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HIGHLIGHTS

e Metal—graphene nanocomposites are
expected to have excellent radiation
resistance.

e Graphene layers can greatly affect the
performance of the composites.

e The effect reflected in reducing the
scale of thermal spike induced by
cascades.

e Three mechanisms (the intercept,
recoil, and energy dissipation) can
explain it.

e These mechanisms may provide a
pathway to prevent material
degradation.
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ABSTRACT

Metal—graphene nanocomposites are expected to have excellent radiation resistance. The intrinsic role
of the graphene layers (GrLs) in their performance has not been fully understood. Five copper—graphene
nanocomposite (CGNC) systems were used to investigate the detailed mechanisms underpinning this
behaviour by atomistic simulation. Results showed that GrLs can reduce the formation, growth, and
intensity of the thermal spike of CGNC; this effect became more evident with the increasing number of
layers of graphene. The role of the GrLs can be explained by three mechanisms: first, the ultra-strength C
—C bonds of graphene hindered the penetration of high-energy atoms, second, the number of recoiled
atoms decreased with the increasing number of layers of graphene, and third, the energy dissipation
along the graphene planes also indirectly weakened the damage caused to the entire system. These
mechanisms may provide a pathway to prevent material degradation in extreme radiation environments.
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1. Introduction

In the next-generation of nuclear reactors, structural materials
need to endure increased neutron doses for long periods of time
without failure [1—3]. Moreover, long-term, or high dose-rate, ra-
diation exposure is also a challenge to the survival of spacecraft [4].
Designing a material from the perspective of grain boundaries and
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interfaces has gradually become a consensus among the scientific
community with which it is hoped to improve the radiation toler-
ance of materials [5—11]. Graphene is characterised by a high
Young's modulus (c. 1 TPa), high intrinsic strength (c. 130 GPa), and
a low density [12]. The two-dimensional nanomaterial exhibits
potential as a reinforcing component to be incorporated into metal
matrices [12—14]. This disposition of the material can create a
plentiful source of ultra-high strength metal—graphene interfaces
and confer pure metals with novel functions [14—16]. Excellent
radiation tolerance may be one of the most outstanding features of
metal—graphene nanocomposites. Thus, metal—graphene nano-
composites are very promising structural materials for nuclear
engineering applications.

Several irradiation experiments [17,18] and simulations [19,20]
have been carried out to verify the performance of metal-
—graphene nanocomposites. Kim et al. [17] performed He™ irradi-
ation experiments on vanadium—graphene nanocomposite; the
resulting composite exhibits higher radiation tolerance than its
pure counterpart. Si et al. [18] found that a smaller-period-
thickness tungsten—graphene nanocomposite exhibits high radia-
tion tolerance in the reduction of He-bubble density. By ab initio
calculations, Yang et al. [19] demonstrated that the interface in the
copper—graphene nanocomposite (CGNC) provides a strong sink
for trapping defects and gives rise to preferential sites for their
recombination. In our previous work, a CGNC system under colli-
sion cascades was investigated by atomistic simulation [20]. The
simulation results showed that the surviving defects in the bulk
region of CGNC are always fewer in number than those in pure
copper. These results highlight the radiation tolerance of metal-
—graphene nanocomposites; however, to our knowledge, many
radiation effects of the materials described in the previous studies
were simply attributed to the original design concept, viz., the “self-
healing” ability of irradiated defects being improved by the pres-
ence of interfaces [2,5-7,10,11]. As a result, the intrinsic role of the
graphene layers (GrLs) in reducing the formation of radiation-
induced crystalline defects is neglected.

In this work, a series of molecular dynamics (MD) simulations
were performed to assess the effects of GrLs (including 1-, 2-, 3-, 5-,
and 8-layer graphene) on the radiation resistance of CGNC under
irradiation. The reason that copper was used as the matrix material
has been given in our previous work [21]. This paper is organised as
follows: the defect evolution and atom displacement in different
CGNC systems were investigated, then the mechanisms through
which the GrLs of CGNC affected the formation of radiation-
induced defects were identified. Our results highlight the role of
the GrLs in reducing the formation, growth, and intensity of
displacement cascades of CGNC in the thermal spike phase.

2. Simulation methodology

Five CGNC structures (Fig. 1), which differed in the number of
layers of graphene therein, viz., 1-, 2-, 3-, 5-, and 8-layer graphene,
were generated in this work (detailed configurations are provided
in the Supplementary Material). Different names for these config-
urations are respectively defined as: Cu/Gr/Cu, Cu/2Gr/Cu, Cu/3Gr/
Cu, Cu/5Gr/Cu, and Cu/8Gr/Cu. The interactions among carbon
atoms (C—C) in the GrLs were described by the adaptive intermo-
lecular reactive empirical bond order (AIREBO) potential [22],
which is widely used in radiation damage studies of graphene
[23—25]. The embedded atom method (EAM) potential, splined to
the Ziegler—Biersack—Littmark (ZBL) repulsive potential, was used
to describe the interactions between copper atoms (Cu—Cu) [26]. In
describing the interactions between copper and carbon atoms
(Cu—C), the 12—6 Lennard—Jones (LJ) type of van der Waals in-
teractions was used. The L] potential has been used to simulate
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Fig. 1. (a) Conceptual schematic diagram representing the simulation cell of Cu/Gr/Cu,
Cu/2Gr/Cu, Cu/3Gr/Cu, Cu/5Gr/Cu, or Cu/8Gr/Cu. (b) Top view of 3-layer graphene. The
green and blue atoms represent the top and middle layers, respectively. The inset
offers a lateral view, in which the yellow atoms represent the bottom layer. The
stacking configuration of multi-layer graphene contained in the model shown in panel
(a) is a Bernal AB-bilayer type, which has been explained in the Supplementary
Material. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

cascade collisions of vanadium—graphene nanocomposite by Kim
et al. [17]. Their simulation results are consistent with experimental
observations, confirming the feasibility of the potential in cascade
simulations of metal—graphene nanocomposites. The parameters
(the well depth oy = 3.225 A, equilibrium distance
&(cu—c) = 0.019996 eV, and cut-off radius rc = 2.50(cy—c)) used in this
work were derived from density functional theory (DFT) calcula-
tions [27].

Initially, each model was relaxed at the NVT ensemble (constant
number of atoms, volume, and temperature) for 10 ps until each
system reached a stable state. The temperature was set to 300 K in
this process. Subsequently, a primary knock-on atom (PKA) with
3.0 keV was introduced at a certain distance (d = 15.4 A) from its
nearest graphene plane and directed toward its copper—graphene
(Cu—C_gr) interface (see Fig. S2). More simulation settings can been
found in the Supplementary Material. The distance (d = 15.4 A),
incidence direction, and energy of PKA were adopted in each model
to ensure that the centre of the displacement cascades in each
model is as close to its GrLs as possible. This disposal approach
makes it easy to distinguish the effects of the number of layers of
graphene on the displacement cascades. In addition, 10 indepen-
dent cascade simulations were performed in each model to reduce
the statistical error in the result.

Before cascades, the interface (containing GrLs and two terminal
copper planes near the GrLs) and bulk (containing all of copper
atoms apart from those of interface) regions of CGNC were distin-
guished. The methods of definition of different regions have been
depicted in the Supplementary Material. After cascades, the refer-
ence lattice site method at a cut-off distance of 0.3agp (ag is the
lattice constant of copper) was used to characterize the defects of
bulk region in the five CGNC systems [5]. All simulations were
performed with the MD code LAMMPS [28] and visualisations were
rendered with OVITO [29].

3. Results
3.1. Evolution of point defects

Fig. 2 presents the typical time evolution of the number of point
defects during displacement cascades. These profiles are consistent



324 H. Huang et al. / Journal of Nuclear Materials 493 (2017) 322—329
800 ¢ Cu 800 —<—Cu
@& " cuerc b o cucrca
700 —v— Cu/2Gr/Cu i 700 —v—Cu/2Gr/Cu i
- —a&— Cw/3Gr/Cu 6 g b CW3Gr/Cu 6
g 600 —e— Cw/5Gr/Cu s 2 600 —e— Cw/5Gr/Cu s
- B 4 .
Z s00 —*— Cw8Gr/Cul N g 500 Cw8Gr/Cu 2
2 2 g 60
£ 400 1 s 400 50 L
P 2 0
;300 _Ellll‘ﬁ’ﬂl3300 :: \11315678
2 g
L O
E 200 Z 200 " TN ;{,:}“
4 100 B e TS T 100 aSeE T3
1.5 2.0
0 —t—t—i—yf 0 —t———y
/Pt L X Jastisialiin
0 1 2 59 60 61 6262 0 1 2 .49 60 61 62 63
Time (ps) Time (ps)

Fig. 2. Time evolution of the number of (a) interstitials and (b) vacancies produced in the bulk region of each CGNC, as well as pure copper during the displacement cascades. The
number of final stable defects is shown in the inset. For the Cu/3Gr/Cu, Cu/5Gr/Cu, and Cu/8Gr/Cu, their time evolution of defects near the peak position is magnified.

with the behaviours observed in other materials [30,31]. For clarity,
a mean of 10 runs of each CGNC system is plotted. The number of
defects in the bulk region of each CGNC increased rapidly in the
beginning and reached its maximum value thereafter. The time to
peak defect count for each CGNC was in the range of 0.2—0.4 ps and
was delayed with decreasing number of layers of graphene, which
may attribute to the role of GrLs in reducing thermal spike relative
to that of metals [32]. Eventually, most of defects in each CGNC
recombined or were trapped by the Cu—C_gr interface [19]. Very
few of them remained as stable defects in their bulk region at
approximately 63 ps. A similar trend also appears in pure copper.

However, most clearly, a significant contrast between CGNC and
pure copper occurs near the peak position. In addition, the peak
defect count of pseudo bulk region of pure copper was also
compared with that of corresponding bulk region of CGNC
(depicted in Fig. S3). All of the peak values of defect counts in the
five CGNCs were much less than that in pure copper. This result
highlights the role of the GrLs in decreasing defects in the thermal
spike phase. For example, the peak value of defect count in Cu/Gr/
Cu relative to that of pure copper decreased to approximately 25%,
and it decreased to approximately 12.5% for Cu/2Gr/Cu compared
with pure copper. In addition, the peak position of pure copper at
approximately 0.6 ps was delayed in contrast to those of the CGNCs.
This result suggests the function of the GrLs lay in a weakening of
the ballistic phase. The tendency that more layers of graphene
exhibited lower defect count peak emerged in the five CGNCs
analysed. This phenomenon implied a synergistic interaction be-
tween different graphene planes on decreasing defect count in the
thermal spike phase. Moreover, the defect concentrations in the
five CGNCs quickly tended towards stability and did so more rapidly
than that of pure copper. The final stable defect productions also
exhibited a similar tendency to that of the peak value of the defect
counts in different models, implying a correspondence between the
peak defect counts and the number of final surviving defects. This
phenomenon can give us some quantitative indication of the dif-
ferences arising from the use of different numbers of layers of
graphene on the radiation resistance of CGNC.

3.2. Defect distribution and atom displacement at the thermal spike

The peak defect count in the lower or upper bulk region of each
CGNC versus the number of layers of graphene is shown in Fig. 3 to
reveal the source of the defect reduction in CGNC. Obviously, the
increase in the number of layers of graphene will gradually
decrease the number of defects in both the lower, and upper, bulk
regions of CGNC. The decreased number of defects in the upper
bulk region is reasonable as the number of layers of graphene
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Fig. 3. The peak defect count (containing interstitials and vacancies) in the lower or
upper bulk region of each CGNC, respectively. Snapshots of the defect distribution of
the bulk region of CGNC at the moment are shown in the inset of panels ((a) Cu/Gr/Cu,
(b) Cu/2Gr/Cu, (c) Cu/3Gr/Cu, (d) Cu/5Gr/Cu, or (e) Cu/8Gr/Cu). As a contrast, a snap-
shot of the defect distribution of pure copper at the moment is also shown in the inset
of panel (f). The green and red spheres represent interstitials and vacancies in the cells,
respectively. The interface region is marked by two dashed blue lines. Several Arabic
numerals in the cells show the sum of interstitials and vacancies in the lower, or upper,
bulk region of each CGNC. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

increased because of the continuous reinforcement of the graphene
interception effect; however, the obvious decrease in the number of
defects in the lower bulk region is least likely to occur. The reason is
that a PKA in each model was introduced at the same distance
relative to its nearest graphene plane and should induce, by rights,
approximately the same number of defects in the lower bulk region
of each CGNC. The snapshot of the defect distribution of pure
copper at the moment of peak defect count is shown in Fig. 3(f). The
large number of defects in pure copper relative to that of CGNC
highlights the significant role of the GrLs in inhibiting defect for-
mation in the thermal spike region.

The image of atom displacement of each model near Cu—C_gr
interface is shown in Fig. 4(a—e). Atom displacement in each image
is visualised by showing the displacement vectors between atomic
positions at 0 and 63 ps. These lattice points in Fig. 4 represent
copper or carbon atoms. Each red line represents a displacement
vector of an atom. The head of each line is an initial position of an
atom, whereas the tail is the final position thereof. An atom that
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Fig. 4. Projection views of thermal spike region in (a) Cu/Gr/Cu, (b) Cu/2Gr/Cu, (¢) Cu/3Gr/Cu, (d) Cu/5Gr/Cu, (e) Cu/8Gr/Cu, and (f) pure copper. Atom displacement in each image is
visualised by showing the displacement vectors between atomic positions at 0 and 63 ps. The lattice points represent copper or carbon atoms. The red lines represent displacement
vectors of the atoms. The region of GrLs is identified by a blue box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 5. Projection views of the interface regions of (a—e) five CGNCs in the thermal spike phase. The penetrable copper atoms from their lower bulk region are also shown. (f) The
top view of 3-layer graphene with AB-bilayer stacking. In panels (a—e), the pink, green, and blue spheres represent copper and carbon atoms, respectively. In panel (f), different
coloured spheres represent carbon atoms in different layers. These sticks represent hypothetical C—C bonds. The size of spheres is not fixed for ease of visualization. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

almost overlaps with its displacement vector indicates a slight
fluctuation of the atom around its lattice position. A long line
represents a large atom displacement. The continuous lines made
of series of displacement vectors show a replacement collision
sequence (RCS). Eventually, the thermal spike region of each model
is visualised by these disordered, or overlapping, lines. Two char-
acteristics are the most distinct with the increasing number of
layers of graphene in the thermal spike region of CGNC. On the one
hand, the number of RCS gradually decreases and the number of
individual long-range displacements increases. On the other hand,
the extent of overlaps between different displacement vectors
gradually decreases and each displacement vector becomes
distinguishable. In addition, the tendency of the size of thermal
spike region is consistent with that of the defect distribution in the

lower, or upper, bulk region of CGNC. The image of atom
displacement of pure copper is shown in Fig. 4(f). The significant
amount of overlaps between displacement vectors, as well as the
large displacement range in the thermal spike region of pure cop-
per, implies that the GrLs exhibited the ability to prevent copper
atoms of CGNC from deviating from their lattice points.

4. Discussion

The results shown in Figs. 2—4 indicate that the GrLs play an
important role in weakening the formation, growth, and intensity
of the thermal spike region of CGNC. Three different mechanisms
corresponding to different regions are discussed in the following
sub-sections, revealing the detailed role of the GrLs.
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Fig. 6. Evolution of atom displacement in the lower bulk region and its nearest gra-
phene plane in (a—e) Cu/Gr/Cu and (f—j) Cu/5Gr/Cu, respectively. Atom displacement
in each image is visualised by showing the displacement vectors between atomic
positions in various time intervals (0.02 or 0.04 ps). The descriptions of lattice points
and red lines are similar to those in Fig. 4. Several of the same atoms in different
images are connected with blue lines so as to observe the evolution of atomic posi-
tions. These recoiled atoms in the gap between graphene and copper are marked by a
yellow oval. The bend in the graphene of Cu/5Gr/Cu is marked by a green curve. The
size of the spheres is not fixed for ease of visualization. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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4.1. Upper bulk region of CGNC

The high energy atoms including PKA and secondary knock-on
atoms originating from the lower bulk region can break the siege
of interface and induce damage in the upper bulk region.
Fig. 5(a—e) show the Cu—C_gr interface region of each CGNC and
the penetrable copper atoms from their lower bulk region in the
thermal spike phase. These copper atoms are obviously intercepted
by graphene, while the effect becomes weak in pure copper as
shown in Fig. S4. This may be the difference of physical and
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Fig. 7. Evolution of atom displacement in the GrLs of Cu/5Gr/Cu. Atom displacement in
each image is visualised by showing the displacement vectors between atomic posi-
tions in a time interval of 0.04 ps. The descriptions of lattice points and red lines are
similar to those in Fig. 4. Several of the same atoms in different images are connected
by blue lines to allow clear observation of the evolution of the atomic positions. (For

interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

chemical property between graphene and copper. The cohesive
energy of graphene (—7.81eV/atom) is much greater than that of
pure copper (—3.53 eV/atom) as shown in Fig. S1. The displacement
energy (Eq, 25—28 eV [32,33]) and the enthalpy of atomization (EA,
717 kJ/mol [34])of graphene are also greater than those of pure
copper (EA, 338 kJ/mol [34]; Eq, 18.3 eV [35]). These can generate
ultra-strength C—C bonds for graphene, which allows these atoms
to penetrate the graphene plane at the centre of each ring (R) easily
but with more difficulty at other positions. This has been verified by
the results arising from the irradiation of graphene with carbon
ions [36]. As a result, damage was less in the upper bulk region of
CGNC relative to that of pure copper.

Only one copper atom successfully entered its upper bulk, or
interface, region in each CGNC in the thermal spike phase. The
penetrable atom in the Cu/Gr/Cu continued causing damage to its
upper bulk region. However, the penetrable atom in other CGNCs
was retained in its GrLs. Moreover, the carbon atoms of top gra-
phene plane were displaced to strike copper atoms above the GrLs
because of the knock-on of the penetrable copper atom in each
CGNC. Different levels of damage in the upper bulk regions,
depending on the kinetic energy of these carbon atoms, occurred
subsequently. None of the displaced carbon atoms in the GrLs of
each CGNC escaped from their GrLs: this phenomenon highlighted
the role of the C—C bonds of graphene in inhibiting the damage to
the upper bulk region. With an increasing number of layers of
graphene, penetrable copper atoms would be stopped at the bot-
tom of GrLs. The carbon atoms at the top of GrLs were difficult to be
displaced as shown in Fig. 5(e). Eventually, defects and atom
displacement did not occur in the upper bulk region of Cu/8Gr/Cu,
which was consistent with the data shown in Figs. 3(e) and 4(e).
Therefore, the penetrable atoms and displaced carbon atoms of the
top graphene plane are the sources that cause damage to their
upper bulk region. The ultra-strength C—C bonds in the graphene
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Fig. 8. Distributions of the kinetic energy of the third graphene plane in the Cu/5Gr/Cu at (a) 0.04, (b) 0.06, (c) 0.1, (d) 0.14, (e) 0.16, (f) 0.2, (g) 0.24, (h) 0.26, and (i) 1 ps, respectively.
These images are visualised by carbon atoms coloured according to their kinetic energy. The three different directions of propagation are labelled A, B, and C, respectively. The front

of each direction is marked by a white dashed line.

plane and the more numerous layers of graphene can curb the
sources.

4.2. Lower bulk region of CGNC

Initially, displacement cascades induced by PKA diffuse kinetic
copper atoms of the lower bulk region in all directions. Apart from
those penetrable atoms, the copper atoms with the same direction
of motion as that of PKA exhibit higher energy than that of other
atoms according to the mechanics of one-dimensional elastic col-
lisions [37]. This effect causes significant damage to the lower bulk
region in the thermal spike phase. Once these atoms migrate to
their nearest graphene plane, they are very likely to recoil into the
lower bulk region because of the strong intercept force exerted by
the graphene. This phenomenon will induce damage to the lower
bulk region once again. Fig. 6 shows the evolution of atom
displacement in the lower bulk region and its nearest graphene
plane in the Cu/Gr/Cu and Cu/5Gr/Cu, respectively. The two models
are selected for ease of understanding of the effects of the layers of
graphene on defects and atom displacement in the lower bulk re-
gion. Only the bottom graphene is shown because of its direct in-
fluence on the recoil of copper atoms. In Fig. 6, the process that
kinetic copper atoms undergo a reversed direction of motion is
shown. The number of recoiled copper atoms reaches its maximum
value in the time interval from 0.12 to 0.16 ps as shown in the
yellow ovals of Fig. 6(d) and (i). Displacement cascades in the lower
bulk region are then activated as shown in the dotted green box.

However, the scale of recoiled atoms in their lower bulk region is

a significant difference between Cu/Gr/Cu and Cu/5Gr/Cu as shown
in Fig. 6. More recoiled atoms occur in the gap between graphene
and copper in the Cu/Gr/Cu. This phenomenon may be the main
reason for more defects and atom displacement in the lower bulk
region of Cu/Gr/Cu. The speculation is explained as follows. The GrL
is subjected to the severe knock-on effect of kinetic copper atoms
because of the few layers of graphene in Cu/Gr/Cu. Significant
damage subsequently occurs in the GrL of Cu/Gr/Cu as verified by
these disordered carbon atoms shown in Fig. 6(a—e); however,
more damage to the GrL will weaken the intercept force exerted by
the GrL on the kinetic copper atoms. These copper atoms still
exhibit a high kinetic energy. Moreover, more disordered carbon
atoms in the damaged region of the GrL will increase the proba-
bility of recoil of a kinetic copper atom. As a result, more recoiled
atoms occur in the Cu/Gr/Cu and most of them exhibit a higher
energy relative to those in other CGNCs. These recoiled atoms
readily damage the lower bulk region. Differing from the Cu/Gr/Cu,
the more numerous layers of graphene in the Cu/5Gr/Cu cause the
knock-on of kinetic copper atoms to be shared by all of the gra-
phene planes. In other words, a large amount of kinetic energy is
propagated towards the upper graphene planes. Thus, the damage
to the bottom graphene plane of Cu/5Gr/Cu is less. The bottom
graphene plane still exhibits the strong intercept force effect on
kinetic copper atoms as shown by the green bowing curves in
Fig. 6(h—j). Eventually, the recoil probability of a kinetic copper
atom is reduced. Most kinetic copper atoms are then moderated
and the less damage suffered by the Cu/5Gr/Cu. Therefore, the
increasing number of layers of graphene in CGNC will reduce the
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Fig. 9. (a) A schematic diagram showing the fronts of three different directions of
propagation (A, B, and C) at different moments, which is extracted from Fig. 8. Each
front position is marked by several carbon atoms, which are connected by a black
dotted line. The movement distance and time interval between two adjacent fronts are
also given. (b) Movement distance versus time relating to the fronts of propagation
converted from panel (a). Three curves of velocity versus time are given by a derivative
of the movement distance.

number of recoiled copper atoms and induce less damage as shown
in Figs. 3(e) and 4(e).

4.3. Cu—C_gr interface region

Kinetic copper atoms from the lower bulk region, including
penetrable atoms and recoiled atoms, frequently strike their GrLs.
Large amounts of kinetic energy are then transferred to the GrLs in
the thermal spike phase. As mentioned above, the displaced carbon
atoms in the GrLs can hardly get rid of the C—C bonds of graphene,
therefore, this kinetic energy is mainly stored in the GrLs. However,
the significant amount of energy remaining in the GrLs will cause
the system to be unstable. Thus, the ways of absorbing the kinetic
energy of the GrLs without disordering a CGNC system need to be
determined. Two mechanisms may be feasible: on the one hand,
kinetic copper atoms will induce the displacement of carbon atoms

in the GrLs. The displaced carbon atoms will continue to knock on
other carbon atoms. Being fettered by the GrLs, kinetic carbon
atoms cannot leave their GrLs and will be continually reflected
between different graphene planes until their kinetic energy has
been completely dissipated. Eventually, many dangling atoms
remain in the GrLs [38]. To observe the reflected tracks of carbon
atoms more clearly, Cu/5Gr/Cu is selected here. The evolution of
atom displacement in the GrLs is shown in Fig. 7: kinetic carbon
atoms are seen to have their kinetic energy dissipated by successive
reflections.

On the other hand, a shock wave in each graphene plane may be
triggered by the frequent collisions because of the two-dimensional
planar structure of graphene. The shock wave will propagate along
each graphene plane. The third graphene plane of Cu/5Gr/Cu is
selected to explore this event. The evolution of kinetic energy in the
graphene plane is shown in Fig. 8. Note that the choice of the
graphene plane is arbitrary and used only to display the effect. In
Fig. 8, each snapshot represents the distribution of kinetic energy of
the graphene plane at different moments as visualised by the atoms
coloured according to their kinetic energy. A source of shock wave
occurs in the graphene plane at approximately 0.04 ps as shown by
the red atoms (Fig. 8(a)). The energy of this shock wave mainly
propagates in three different directions (A, B, and C). The kinetic
carbon atoms at the front of each direction are marked by a white
dashed line. At approximately 0.3 ps, the process of energy diffu-
sion is almost completed. Eventually, the energy of the shock wave
is divided among all of carbon atoms as shown in Fig. 8(h).

To obtain the underlying mechanism of energy dissipation, the
front positions of three directions at different moments are
extracted from Fig. 8. The movement distance between the two
adjacent fronts for each direction is calculated as shown in Fig. 9(a).
Then, these abstract numerals in Fig. 9(a) are converted to three
curves of movement versus time (Fig. 9(b)). The front of each di-
rection at 0.04 ps is regarded as the starting point of the motion.
Each curve is then differentiated and eventually, three curves of
velocity versus time are obtained. The velocity at the front of each
direction reaches approximately 20 kmy/s. This value is four times as
fast as that of UO; as found by Li et al. [39]. The velocity presents an
S-shaped curve similar to that of a damped vibration [37] that also
attenuates. The results highlight the role of graphene in quickly
dissipating kinetic energy induced by irradiation.

5. Conclusions

The effects of GrLs on the radiation resistance of CGNC were
investigated by classical molecular dynamics simulations. The main
role of the GrLs is to weaken the formation, growth, and intensity of
displacement cascades of CGNC. These effects are mainly reflected
in the formation time of the defect count peak, the scale of the
displacement cascade, and the complexity of the thermal spike
region compared with those of pure copper. The behaviour directly
causes the defect counts in the thermal spike phase of CGNC to
decrease, accelerating the cooling, and eventually leaving very few
surviving defects in the material. These phenomena become
obvious with increasing numbers of layers of graphene in CGNC. For
example, the defects and atom displacement in both the lower, and
upper, bulk regions decreased with the increasing number of layers
of graphene. The reasons for this behaviour were as follows:

1) The ultra-strength C—C bonds in the graphene plane caused a
decrease in the probability that copper atoms with high energy
from the lower bulk region continued inducing cascade colli-
sions in their upper bulk region. Moreover, the displaced carbon
atoms in the GrLs of each CGNC cannot escape from their GrLs.
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This phenomenon caused only slight damage to the upper bulk
region;

2) With the increasing number of layers of graphene, recoiled
copper atoms in the lower bulk region would decrease in
number, which would reduce the amount of damage suffered by
the lower bulk region;

3) The propagation of kinetic energy along the graphene planes,
together with the successive reflections of carbon atoms be-
tween graphene planes, would accelerate the dissipation of ki-
netic energy and thus reduced the damage to the entire system.

Studies have demonstrated that the expansion of the thermal
spike region will aggravate the atom mixture between different
types of elements under irradiation [40,41], and even trigger a
phase transition in some materials [2,4,42,43]. Therefore, the fact
that GrLs can significantly reduce such adverse effects, suggested
the potentialities of the composites to be exploited. This finding
may provide a pathway to the prevention of material degradation
in extreme radiation environments by use of controlling GrLs.
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