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ABSTRACT

Graphene/SiC nanocomposites are promising materials with excellent irradiation resistance. In this study,
the structure of 3C-SiC coated with graphene layers is proposed to improve SiC’s irradiation resistance.
The atomistic mechanisms behind the irradiation resistance and irradiation’s effect on the thermal con-
ductance of the composite are investigated through molecular dynamics simulations. Results show that
the graphene layers effectively enhanced the irradiation resistance of SiC in the composite with increased
threshold displacement energy when irradiated with a carbon primary knock-on atom (PKA). Influence
factors, i.e., graphene layer number, incident angle of the PKA, and temperature, of irradiation resistance
are also studied by collision cascade simulations. In addition, the heat conduction of the composite is en-
hanced after the irradiation with the 1.5 keV carbon PKA. The resistance dominates the thermal transport
at the graphene layers near the interface instead of the interface. The largest temperature drop occurs be-
tween the interface and the penultimate graphene layer, consistent with the significant mismatch of their
vibrational density of states. After irradiation with the 1.5 keV carbon PKA, the thermal conductance of
the graphene/SiC composites increases, and the interface thermal resistance decreases due to the formed
bonds between the graphene layers. Overall, this work provides a fundamental understanding of the ir-

radiation resistance and the thermal properties of the graphene/SiC composite.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon carbide (SiC) possesses outstanding properties of good
temperature stability, corrosion resistance, creep resistance, high-
temperature conductivity, and irradiation resistance [1,2]. Thus, it
is a candidate material for developing equipment or electronic de-
vices used in environments with high irradiation levels, high tem-
peratures, and chemically active surroundings in the nuclear indus-
try, aerospace technology, and medical applications [3]. SiC is a co-
valent compound with many allotropes (e.g., 3C-SiC, 8-SiC, 4H-SiC,
and 6H-SiC). 3C-SiC with zinc blende structure has been mostly
used in nuclear reactors. Under irradiation environments, primary
knock-on atoms (PKAs) are induced from irradiation. Then they
trigger collision cascades resulting in defect formation and degrad-
ing the mechanical and thermal properties of SiC. Thus, improving
irradiation resistance is essential to enhance the performance of
SiC.

Graphene, a two-dimensional nanomaterial, exhibits extraordi-
nary intrinsic properties of ultra-high mechanical strength, ther-
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mal and chemical stability, and good thermal conductivity, render-
ing graphene a promising material used for many applications [4].
Many researchers verified the performance of graphene in irradi-
ation resistance. Ochedowski et al. investigated the deterioration
of transistors based on MoS, and graphene due to the irradiation
with swift heavy ions and found that the MoS, transistor was de-
stroyed while the graphene-based one still worked [5]. Graphene
layers can reduce the thermal spike intensity in copper-graphene
nanocomposite because the hard C-C bonds of graphene hinder
the penetration of irradiation atoms with their energy dissipated
along the graphene planes [6,7]. The graphene-aluminum compos-
ite shows remarkable irradiation resistance under high-energy he-
lium irradiation due to the excellent sink strength of graphene for
irradiation-induced point defects [8]. Kumar et al. [9] conducted
the radiation experiments of graphene residing on the growth sub-
strate by Au ions with the energy of 150 MeV and fluences of
1 x 10"~ 1 x 10™ ions/cm?2, and found that graphene retains a
significant fraction of crystallinity after irradiated. Navarro et al.
[10-12] conducted several experiments to study the performance
of graphene as a coating to protect tungsten against ion sputter-
ing and found that graphene has successfully provided some pro-
tection to tungsten against surface damage at high helium flu-
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ences. The properties of graphene mentioned above suggest that
graphene layers on the surface of SiC can act as the protective layer
from irradiation, which has been rarely investigated.

In addition, high heat-conducting property is preferred dur-
ing the service period of nuclear reactors (e.g., light water re-
actor, future fusion reactor, and high-temperature gas-cooled re-
actor) [13]. Good thermal conductivity enables graphene to be
filled in thermal management materials. In particular, graphene
has a strong anisotropy in thermal conductivity, ultra-high in plane
and relatively low cross plane. Thus, coating graphene layers on
the SiC surface introduces additional resistance, i.e., the resistance
of graphene layers and the interface thermal resistance between
graphene layers and SiC. The interface thermal resistance due to
the phonon scattering is detrimental to the thermal conductiv-
ity of composites [14,15]. The interfacial thermal conductance be-
tween graphene and substrate has been studied via experiments
and simulations [16]. For example, the interfacial thermal con-
ductance between graphene and SiC was influenced by the atom
bonds and substrate crystallinity, which is higher in graphene/a-SiC
than in graphene/c-SiC from molecular dynamics (MD) simulations
[17]. Zhang et al. measured the thermal diffusivity and interfacial
thermal conductance of substrate supported graphene sample via
Raman spectroscopy method [18,19]. It is essential to investigate
the heat transfer performance of composites during the irradia-
tion process. The heat-conducting property change of graphene/SiC
composites after irradiation and its mechanisms have not been
fully understood.

The detailed irradiation process and the consequent structure
changes are challenging to detect experimentally due to the short
temporal scale and small spatial scale. MD simulation with the
atomic resolution and femtosecond time scale is a powerful tool
that complements experimental characterization, which has been
widely used in irradiation and thermal conductivity studies [20-
23]. In reality, graphene coating has many layers with complex
microstructure, including graphene flacks and interfaces, and the
sample can be exposed to long-term radiation. However, due to
the limitation of MD simulation, our work only focuses on the
initial stage of radiation damage of SiC coated with several lay-
ers of graphene initiated by a PKA. In this work, 3C-SiC coated
with graphene layers serves as an irradiation-resistant material.
The irradiation resistance and the thermal conduction before and
after irradiation are investigated via MD simulations. The com-
posite with more graphene layers shows a higher threshold dis-
placement energy (E4) of SiC. In the collision cascade simulations,
lower peak and stable vacancies are produced in SiC coated with
more graphene layers; no clear relationship exists between the in-
cident angle and irradiation resistance; the peak vacancy number
increases with the rise of temperature. Besides, the interface ther-
mal resistance between graphene layers and SiC decreases after ir-
radiation. Our study paves the way for graphene application in ir-
radiation resistance materials.

2. Methodology
2.1. Interatomic potentials

The Tersoff potential in combination with the Ziegler-Biesack-
Littmark universal screening function (ZBL) (Tersoff-ZBL potential)
[24,25] is used to describe 3C-SiC and the interactions between the
3C-SiC and graphene sheets. The Tersoff potential developed by P.
Erhart et al. reproduces the elastic and thermal properties of the
3C-SiC well and describes graphite effectively [24]. The ZBL poten-
tial, a repulsive interaction description, describes the collision pro-
cess with short-range distances [25,26]. The parameters (Ar and r¢)
for the fermi-like function to connect the Tersoff and ZBL poten-
tials are shown in Table 1 [25]. Ar controls the sharpness of their
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Table 1
The parameters (Ar and r¢) for the fermi-like function to con-
nect the Tersoff and ZBL potentials.

Bond Ap (A1) rc (A)
c-C 15 0.82
C-Si 30 0.46
Si-Si 30 0.55

transition, and rc is the cutoff for the ZBL potential. The graphene
layers are described by the adaptive intermolecular reactive empir-
ical bond order (AIREBO) potential [27].

2.2. Model construction

Researches show that graphene can be fabricated through epi-
taxial growth on SiC without catalyst, and there is covalent bond-
ing between graphene and SiC [28-30]. This work focuses on the
structure of epitaxial graphene growth on a 3C-SiC substrate. Small
composite models of SiC coated by graphene layers are built to es-
timate E4. The SiC supercell is built by replicating the unit cell by
10 x 10 x 10 with X, Y, and Z oriented [100], [010], and [001]
directions, respectively. It consists of 8000 atoms with the dimen-
sions of 43.80 A x 43.80 A x 43.80 A, which is large enough for
Eq4 calculation [31]. The graphene layers are built through replicat-
ing the orthogonal graphene cell by 10 x 17 x 1 with X, Y, and
Z oriented [110], [110], and [001] directions, respectively, and the
distance between layers is 3.4 A. The graphene layers are stretched
by 2.8% and 4.7% along the X and Y axes to match the SiC super-
cell’s size. SiC and graphene are found to form a strong covalent
bond with a distance of 1.65 + 0.05 A, which can be well de-
scribed with the Tersoff-ZBL potential [32,33]. Thus, the graphene
layers are placed 1.7 A above the SiC supercell. An 11.6 A vacuum
layer is set along the Z axis to build the model for E; calculations.
The composite models with 2, 4, and 8 layers of graphene are built
to investigate the influence of graphene layer thickness on irradi-
ation resistance. Similarly, large composite models with a 23.2 A
vacuum layer are built by replicating SiC and graphene layers by
20 x 20 x 20 and 20 x 34 x 1, respectively, to conduct collision
cascade simulations (see Fig. 1).

2.3. Eg4 calculation and collision cascade simulations

After energy minimization, the small composite models are re-
laxed under the canonical (NVT) ensemble at 300 K for 50 ps.
Then, a carbon atom is inserted as a PKA at 4 A above the upper
surface center of the model along the Z axis. The PKA is pushed
along the given direction with the specific energy varying on the
1.0 eV grid. After 20 ps evolution of the system under the micro-
canonical (NVE) ensemble, the final configuration is checked for
any stability defect. According to previous research, displacement
behavior is probabilistic at some kinetic energies [31]. Thus, 16 in-
dependent simulations are conducted at each PKA energy using the
system configuration randomly selected from the relaxation stage.
E,4 is the lowest energy that generates a stable defect in at least
one of the 16 simulations.

Cascades are simulated using the large composite models irra-
diated with a 1.5 keV PKA. After energy minimization and 100 ps
relaxation under the NVT ensemble, the PKA irradiates into the
system along the given direction from 4 A above the top layer
graphene. The system evolves 20 ps under the NVE ensemble to
investigate system damage due to the PKA bombardment. An au-
tomatically adapted time step is applied during PKA bombardment
and in E4 calculation, in which the time step is re-computed every
step to avoid atoms moving further than 0.017 A in one time step.



X. Huang, J. Guo and Y. Yue

()

(b)

International Journal of Heat and Mass Transfer 194 (2022) 122988

Graphene
Layers

Interface

3C-SiC

Fig. 1. (a) Schematic diagram of the large composite system with four graphene layers. (b) Composite interface aligned with the (010) plane. The PKA, carbon atoms in
graphene layers, silicon, and carbon atoms in SiC are marked in red, yellow, blue, and pink, respectively.

Five independent cascade simulations with different initial velocity
distributions are conducted to avoid contingency results and obtain
the average damage. The incident angle is 7° with respect to the Z
direction to reduce channeling effects in E4 calculation and colli-
sion cascade simulations, with velocity components in the X and
Y directions remaining equal. Besides, the collision cascade simu-
lations with different incident angles of 27, 47, and 67° are also
conducted to investigate the incident angle’s influence on irradia-
tion responses.

2.4. Thermal conductance calculation

The thermal conductance of the composite part between the
heat source and heat sink is calculated via the non-equilibrium MD
method (NEMD), which includes all graphene layers (except the
heat source) and 3 nm thickness SiC as shown in Fig. 2. The atoms
in the 57 A lower part of SiC along the Z axis are fixed to reduce
computation. The mobile part is initially relaxed sequentially under
the NVT and NVE ensembles for 100 ps at 300 K. Then, the first
graphene layer serves as the heat source. The 3 A atoms above the
fixed SiC serve as the cold source (see Fig. 2). The temperatures of
the heat and cold sources are maintained at 400 K and 200 K, re-
spectively, using the Langevin thermostat [34] with a damping pa-
rameter of 0.1 ps. The NEMD simulations are performed for 1.0 ns
under the NVE ensemble to build a steady-state temperature gra-
dient. The thermal conductance per unit area G(L) at length L can
be written as [35]

J

¢ =3t

(1)
where AT is the temperature difference between the heat source
and the cold source. J is the nonequilibrium steady-state heat flux,
which can be calculated from dQ/(dtS), where Q is the thermal
energy across a cross-sectional area S perpendicular to the trans-
port direction, and t is time. Q is equal to the cumulative energy
added/subtracted to the heat source/sink, which can be obtained
from MD simulation software directly.

The vibrational density of states (VDOS) provides phonons vi-
bration mode strength with frequency. The system is relaxed un-
der the NVE ensemble with the time step of 0.5 fs for 15 ps to
calculate VDOS from the trajectories extracted every 5 fs. VDOS is
obtained from the fast Fourier transformation [36] of the velocity

Fixed

X
]
]
¥
¥

X

Fig. 2. Schematic of the NEMD simulation setup. The carbon atoms in graphene
layers, silicon, and carbon atoms in SiC are marked in yellow, blue, and pink, re-
spectively.

autocorrelation function (VACF) [13,37].

1 ' iwt
VDOS(W) = —— /0 M (£ )w(0)) dt )
where w is the phonon frequency; v is the velocity of atoms; t is
the correlation time of VACF.

All the simulations in this work are conducted using the large-
scale atomic/molecular massively parallel simulator (LAMMPS)
software [38]. The conjugate gradient algorithm is applied during
the energy minimization, and the velocity Verlet algorithm is used
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Fig. 3. E4 of small composite systems with different graphene layers. The insets are
the local structures of the final configurations in E4 calculations. The PKA, carbon
atoms in graphene layers, silicon, and carbon atoms in SiC are marked in red, yel-
low, blue, and pink, respectively.

during dynamic simulations with the time step of 1.0 fs unless oth-
erwise specified. The periodic boundary conditions are used in the
X and Y directions, and fixed boundary conditions are used in the
Z direction. The temperature is controlled by Nose-Hoover ther-
mostatting with the damping parameter of 0.1 ps unless otherwise
specified. Defects are identified using the Wingner-Seitz analysis
implemented in the open visualization tool (OVITO) [39].

3. Results and discussion
3.1. Threshold displacement energy

E4 is an essential parameter in understanding the irradiation
behavior of nuclear materials. The E4s of C atom in SiC without
or with graphene layers are calculated and illustrated in Fig. 3. In
our simulations, the E4 for bare SiC is estimated to be 23 eV, con-
sistent with other research works of 13.5-40 eV [31,40-43]. The E4
increases rapidly with the graphene layer thickness with the value
of 41, 150, and 435 eV for 2, 4, and 8 layers of graphene, which
is 1.78, 6.52, and 18.91 times compared to that of the bare SiC,
respectively. The results indicate that when coated with graphene
layers, higher energy is needed to produce stable defects in SiC,
resulting in enhanced irradiation resistance. The snapshots at the
end of the simulations (see the insets in Fig. 3) show that the
PKA irradiates into SiC when no graphene is coated. However, the
PKA is blocked between the graphene layers in the composite sys-
tems, which means that the graphene layers can effectively dissi-
pate PKA’s energy. The defects in graphene layers are induced by
the collision cascade, during which permanent structural damages
occur with sp3 carbon atoms and C-C bonds between graphene
layers formed.

3.2. Irradiation resistance from collision cascade simulations

The PKA with higher energy than E, initiates collision cascades.
The vacancy-interstitial pairs increase rapidly due to the collision
at the ballistic phase. The displacement spike is reached when the
recombination rate of vacancy-interstitial pairs equals their pro-
duction rate. Then, the defect number decreases due to the re-
combination of vacancy-interstitial pairs and the decrease of high-
energy atom number at the quenching phase. Cascade simulations
with the PKA energy of 1.5 keV are conducted to investigate the
irradiation resistance. Fig. 4 compares cascade simulation results

International Journal of Heat and Mass Transfer 194 (2022) 122988

of the bare SiC and SiC coated with different graphene layers. The
vacancy number and PKA kinetic energy evolutions are similar in
process and overall shape for the collision cascades of different
systems. The vacancy number rises rapidly at the beginning of the
collision and reaches a peak at around 0.13 ps. At this stage, the
PKA loses most of its kinetic energy. Then, the high energy of the
dislocated atoms dissipates, and more recombination occurs during
quenching. The quenching time of SiC coated with different lay-
ers of graphene is similar. The number of Frenkel pairs produced
per cascade can be estimated by the formula [44] N = 0.8Epga/2Ey,
where Epga is the PKA kinetic energy. With the PKA energy of
1.5 keV and E4 of 23 eV, the peak vacancy number is estimated
at 26, which is constant with our results of 19.6 + 6.6, showing
the validity of our simulations. The peak vacancy number is 19.6,
16.0, 15.0, and 5.0, and the stable vacancy number is 10.6, 9.5, 8.6,
and 2.5 for the bare SiC and SiC coated with 2, 4, and 8 layers of
graphene (denoted as SiC2G, SiC4G, and SiC8G). The results indi-
cate that more graphene layers lead to lower peak and stable va-
cancy numbers. The PKA kinetic energy evolutions (see Fig. 4(b))
indicate that PKA in the system with more graphene layers is more
likely to collide with other atoms and sharply lose energy by hard-
core elastic scattering [22].

Graphene/SiC composite differ in atom arrangement for dif-
ferent directions resulting in various irradiation resistance. Fig. 5
compares the cascade simulation results of SiC4G with different
PKA incident angles. The vacancy number peaks at around 0.12 ps
at the incident angle of 7, 27, and 47°, and peaks at about 0.22 ps
at 67°. Then, vacancy-interstitial pairs recombination and remain
stable after about 1.0 ps. Meanwhile, the PKA energy rapidly de-
creases at the ballistic phase with approximately 0.5%, 18.2%, 0.3%,
and 30.8% of the initial energy is remained at the end of the phase
for the incident angle of 7, 27, 47, and 67°, respectively. The peak
vacancy number is 15.0, 8.4, 14.4, and 6.0, and the stable vacancy
number is 8.8, 7.0, 7.4, and 4.8 at the incident angle of 7, 27, 47,
and 67°, respectively. The PKA kinetic energy evolutions are similar
at the four incident angles. More vacancies occur at the incident
angles of 7 and 47 compared to those at 27 and 67 The results
indicate no clear relationship between the incident angle and ir-
radiation resistance. We infer that the hard-core elastic scattering
leads to more high-energy atoms at the incident angle of 7 and
47°, producing more vacancies.

Temperature has a significant influence on irradiation damage
[22]. Fig. 6 compares the cascade simulation results of SiC4G at
different temperatures. Similar to the results mentioned above, the
defect number remains stable after 1.0 ps, and most PKA energy
dissipates. The peak vacancy number possesses an increasing trend
with the rise of temperature, which is 15.0, 15.6, 19.2, and 22.6 at
300 K, 600 K, 900 K, and 1200 K, respectively. The results may
be due to the enhanced thermal motion at higher temperatures,
making the atoms easier to dislocate. However, the survival va-
cancy number is 8.8, 7.4, 15.0, and 10.6 at 300 K, 600 K, 900 K,
and 1200 K, respectively. Thus, temperature has little effect on the
survival vacancy number in our simulation range of 300-1200 K,
which agrees with the results from the cascade simulations for 3C-
SiC with various PKA energies in the temperature range of 300-
1800 K [25]. In detail, compared to 600 K, the collision cascade at
300 K produces a similar number of vacancies due to the stronger
hard-core elastic scattering, although the temperature is lower.

3.3. Irradiation influence on thermal transport properties

Thermal conductance and interfacial thermal resistance are es-
sential for the performance of composite materials. The thermal
properties of the unirradiated and three irradiated configurations
(final configurations after three independent cascade simulations)
of SiC4G and SiC8G are studied through NEMD calculations. The
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Fig. 5. (a) Vacancy number evolution and (b) PKA kinetic energy evolution during collision cascade initiated by a 1.5 keV carbon PKA with different incident angles in SiC4G.
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Fig. 6. (a) Vacancy number evolution and (b) PKA kinetic energy evolution during collision cascade initiated by a 1.5 keV carbon PKA at different temperatures in SiC4G.

effect of SiC thickness on the cumulative energy change and tem-
perature profiles in the NEMD simulations for SiC4G is explored
first, as shown in Fig. S1. Due to the different thicknesses of SiC
(3 nm and 8.4 nm), the cumulative energy change and tempera-
ture profile in SiC have slight changes. However, SiC thickness has
little effect on the temperature of graphene layers and the inter-
face SiC. Besides, the interface thermal resistance is 1.32 x 1078

m2.K/W and 1.35 x 108 m2.K/W when SiC thickness is 8.4 nm
and 3 nm, respectively. Thus, SiC thickness has little effect on the
interface thermal resistance. The composite with 3 nm thickness
SiC is used to conduct NEMD simulations in this study.

In SiC4G, the heat flux increases after irradiation, which indi-
cates that the heat transfer of the composite is enhanced (see Fig.
7). For the temperature profiles, the temperature slop in graphene
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layers is much higher than that in SiC due to the much higher ther-
mal conductivity of SiC. Due to the interface thermal resistance,
an obvious temperature drop occurs near the interfacial region. In
detail, the most significant temperature drop locates between the
3rd and 4th layer graphene instead of the interface. The reason is
that the 4th layer of graphene is strongly bonded with SiC, which
agrees with the reported results that the resistance at the near-
interface region dominates the overall interfacial thermal transport
while not the interface for strongly coupled interfaces [45]. The
temperatures of the inner graphene layers decrease after irradia-
tion compared to those before irradiation, which is consistent with
the energy change. Meanwhile, the interface temperature differ-
ence decreases, showing enhanced heat transfer near the interface
region.

The interface structures show that irradiation induces the
atom dislocation in graphene layers after cascade simulations (see
Fig. 8). Several defect configurations are produced in the graphite
layers. For example, point defects and hole defects occur with
more or less six atoms in the carbon rings, and defects are induced
due to the introduction of the out-of-plane carbon atoms, even
silicon atoms (see Fig. 8(b) and (d)). The heat flux is higher, and
the temperatures of the inner graphene layers are lower after cas-
cades 1 and 3 than cascade 2 due to more bonds formed between
graphene layers. The thermal conductance between the heat source
and the cold source is calculated and summarized in Table 2. The
interface thermal resistance between SiC and graphene layers is

shown in Table 3. The interface temperature drop is denoted by the
temperature difference between the penultimate layer of graphene
and the interface SiC. Consistent with the heat flux and temper-
ature profile, the thermal conductance increases by 126.2%, 63.1%,
and 132.3% after cascades 1, 2, and 3, respectively. Meanwhile, the
interface thermal resistance decreases by 77.9%, 53.4%, and 79.9%
after cascades 1, 2, and 3 compared to the unirradiated one, re-
spectively. Besides, when irradiated with a 1.5 keV silicon PKA, the
temperature profile is similar to that after irradiation with a car-
bon PKA (see Fig. S2). The thermal conductance and interface ther-
mal resistance are 2.55 x 107 W/(m2.K) and 2.24 x 10-8 m2.K/W,
respectively. Thus, the heat conduction property is also enhanced
after irradiating with a silicon PKA.

Fig. 9 shows the cumulative energy changes and temperature
profiles in SiC8G. Similar to the results of SiC4G, the heat flux is
higher, and the temperature of the inner graphene layers is lower
after irradiation than the unirradiated one. The largest tempera-
ture drop also occurs between the interface graphene layer and the
7th graphene layer. Irradiation produces many defects in graphene
layers with bonds and carbon atoms between atom layers (see
Fig. 10). The results show that although single layer graphene may
be defective, the covered SiC is not exposed (see Fig. S3). In most
cases, the dislocated carbon atoms are confined between graphene
layers by sp2 or sp3 bonding, resulting in the amorphous carbon
structure formation. The amorphous carbon structure can reinforce
graphene interlayer strength and continue to resist radiation. Be-
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Table 2
Thermal conductance (G, in x 107 W/(m?K)) of non-irradiated and irradiated SiC4G and SiC8G.
System  SiC4G SiC8G
Before irradiation = Cascade 1  Cascade 2 Cascade 3  Before irradiation =~ Cascade 1 ~ Cascade 2  Cascade 3
G 1.30 2.94 212 3.02 1.37 2.27 2.52 2.40
Table 3
Interface thermal resistance (R, in x 10~8 m2.K/W) of non-irradiated and irradiated SiC4G and SiC8G.
System  SiC4G SiC8G
Before irradiation ~ Cascade 1 Cascade 2 Cascade 3 Before irradiation ~ Cascade 1 Cascade 2 Cascade 3
R 6.11 135 2.85 1.23 5.79 2.34 1.81 2.30
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Fig. 9. (a) Cumulative energy change of the heat source/sink and (b) temperature profiles in the NEMD simulations for SiC8G.
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Fig. 10. Interface structures of SiC8G: (a) before irradiation, after (b) cascade 1, (c) cascade 2, and (d) cascade 3. The carbon atoms in graphene layers, silicon, and carbon

atoms in SiC are marked in yellow, blue, and pink, respectively.

sides, irradiation can destroy the cubic diamond structure in SiC,
which can be identified by the structure identification algorithm
[46] implemented in OVITO. Fig. S4 shows the non-perfect cubic
diamond atoms of SiC4G and SiC8G before and after cascade 1.
More non-perfect cubic diamond atoms occur in SiC4G than that
in SiC8G.

The heat fluxes in the unirradiated SiC4G and SiC8G are similar,
resulting in the close thermal conductance of 1.30 x 107 and 1.37
x 107 W/(m?2-K), respectively. The reason is the scale effect of heat
transfer in nanoscale, where thermal conductivity increases with
length, resulting in thermal conductance constant in the ballistic
regime and weakly dependent on length in the nanoscale transport
regime [35]. Our results are consistent with the conclusion that
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Fig. 11. VDOS comparison of atoms in (a) SiC4G and (b) SiC8G before and after irradiation.

there is no correlation between thermal conductance and graphene
layer thickness in graphene/SiO, interface [47]. Our simulated ther-
mal conductance on the order of ten’s seventh power before irra-
diation agrees with previous research results [17,48]. After irradia-
tion, the thermal conductance increases by 65.7%, 83.9%, and 75.2%
for SiC8G after cascades 1, 2, and 3, respectively, which is compa-
rable with the results of SiC4G. Similarly, the interface thermal re-
sistance is decreased by 59.6%, 68.7%, and 60.3% after cascades 1,
2, and 3, respectively.

The junction area atoms’ vibrational properties in SiC4G and
SiC8G before and after cascade 1 are analyzed (see Fig. 11). The
VDOS of the interface graphene layer is quite different from that
of the penultimate graphene layer (the 3rd layer in SiC4G and the
7th layer in SiC8G). Compared to the penultimate graphene layer,
the low-frequency peak (around 10 THz) in the VDOS of the in-
terface graphene layer shows great attenuation. The medium fre-
quency peak (around 16 THz) and the high-frequency peak (around
43 THz) shift a bit to the right with attenuation and broadening
due to the strong coupling between the interface graphene layer
and SiC and the relatively low interaction between graphene lay-
ers. Thus, the vibrational modes of the interface graphene layer are
greatly affected by SiC. The significant VDOS mismatch between
the interface graphene layer and the penultimate layer of graphene
is the main reason for the large temperature drop between them
(see Figs. 7(b) and 9(b)).

After irradiation, the medium and high-frequency peaks
(around 16 and 43 THz) of the penultimate graphene layers re-
duce in SiC4G and SiC8G due to the defects induced by irradi-
ation. The reason forthermal conductance enhancement after ir-
radiation is that interstitial atoms bond the graphene layers in
SiC4L and SiC8L after irradiation (see Figs. 8 and 10). Meanwhile,
the temperature of the penultimate graphene layer decreases with
the increase of the bonds number between graphene layers (see
Figs. 7(b) and 9(b)). Thus, more heat transfers from the first layer
to the lower layers of graphene through bonds between graphene
layers than that before irradiation, showing increased thermal con-
ductance and decreased interface thermal resistance between SiC
and graphene.

4. Conclusions

In summary, the composite structures of 3C-SiC coated with
graphene layers are proposed to enhance the irradiation resistance.
We investigate the composites’ irradiation behavior and thermal
conductance performance via MD simulations. The results verify
that the graphene layers act as the protective layer of SiC from irra-
diation with the carbon PKA, with E; increasing with the graphene

layer thickness. The collision cascades with a 1.5 keV carbon PKA
show that more graphene layers lead to lower peak and stable
vacancy numbers. No clear relationship exists between the inci-
dent angle and irradiation resistance. The peak vacancy number in-
creases with temperature, while the survival vacancy number has
little correlation with temperature at the range of 300-1200 K. For
the heat conduction property study, the largest temperature drop
occurs between the interface graphene layer and the penultimate
graphene layer instead of the interface layer due to the strongly
coupled interface between graphene and SiC. After irradiating with
the 1.5 keV carbon PKA, the thermal conductance increases, and
the interface thermal resistance decreases because irradiation in-
duces structure change, causing bonds between graphene layers
and sp3 carbon atoms formation. Our results provide a practi-
cal way to improve the irradiation resistance of materials through
coating graphene layers.
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