratching distance (A)

—Frictional force (a)
——Normal force

Computational Materials Science 218 (2023) 111973

0.8
(b)
06 |
04 |

0.2

Coefficient of friction

O 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Scratching distance (A)

Fig. 4. Profiles of (a) frictional force, normal force, and (b) coefficient of friction versus scratching distance.

The insertion of the Gr layers in 3C-SiC brings interfaces between Gr
and 3C-SiC, which can play an important role in the tribological, me-
chanical, and thermal properties of the nanocomposite laminate. As
mentioned before, the interaction between Gr layer and SiC can be
either strong or weak. And usually, it is easier to form weak interactions,
which is led by VdWs force. Therefore, it is worth comparing covalent
bonding interactions and weak interactions and examining the stability
of the interface. We used pure bulk 3C-SiC, pure single layer Gr, and
mixed nanocomposite, all with the same sizes as the model implemented
in the simulation of scratching. The sample 3C-SiC is just the same as one
of the pieces of 3C-SiC between two adjacent Gr layers shown in Fig. 1,
which has a dimension of 240 x 150 x 13 (unit: i\). The single layer Gr
has a dimension of 240 x 150 (unit: f\). The mixed nanocomposite is the
combination of two 3C-SiC pieces with one Gr layer stacked in the
middle. For the case with weak interactions, Lennard-Jones (LJ) po-
tential was employed. (See Supplementary Table S2 for parameters of LJ
potential [37].) With these values being derived, the interfacial energy
per unit area, Einterface, can be calculated using the following equation
[38].

Enix — (2Esic + Ear)

Einertace = T (2)

In the equation, Eg;, is the potential energy of the single piece of 3C-
SiC prior to mixing, Eg, is the potential energy of the single layer Gr prior
to mixing, Enix is the potential energy of the mixed nanocomposite, and
A represents the area of the interface between 3C-SiC and Gr. The po-
tential energy for each model and the final calculated interfacial energy
per unit area are listed in Table 4 and Table 5, respectively.

From Table 4 and Table 5, the interfacial energy per unit area for
both with covalent bonding and VdWs interactions are negative, which
indicates they can form stable interfaces between Gr and SiC. But the
magnitude with covalent bonding or strong interactions is much larger
than that with VdWs interactions. That means the stability of the
interface in the former case is better than the latter case. And it may
result in better material properties when the interfacial energy is lower
[38].

3.1.1. Effect of scratching depth
The scratching depths of the indenter with 10 A, 20 ;\, and 30 A with
other configurations fixed (scratching speed of 20 m/s, temperature of

Table 4
Potential energy for different models.

Energy Value (1072 J)
Egic —0.452

Eg: —-0.159

Eix with covalent interactions —1.16

Enix with VdWs interactions —1.07

Table 5
Interfacial energy with different interaction types.

Interaction type Interfacial energy per unit area (J/m?)

—13.16
-0.41

Covalent interactions
VdWs interactions

300 K, and 3 Gr layers) are taken into account to study its effect on the
tribological properties. The surface topography and the profile in the
front view of the workpiece with three different scratching depths can be
seen in Fig. 5.

Apparently, in Fig. 5, with a larger scratching depth, more defor-
mation takes place in the contact area and more worn atoms are pro-
duced on the top of the workpiece. This is mainly because the contact
area between the indenter and the workpiece in both transverse and
normal directions increases with the scratching depth, which would lead
to higher frictional forces and normal forces shown in the following
discussion. This results in more deformation on workpiece and generates
more wear in the front of the indenter. Table 6 shows the averaged
frictional force, averaged normal force, and effective coefficient of
friction of both Gr/3C-SiC nanocomposite and perfect single crystal 3C-
SiC with the same size.

From Table 6, it can be found that for the Gr/3C-SiC nanocomposite
and the 3C-SiC models, both frictional force and normal force become

Height (A)
93.00

[100]

(@)

12.22
Height (A
5 [00] MR
12.82
Height (A
J00  FeERy
12.77

Fig. 5. Surface topography and profile in the front view of the workpiece with
scratching depth of (a) 10 A (b) 20 A, and (c) 30 A.
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Table 6

Averaged forces and coefficient of friction of Gr/3C-SiC nanocomposite and 3C-SiC.

Computational Materials Science 218 (2023) 111973

Model Scratching depth A) Averaged frictional force (nN) Averaged normal force (nN) Effective coefficient of friction
Gr/3C-SiC nanocomposite 10 1085.43 1957.03 0.55
20 2321.20 4286.66 0.54
30 4156.16 5699.26 0.73
3C-SiC 10 1465.26 2747.47 0.53
20 2787.90 4680.54 0.60
30 4225.21 6164.68 0.69
larger with deeper scratching depth. For pure SiC, the coefficient of
friction increases with the increase of scratching depth, because the x 103 - - - Scratching depth 10 A ;
frictional force grows faster than the normal force. Although for Gr/3C- ©6 | ——Scratching depth 20 ) '/.
SiC nal}ocomposue the ecoefﬁc1ent of friction was smaller wl}ep tk.1e °$ — G Cratching depth 30 A 4
scratching depth was 20 A compared to the case when it was 10 A, it still g /
showed an increasing trend with a larger scratching depth. This is due to 3 ya
the frictional force increasing slowlyothan the(:’ normal force when the 4 | /'
scratching depth increases from °10 A to 20 A. Meanwhile, when the g :
scratching depth increased to 30 A, the growth speeds for the two forces B
are reversed. The coefficient of friction of the laminate is similar %
compared to that of the SiC with the scratching depth of 10 Aand 20 A, g 2t
but it becomes higher than that of SiC with the scratching depth of 30 A. =
Compared to SiC under the same scratching depth, Gr/3C-SiC nano- §
composite experiences smaller frictional force and normal force. The
lubrication characteristics exhibited by Gr layers could explain the 0
reason why the indenter experienced resistance which was accompanied 0 10 20 30 40 50 60 70 80 90

by shear on the workpiece [39]. On the other hand, the fact that Gr layer
can be easily deformed in the out-of-plane direction could help the
indenter press into the workpiece with a smaller normal force. The
trends represented in Table 6 are very similar to the result in the liter-
ature [25] regardless of the different configurations of the workpiece
used, which testifies that the result here is valid.

By analyzing the amount of the worn atoms produced during the
whole friction process, the wear rate of both the laminate and the SiC
can be evaluated. It can also be verified that the volume of the worn
atoms has a linear relationship with the scratching distance as described
by the Archard wear equation [40].

v _ KFL ©)

Where V is the total volume of worn atoms produced; K is a dimen-
sionless constant, which can be also called wear coefficient. F is the total
normal force; L is the sliding distance and H is the hardness of the softest
contacting surfaces. In this simulation, the volume of the atoms of the
worn atoms was computed through Voronoi Tessellation method pro-
vided by LAMMPS [41,42]. the wear rate can be handled by using the
ratio of Vand L, which is the volume loss per unit sliding distance. As the
hard indenter scratches the workpiece, wear debris is produced and
piled up in front of the indenter as shown in Fig. 5. However, the volume
of the wear debris or worn atoms varies with the threshold height
defined above the top surface of the laminate. A higher threshold would
certainly result in a smaller volume of worn atoms, but it will not affect
the results from the wear. Here, half of the lattice constant of 3C-SiC is
selected (about 2.18 i\) as the threshold height. The curves of the volume
of worn atoms produced with the scratching distance at various
scratching depths are shown in Fig. 6.

From Fig. 6, it follows that before scratching distance reached 8 10\,
there was almost no worn atoms generated for all the three varied
depths. Further, as the indenter keeps scratching on the surface of the
workpiece, the volume of worn atoms increases linearly, which validates
the Archard wear equation. The wear rate of the material was calculated
using the total volume of the worn atoms divided by the total scratching
distance. The comparison between the Gr/3C-SiC nanocomposite and
the pure 3C-SiC on wear rate is exhibited in Table 7.

Clearly, in both models, a larger scratching depth would cause a

Scratching distance (A)

Fig. 6. Volume of worn atoms versus scratching distance with various
scratching depth.

Table 7
Wear rate of Gr/3C-SiC nanocomposite and pure 3C-SiC with various scratching
depth.

Model Scratching depth A) Wear rate (nm®/nm)
Gr/3C-SiC nanocomposite 10 6.53

20 28.06

30 82.06
3C-SiC 10 15.43

20 54.69

30 121

higher wear rate. Also, considering the scratching depth, the SiC with
stacking Gr layers generates fewer worn atoms. The reduction rate of the
wear rate is about 57.68 %, 48.69 %, and 32.18 % for the scratching
depth of 10 A, 20 A, and 30 A between two materials, respectively.
Again, this is mainly due to the lubrication of the Gr layers inside the
workpiece [39], which can significantly improve the wear resistance of
the material.

During the scratching process, both elastic and plastic deformations
take place on the surface and inside the laminate. The two types of de-
formations mix and lead to internal stress. To understand the effect of
friction on the internal stress and how the internal stress develops, the
von-Mises stress distribution of the workpiece is implemented. Von-
Mises stress is to determine if the material will yield or fracture. (See
Supplementary Eq. (A.4) [25]) The von-Mises stress of each atom in the
workpiece is calculated and combined to obtain the spatial von-Mises
stress distribution of the workpiece. Fig. 7 shows the spatial stress dis-
tribution of the workpiece in the cross-sectional view at the position
where the scratching distance is 0, 40 A and 80 A, respectively. The rest
of the configurations are the same as before.

When the indenter completes the indentation process for the same
condition as in Fig. 7 (a), the regions around the indenter show high
stresses. The portion of the Gr layers below the indenter also gets
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Fig. 7. Spatial von-Mises stress distribution in the cross-sectional view of the
workpiece at the scratching distance of (a) 0, (b) 40 10\, and (c) 80 A.

deformed and results in relatively high stress along the Gr layers. As the
indenter moves to the middle and towards the end of the workpiece, a
high stress level is always detected near and below the indenter and in
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the Gr layers during the whole scratching process. In addition, the stress
in the regions of the SiC phase where the indenter passes through also
reduces. The spatial stress distributions of the laminate and pure SiC
with different scratching depths at the end of the scratching process are
presented in Fig. 8.

In Fig. 8, it is obvious that large elastic and plastic deformation takes
place around the indenter. Also, high stress is observed in the areas near
the indenter and Gr layers. The larger the scratching depth, the more
internal stress is generated. The large scratching depth can destroy the
original structure of the laminate as well by disturbing the Gr layers,
which is shown in the area of the workpiece in front of the indenter in
Fig. 8 (¢). Therefore, the stress in the SiC phase near the Gr layers be-
comes higher than that under smaller scratching depth. In the pure SiC
model, high stress also occurs around and below the indenter. The re-
gion under the indenter where the indenter just finishes the indentation
process still has very high stress at the end of the simulation, while in the
laminate, the stress in the same position is partially transferred to the Gr
layers. That means the Gr layers can help SiC phase bear the high in-
ternal stress in the laminate, which may reduce the early failure of SiC in
friction.

The spatial temperature distributions of both the composite laminate
and the pure SiC with different scratching depths are considered in the
next step. The results can be visualized in Fig. 9.

Similar to spatial stress distribution, in the laminate, the region near
the indenter during scratching has the highest temperature. The tem-
perature is lower in the region far from the indenter. In addition, the
thermal softening becomes more obvious due to higher temperature
with larger scratching depth, which is one of the reasons why more worn
atoms were generated [25]. The pure SiC model follows the same
pattern here, and it seems that the spatial temperature distributions of
the two cases are almost the same, despite that more worn atoms were
produced in SiC than in the laminate. Based on the results of wear rate,
spatial stress distributions and spatial temperature distributions,
apparently it is suitable for the friction with a small scratching depth to
have low wear rate, low internal stress and weak thermal softening ef-
fect. In this work, the scratching depth of 10 A would be the best for

@ Von-Mises stress (GPa)

200/

2000

2000

0

Fig. 8. Spatial von-Mises stress distribution in the cross-sectional view of the Gr/3C-SiC nanocomposite with the scratching depth of (a) 10 f\, (b) 20 ;\, and (c) 30 A,

and 3C-SiC with the scratching depth of (d) 10 A, (e) 20 A, and (f) 30 A.
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Fig. 9. Spatial temperature distribution in the cross-sectional view of the Gr/3C-SiC nanocomposite with the scratching depth of (a) 10 A, (b) 20 4, and (c) 30 A, and

3C-SiC with the scratching depth of (d) 10 A, (e) 20 A, and (f) 30 A.

keeping the performance of the friction material, since it shows similar
coefficient of friction as when scratching depth is 20 A and much lower
wear rate compared with the case when scratching depth is 30 A even
though the latter one has a higher coefficient of friction. It is noteworthy
that in automotive industry, usually there is a certain range of the
achievable values for the coefficient of friction. Given a high coefficient
of friction, less pressure would be needed to create a sufficient braking
force. On the other hand, if the coefficient of friction is too high, it could
create more wear and reduce the service life of the brake pads. A stable
capacity of braking is very important. Thus, there is a trade-off between
a high coefficient of friction and a low wear rate, and it is difficult to
designate the best result here.

3.1.2. Effect of scratching speed

The influence from the scratching speed of the indenter on the sur-
face of the workpiece is also taken into consideration in this study. A
range between 10 m/s and 80 m/s with the interval of 10 m/s as the
scratching speed of the indenter is used, which is very close to the
normal driving speed of a passenger vehicle. The final result shows that,
as the scratching speed increases form 10 m/s to 80 m/s, the averaged
frictional force fluctuates between approximately 2253 nN and 2389 nN,
while the averaged normal force fluctuates between approximately 4287
nN and 4464 nN, resulting in the effective coefficient of friction with the
range from 0.52 to 0.54. The forces and corresponding coefficient of
friction with various scratching speeds are depicted in Fig. 10.

Different from the other literature with respect to the study for the
effect of the scratching speed in a very huge range [25], in such a
relatively small velocity range for the indenter, the frictional force and
the normal force are not influenced very much. This also brings a stable
effective coefficient of friction with very limited change. Although the
prior researchers have found that with different types and compositions
of the friction composite, the coefficient of friction can vary with the
sliding speed, they also pointed out that the coefficient of friction is not
as sensitive to the sliding speed as the pressure and other loading [43].
Since this work only considers dry friction without changing the content
of the material when scratching speed varies, it is reasonable that co-
efficient of friction does not represent significant change with different
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Fig. 10. Averaged forces and effective coefficient of friction with scratch-
ing speed.

scratching speed since the forces only show small fluctuations. But
again, this conclusion is valid only within the speed range in Fig. 10. In
Fig. 11, it can be noticed that the wear rate in each scenario is also very
close to each other.

This indicates that the severity of wear is very similar in each case.
However, since the scratching speed is also not the same, thus, a higher
scratching speed tends to produce more wear debris within the same
scratching time. By analyzing three typical spatial temperature distri-
butions of the workpiece with different scratching speeds, the effect of
the scratching speed on the wear is more obvious to observe.

During the scratching, the strain rate hardening and thermal soft-
ening usually play an important role in the forces encountered by the
indenter from the workpiece, and the deformation and the wear of the
workpiece [25]. But in this work, the main material is SiC, which is a
brittle ceramic with a relatively low ductility, and the amount of dis-
locations generated in the material is very limited. This is also visualized
in the simulation results. Moreover, the effect of strain rate hardening is
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Fig. 11. Wear rate at various scratching speeds with the same scratch-
ing distance.

largely reduced, and thermal softening is dominated during the simu-
lation. To exhibit the influence of scratching speed on the temperature,
three scratching speeds: 10 m/s, 40 m/s, and 80 m/s, respectively, are
selected in Fig. 12. It is obvious that the temperature of the workpiece
around the indenter is the highest, and at a higher scratching speed, the
temperature becomes higher and leads to more appreciable thermal
softening effect, which increases the wear rate and reduces fade resis-
tance. In conclusion, the smaller the scratching speed, the better for the
friction material to maintain its tribological performance. It has been
found that a scratching speed of 10 m/s leads to the best performance for
the friction material.

3.1.3. Effect of temperature

As discussed previously, the temperature of the model can largely
affect its tribological properties. Therefore, three different system tem-
peratures: 300 K, 500 K, and 700 K are implemented using the same
simulation configurations with a scratching depth of 20 A. The results
are listed in Table 8.

Based on the data in Table 8, it can be seen that at a higher tem-
perature, the thermal softening becomes more severe, resulting in
smaller frictional forces and normal forces. The coefficient of friction
also decreases from 0.54 to 0.51 at this temperature range due to a faster
decrease in the frictional force than the normal force. This trend is in
agreement with the previous work using a similar process but with a
different model [25]. The main reason to cause such a trend is that the
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Table 8
Averaged forces, coefficient of friction, and wear rate of the laminate at various
temperatures.

Temperature Averaged Averaged Effective Wear
K) frictional force  normal force coefficient of rate
(nN) (nN) friction (nm®/
nm)
300 2321.20 4286.66 0.54 28.06
500 1830.75 3475.11 0.53 29.76
700 1640.07 3233.12 0.51 32.19

elevated temperature led to an increase in the kinetic energy of the
atoms and caused the thermal softening effect in workpiece. This made
the deformation easier to take place during friction, and thus, produced
smaller frictional and normal forces. In addition, a higher temperature
can reduce the free energy of the system, which can be responsible for
the decrease of the interatomic force [44], resulting in a smaller adhe-
sive force on the interface between the indenter and the workpiece. This
is possibly-one of the reasons why the coefficient of friction becomes
smaller at higher temperatures. The thermal softening effect reduces the
resistance the atoms experience during the movement because the ma-
terial becomes softer and the atoms are easier to move with higher in-
ternal energy. Therefore, the scratching process can produce more worn
atoms at higher temperatures. This also brings another possible reason
to cause smaller coefficient of friction that the transfer film of the worn
atoms from the workpiece between the sliding surfaces could be well
developed at elevated temperatures and reduces the frictional force
[15,45]. In Table 8, the calculated wear rate increases when the system
temperature goes up from 300 K to 700 K, which agrees with the analysis
above. We believe that the friction material reaches an optimal perfor-
mance in terms of both a relatively high coefficient of friction and a low
wear rate at a temperature around 300 K.

3.1.4. Effect of the number of Gr layers

Despite that the bond type is fixed and defined as covalent bonding
between SiC and Gr layers, the number of stacked Gr layers within the
SiC may also be a factor to affect the structure of the material and vary
the tribological properties. Without changing the size of the model, the
numbers of Gr layers alternate with the SiC at an even spacing. Table 9
shows the tribological data obtained from the scratching simulations
with different numbers of Gr layers.

Due to the lubrication and the relatively flexible shape in the out-of-
plane of the Gr layers with low adhesion and surface energy, both fric-
tional forces and normal forces would tend to decrease with more Gr
layers [39]. This is in agreement with the results in Table 9. As the
number of Gr layers increases from two to four, the frictional forces and

(b) Temperature (K)
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Fig. 12. Spatial temperature distributions of the workpiece with the scratching speed of (a) 10 m/s, (b) 40 m/s, and (c) 80 m/s.
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Table 9
Averaged forces, coefficient of friction, and wear rate of the laminate with
various number of Gr layers.

Number of Averaged Averaged Effective Wear rate

Gr layers frictional force normal force coefficient of (nm®/
(nN) (nN) friction nm)

2 2555.84 4326.84 0.59 46.01

3 2321.20 4286.66 0.54 28.06

4 2038.09 4007.41 0.51 21.44

normal forces show a decreasing trend. The coefficient of friction also
drops from 0.59 to 0.51. In addition, a better wear resistance the ma-
terial was observed when more Gr layers were stacked. From two Gr
layers to four Gr layers, the wear rate was reduced about 53.4 %. It
implies that Gr layer has a great potential in improving the wear
behavior in friction materials. From Fig. 13, it seems that the effect of
the Gr layer number on the stress and temperature is not so obvious.
There is actually an appreciable stress concentration in the interior of
the workpiece in all three cases. The volume of worn atoms also de-
creases due to improved lubrication by Gr. We conclude that the number
of stacked Gr layers in 3C-SiC can affect the friction and wear perfor-
mance. A few numbers of stacked Gr layers would result in a higher
coefficient of friction, but at the same time would lead to more severe
wear. From Table 9, the case with three Gr layers is possibly better due
to its relatively high coefficient of friction and a much smaller wear rate
compared to the case with two Gr layers.

We can also analyze the effect of the number of Gr layers by plotting
the mass density profile of Gr atoms as a function of the workpiece
height shown in Fig. 14.

Fig. 14 (a) — (c) are the local mass density profiles of Gr atoms along
the z-direction (workpiece height) in the model with two Gr layers, three
Gr layers, and four Gr layers, respectively. To calculate local mass
density profile, the material was binned with a thickness of 0.05 A along
the z-direction. The mass density was then determined by the ratio be-
tween the total mass of Gr atoms in a bin and the volume of the bin. The
black curves are the mass density profiles before the indentation, and the
orange curves are the mass density profiles after the scratching process.
In each case, the peak of the black curve shows a decreasing trend of
height and an increasing trend of width with larger workpiece height. By
analyzing the simulation results, we conclude that the higher the Gr
layer is located in the workpiece, the lower flatness of the surface it has,
and this is especially apparent for the case with four Gr layers as the
rightmost black peak only reaches around 4 g/cm® while with a wider
range. The reason to cause such result is probably that the surface
topography of the bulk 3C-SiC is far from the boundary layer, It is harder
for the material to keep flat and lead to more roughness of the bonded Gr
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layer. During the scratching, the normal force from the indenter
deformed the Gr layers and resulted in lower and wider mass density
peaks. With less stacked Gr layers, the flatness of the interfaces in the
workpiece changed more after scratching compared with that before
indentation. The workpiece with more Gr layers shows better flexibility
and therefore received less external force from the indenter. This helps
produces smaller normal and frictional forces, which also agrees with
the result in Table 9.

3.2. Mechanical properties of Gr/3C-SiC nanocomposite

The whole simulations of the tensile loading of the nanocomposite
with different gap distance between adjacent Gr layers are very similar.
The visualization of the tensile simulation with a gap distance of 17 A
between adjacent Gr layers as an example is exhibited in Fig. 15.

At the beginning, the model was in its initial size without any
external load. After the uniaxial tensile loading was exerted to the model
along x direction, the model was pulled and elongated. When the model
was stretched to a certain extent, it became fracture somewhere in the
middle. Fig. 16 presents the stress—strain curves from the uniaxial tensile
loading simulations of the Gr/3C-SiC nanocomposite with different gap
distances between adjacent Gr layers, and the pure bulk 3C-SiC with the
same size.

From the stress-strain curves, the composite model only shows a
linear relationship between stress and strain when the strain is suffi-
ciently small. The mechanical behavior of the pure bulk SiC is similar to
that of the Gr/3C-SiC nanocomposite. When the model breaks, the stress
suddenly drops from the highest point to 0. To evaluate the elastic
modulus, here we only pick up the frontmost region of the curve and
calculate the slope using linear fitting. The parameters used in Fig. 16
are listed in Table 10.

Fig. 16 and Table 10 revealed that the pure bulk SiC has both the
smallest Young’s modulus and UTS in the six models, but it has a high
failure strain compare to other cases. In Gr/3C-SiC nanocomposite, with
the gap distance becoming smaller from 34 to 10 A, Young’s modulus
also increases from 515.88 to 579.25 GPa. The tensile strength increases
from 70.47 to 98.20 GPa. In general, the failure strain gets higher as well
when the gap distance between Gr layers becomes smaller except that it
gets lower with the gap distance of 12 A. In fact, the covalent bonds
between SiC and Gr would lead to strong interface interactions, which
can restrain the deformation of the SiC and Gr [9]. However, damages
would be formed and grown from the interfaces as a result of the
insertion of the Gr into SiC during tensile loading. When the extent of the
damage reaches a certain level, the laminate would get fractured. This
probably explains why pure SiC has a high failure strain without any
interface inside. In conclusion, the insertion of the Gr layers into the SiC
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Fig. 13. Spatial von-Mises stress distribution in the cross-sectional view of the Gr/3C-SiC nanocomposite with the number of Gr layers of (a) 2, (b) 3, and (c) 4.
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Fig. 14. Mass density profiles of Gr atoms along the workpiece height with (a) 2 Gr layers, (b) 3 Gr layers, and (c) 4 Gr layers.

Fig. 15. Visualization of the tensile loading to Gr/3C-SiC nanocomposite (17 A between adjacent Gr layers).

can significantly improve both Young’s modulus and tensile strength of
the material, since high Young’s modulus and tensile strength of the Gr
can promote higher stiffness and stronger atomic forces in composites.
The stable covalent bonding between Gr and SiC and the excellent me-
chanical properties of Gr layers would provide higher load transfer ef-
ficiency and interlaminar adhesion, which can enhance the strength of
the composite [46]. With better interfacial interactions, Young’s
modulus and UTS can increase with the Gr layer number. In addition,
the limit number of Gr layers between SiC will provide more resistance
to the tensile deformation in SiC, which increases the strain to cause
material failure. Although there are not so many experimental data for
tensile strength of covalent bonded Gr/3C-SiC nanocomposite, it is still
easy to find out that the tensile strength of the pure SiC is much higher
than that obtained from the real experiment. One reason is that in MD

11

simulation, the material is usually constructed as perfect crystal without
any defect. Another important reason is related to the configurations of
the simulation. It has been already confirmed that the strain rate can
significantly vary the tensile strength [47,48]. The 0.001 ps ™! strain rate
used in this study seems very large compared with the strain rate used in
the experiment, which can cause higher tensile strength. What’s more,
even though the simulation is done with PBC, the influence of the
boundary effect cannot be eliminated completely. By expanding the
volume or the size of the model, the tensile strength will get higher to a
certain extent as well. The trend of the result here shows that a smaller
gap distance between adjacent Gr layers or a higher number of Gr layers
stacked in the workpiece leads to a better Young’s modulus, tensile
strength, and failure strain. As a result, the model with 5 stacked Gr
layers would be the best configuration. Although there is not much study
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Fig. 16. Stress-strain curves of the Gr/3C-SiC nanocomposite model with
different gap distance between adjacent Gr layers and the pure 3C-SiC.

Table 10
The mechanical parameters of the Gr/3C-SiC nanocomposite and bulk 3C-SiC.
Materials Elastic Tensile Failure
modulus strength strain
(GPa) (GPa)
Gap distance in Gr/3C-SiC 34 515.88 70.47 0.252
nanocomposite A
21 542.92 72.81 0.255
A
17 569.76 77.46 0.275
A
12 577.28 83.19 0.268
A
10 579.25 98.20 0.294
A
3C-SiC 448.93 69.38 0.278

on the mechanical properties of exactly the same type of Gr/3C-SiC
nanocomposite used in this work, we can still find some literature
using similar models and make comparisons. For example, Zhan et al.
[9] constructed bulk 3C-SiC with Gr stacking in between serving as
buffer layers and continuous layers, respectively, and showed close
values of Young’s modulus and tensile strength. They claimed that with
more Gr layers inside, both Young’s modulus and tensile strength
become larger, which is consistent with the conclusion above. The same
trend was obtained by Barfmal et al [10] as well.

3.3. Thermal conductivity of Gr/3C-SiC nanocomposite

In the study of thermal conductivity of Gr/3C-SiC nanocomposite,
the main purpose is to make comparison between the composite and the
pure SiC. Therefore, it is not necessary to use large model to get the
thermal conductivity which is very close to the bulk material in macro
scale. To calculate thermal conductivity, Fourier’s law [49] is used here.

4

In Eq. (4), J is the steady heat flux along the nanowire, « is the
thermal conductivity, and V T is the temperature gradient between the
locations with highest and lowest temperature values. The profile of the
temperatures at different positions of the nanowire for each case will just
look like Fig. 17.

With the local temperature at each position of the nanowire, the
temperature gradient can be calculated easily. The total simulation time,
the total energy changed during the simulation and the cross-sectional
area of the nanowire are also able to be obtained and will be used for
the calculation of the heat flux in Eq. (5).

J= —«VT

— 0-5(Bimpon + Eexpon)

J
2At

)

where Ejmport and Eexpore are total input energy to the system and total
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Fig. 17. Variation of the local temperature along the nanowire with the total
model length of 400 A and 3 stacking Gr layers.

output energy from the system, respectively. t is the simulation time, and
A is the cross-sectional area of the nanowire. Because PBC is applied in x-
direction, the heat imported from the heat source will flow to both sides.
Similarly, the heat sink receives heat from both sides. Hence, the whole
result needs to be divided by 2 as shown in Eq. (5). By using both Eq. (4)
and Eq. (5), the thermal conductivities of the SiC nanowire and the
laminate with different numbers of Gr layers for different model lengths
can be calculated (See Supplementary Table S3-S5). The results are
shown in Fig. 18.

Fig. 18 indicates that the thermal conductivity of the nanowire is
between 4 and 7 W/mK. With larger model length, the thermal con-
ductivity shows an increasing trend. This is because the larger the
model, the closer the size to the real bulk material. Theoretically, if the
model was to be lengthened to be extremely long, the result would be
very close to the actual thermal conductivity of its bulk material in
macro scale without considering the quantum effect on phonon scat-
tering and the defect inside the model [50]. Since the main objective in
this section is to analyze the impact of the Gr layers on the thermal
conductivity of the material, it is insignificant to calculate the real
thermal conductivity of the bulk material. It can also be noticed in
Fig. 17 that the pure SiC nanowire represents the highest thermal con-
ductivity, while the laminate shows lower thermal conductivity with
more Gr layers. In fact, although Gr layer itself has a very good thermal
conductivity, when it is combined with other materials such as SiC by
covalent bonds, those covalent bonds will provide the channels in the
interfaces between SiC and Gr layers for the phonons to scatter in radial
direction but not along the axial direction of the nanowire [18]. The
insertion of more Gr layers would just bring more interfaces and make
the phonon scattering more severe. The initial high in-plane thermal
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conductivity of Gr is due to the sp? hybrid bonds on carbon atoms. [8]
When Gr is in contact with a substrate covalently, the sp? hybrid bonds
will be converted to sp® hybrid to connect the atoms from substrate and
Gr, which will then be responsible for the decrease of thermal conduc-
tivity. In another word, the excellent thermal conductivity of Gr layer
can be strongly affected by the interfacial interactions. Therefore, we
expect to see a Gr/3C-SiC nanocomposite with a lower thermal con-
ductivity than that of pure SiC in practice. That is why in this simulation,
the nanocomposite with two Gr layers performed higher thermal con-
ductivity in comparison with three and four Gr layers. The work about
thermal conductivity of Gr/3C-SiC nanocomposite laminate is not
widely available in the literature, but some previous studies proved that
the covalent bonds between Gr and SiC negatively affect the heat
transfer [8; 18] and Papanikolaou [50] reported a very close range of
thermal conductivity of 3C-SiC with a similar shape by molecular
dynamics.

4. Conclusions

In this paper, we constructed a Gr/3C-SiC nanocomposite with co-
valent bonds connected in between via LAMMPS and evaluated its
tribological, mechanical, and thermal properties with different model
configurations using MD simulations. The main results were compared
with the existing literature and was proved to be valid. Based on the
discussions above, the following conclusions have been obtained.

(1) The composite laminate with covalent bonds connected between
3C-SiC as the matrix phase and Gr layers as the reinforcement
phase is constructed. The covalent bonds between two phases
play an important role in the overall properties of the Gr/3C-SiC
nanocomposite.

In the scratching model of the Gr/3C-SiC nanocomposite, the
factors affecting the friction performances include the scratching
depth, temperature, scratching speed and the number of Gr
layers. During the scratching, stress concentrations take place in
the laminate around the indenter and Gr layers. The closer the
area in the workpiece to the indenter, the higher the temperature
will be.

It is found that the frictional force, normal force, and coefficient
of friction increase with the scratching depth. At the same
scratching depth, the laminate exhibited slightly lower frictional
force and normal force than that of the perfect single crystal 3C-
SiC, but the coefficient of friction of the laminate increased faster
than that of the 3C-SiC when the scratching depth increases from
10 A to 30 A, though both materials had a very similar magnitude
of coefficient of friction. The wear rate also increased with a
larger scratching depth, and the laminate produced fewer worn
atoms compared to pure SiC. The nanocomposite showed lowest
wear rate with an appreciable coefficient of friction at the
scratching depth of 10 A.

Under the range of scratching speed between 10 m/s and 80 m/s,
the frictional force and normal force did not exhibit any obvious
relationship with the scratching speed, which also brings the
same result to coefficient of friction. The wear rate did not show a
strong dependence on the scratching velocity, but apparently a
faster scratching speed could produce wear debris more quickly.
It was deduced that high velocity elevates the temperature of the
material near the indenter faster, which may soften the material
and degrade the mechanical properties. Therefore, a smaller
scratching speed is preferrable for the friction material to main-
tain its performance. In the current study we found that 10 m/s
was the optimal scratching speed.

By varying the temperatures from 300 K, 500 K to 700 K, both the
frictional force, normal force and the coefficient of friction
decreased with the temperature. It is because a higher tempera-
ture can expedite the thermal softening effect and results in a

(2)

3

-

(€))

5

—
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higher wear rate. We found that a temperature of 300 K yielded
the highest coefficient of friction and lowest wear rate in the
present study.

By changing the number of Gr layers from two to four, a reduction
occurs in the frictional force, normal force and coefficient of
friction as well. The addition of the Gr layers inserted in the SiC
improved the wear resistance of the laminate and resulted in
smaller wear rate. The model with three Gr showed a relatively
high coefficient of friction and a relatively low wear rate.

The effect of gap distance between the adjacent Gr layers
(different amount of Gr layers in the 3C-SiC) was studied. The
stacking of the Gr layers can improve both Young’s modulus and
UTS of the material compared to pure SiC. It has been found that
Young’s modulus and UTS increase with a reduction in the gap
distance between the adjacent Gr layers (i.e. an increase in the Gr
layer number). However, the formation and the growth of the
damage from the interfaces between SiC and Gr layers during a
tensile loading negatively affect the critical failure strain. We
concluded that the model with five Gr layers stacked in 3C-SiC
exhibited the best mechanical performance.

The effect of different model lengths and number of graphene
layers under the temperature of 300 K was evaluated. A longer
model possesses higher thermal conductivity. The covalent
bonded Gr with SiC provided channels for the phonons to pass,
which reduced the number of phonons that passed through the
laminate in the lateral direction and obstructed the heat transfer.
This led to a lower thermal conductivity with more stacked Gr
layers. As a consequence, the nanowire model with two Gr layers
showed a higher thermal conductivity.

(6

—

7

—

8

—

Based on the current result, in the future work, the more detailed
influence mechanism of the interfaces in the laminate and the
improvement on the thermal conductivity of the nanocomposite lami-
nate will be studied. The new types of metal-free friction materials will
be considered as well, such as particle-dispersed composite to obtain
better material performance.
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