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Abstract: Interatomic interaction potentials are compared using a molecular dynamics modeling
method to choose the simplest, but most effective, model to describe the interaction of copper
nanoparticles and graphene flakes. Three potentials are considered: (1) the bond-order potential;
(2) a hybrid embedded-atom-method and Morse potential; and (3) the Morse potential. The inter-
action is investigated for crumpled graphene filled with copper nanoparticles to determine the
possibility of obtaining a composite and the mechanical properties of this material. It is observed
that not all potentials can be applied to describe the graphene–copper interaction in such a system.
The bond-order potential potential takes into account various characteristics of the bond (for ex-
ample, the angle of rotation and bond lengths); its application increases the simulation time and
results in a strong interconnection between a metal nanoparticle and a graphene flake. The hybrid
embedded-atom-method/Morse potential and the Morse potential show different results and lower
bonding between graphene and copper. All the potentials enable a composite structure to be obtained;
however, the resulting mechanical properties, such as strength, are different.

Keywords: crumpled graphene; Cu/graphene composite; molecular dynamics; interatomic potential

1. Introduction

The development of new composites with improved mechanical properties composed
of carbon structures and metal nanoparticles is of great importance. The combination
of graphene with the most widespread metals, such as aluminum, nickel, copper, tita-
nium, and silver, has been intensively studied over recent decades [1–4], is crumpled
graphene (CG), which has recently been actively investigated for energy conservation
applications [5,6]. The design of this lightweight three-dimensional graphene assembly
and its mechanical properties were described in [7].

Copper (Cu) is widely used due to its inherent thermal conductivity and low cost [8].
Despite the widespread use of Cu, there is still a need to improve its mechanical, tribo-
logical, and thermal performance in various industries. Previously, it was established
that graphene reinforcement of Cu increased its mechanical properties, while simultane-
ously maintaining high electrical conductivity [9]. It was shown that graphene decreased
the thermal expansion coefficient compared to pure Cu, which is better for electronic
applications [10–12]. Due to the improved tribological properties, copper-graphene com-
posites have been proposed for use as coatings [13–15]. High strength and ductility were
demonstrated for copper matrix composites within a graphene network [16–18].

The large-scale atomic/molecular massively parallel simulator (LAMMPS) can be used
for any type of molecular dynamic (MD) simulation [2,5,14,19–35]. The MD simulation
method is an effective tool for understanding the interconnection between the structure and
properties of a material and the interactions between different structural elements [19,36–38].
For the MD simulation of graphene/metal interaction, a suitable interatomic potential must
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be chosen to represent the particular issue under investigation. Interatomic potentials store
basic information about the physical and chemical properties of the system [39,40]. On the
one hand, it is very important to choose a potential that will describe the interaction between
different materials as accurately as possible. On the other hand, computational costs need
to be minimized. In large-scale atomistic modeling of complex systems, potentials, such
as the analytical bond-order potential (BOP), the embedded atom method (EAM), and
the Morse potential have been used successfully [20–22]. The simulation of Cu/graphene
composites has also been conducted with more complicated potentials, such as the charge-
optimized many-body potential (COMB) [41,42], for example, to study hydrocarbons
on Cu surfaces [41] or the surface oxidation of Cu [43]. This potential has also been
used to study graphene on a Cu surface with H and O atoms [23]. However, simulating
interactions in graphene/metal systems remains challenging. The obtained adhesion
energy, solubility, and catalytic properties of different metals in contact with carbon are
quite different [44]. For example, the adhesion energy of graphene on a Cu substrate has
been calculated experimentally as 0.72 J/m2 [45] and 12.75 J/m2 [46], and 0.40 J/m2 [47]
from first principles. In [48], the adhesion energy of graphene membranes on different
substrates was measured experimentally at nano-scale using a nano-scratch method. The
difference in system parameters is understandable since interatomic potentials have been
developed to solve a range of problems, including graphene growth on a metal substrate,
strengthening of a metal matrix by graphene coverage or graphene inclusions, and the
study of thermal conductivity or mechanical properties. Even different atomic positioning
of Me (shown for Ni) atoms on graphene surfaces results in different interactions [24,49].
For example, to obtain the potential parameters for the description of the interaction
between a metal nanoparticle and graphene flake, it is better to consider a curved graphene
surface (fullerene) interacting with a metal nanoparticle [50]. The specific energies of
metal/graphene interfaces are very important and affect the resulting strength of the
composite [51].

Since electronic decoupling between the metal and the graphene is observed for Cu,
Ag and Au, the distance between metal and graphene is close to 3 Å, which is characteristic
of van der Waals (vdW) interaction [52]. Thus, the interaction between Cu and graphene
can be described by the pair interatomic potential, such as Lennard–Jones or Morse. These
potentials can describe simple and noble metals, as well as carbon structures interacting
with other elements [14,25–27,52,53].

A number of investigations have focused on analysis and comparison of interatomic
potentials for carbon structures [28,54]. However, there is no consensus on the choice of
potential for describing the interaction in systems such as carbon networks filled with metal
nanoparticles. Thus, in the present study, three different potentials (BOP, EAM-Morse,
and Morse) are compared to describe the Cu-C interaction. Using these potentials, the
fabrication of composites based on copper nanoparticles and crumpled graphene and the
investigation of their mechanical properties are considered.

2. Simulation Details
2.1. Interatomic Potential

For the graphene/Cu system, it is necessary to choose a potential that takes into
account the covalent bonds in graphene, the interaction of Me atoms with graphene, and
the interactions between Me atoms. The resulting potential function is defined as the sum of
three potential energies for carbon-carbon EC−C, carbon-copper EC−Cu and copper-copper
ECu−Cu interactions:

Esystem = EC−C + EC−Cu + ECu−Cu (1)
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2.1.1. AIREBO Potential

The first term in (1) is calculated using the AIREBO potential, which includes both
covalent bonds in the basal plane of graphene and van der Waals interactions between
graphene flakes [55]:

EC−C =
1
2 ∑

i
∑
i ̸=j

[EREBO
ij + ELJ

ij + ∑
k ̸=i,j

∑
l ̸=i,j,k

ETORSION
kijl ], (2)

where EREBO
ij is the hydrocarbon REBO potential developed in [56], ELJ

ij is for longer-range

interactions using a form similar to the standard Lennard–Jones potential, and ETORSION
kijl

describes changes in the dihedral angles. This potential was successfully used for the
investigation of different carbon structures and their properties [5,29,57].

2.1.2. Morse Potential

To reproduce the graphene/Cu and Cu/Cu interaction, the Morse potential with
parameters De = 0.3429 eV, Re = 2.8660 Å and β = 1.3588 1/Å for Cu-Cu [58]; and
De = −0.100 eV, Re = 2.220 Å, β = 1.700 1/Å for Cu-C is chosen. For graphene/Cu, the
cutoff distance is 6.5 Å. As graphene shows weak interaction with Cu [47,59–62], this
enables use of simple pair interatomic potentials, such as Lennard–Jones or Morse [30,63],
for such interactions.

ECu−C(r) = De[(1 − e−β(r−Re))2 − 1], (3)

where De is the binding energy, Re is the equilibrium distance, and β is the potential
parameter characterizing the bond strength.

The Morse potential has been used successfully to describe the interaction of metals
with graphene and silicene [64], the interaction of atoms of the light elements C, N, O with
atoms of the fcc metals Al, Ag and Ni [53], and the catalysis of nanotubes [65]. It was shown
in [66] that the Morse potential provides a more precise and generalized description even
for the simulation of covalent materials and surface interactions. Graphene/Me systems
were also simulated with this potential [27,31,32,67,68].

2.1.3. EAM and Morse Potential

The second way to describe the graphene/Cu interaction is to use a hybrid EAM
(embedded-atom-method) and the Morse potential. The realistic EAM potential, param-
eterized by Mendelev et al. [69], is used to describe the atomic interaction within Cu
nanoparticles. It has been repeatedly shown that the EAM potential [70,71] accurately
describes the interaction of many-body atoms in metallic systems and is widely used to
model deformation behavior under various loading conditions [72–74]. To describe the
Cu-C interaction, the Morse potential again is used.

2.1.4. BOP Potential

The bond-order potential (BOP) is based on the chemically intuitive tight-binding
approximation and developed on the basis of quantum mechanical theory. Zhou et al.
developed parameters for describing the C–Cu interaction that reasonably reflected the
property trends of the important carbon phases [20]. This potential allows for the simulation
of graphene growth on a Cu substrate.

The BOP potential, unlike the other two potentials described above, includes all three
interactions at once: Cu-Cu, C-C, and Cu-C. The total energy of the BOP potential is
given by

E =
1
2

N

∑
i=1

iN

∑
j=i1

[ϕcc(rij)−
N

∑
i=1

iN

∑
j=i1

βσ,cc(rij)Θσ,ij −
N

∑
i=1

iN

∑
j=i1

βπ,cc(ri,jΘπ,ij], (4)
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where ϕcc(rij), βσ,cc(rij) and βπ,cc(ri,j) are the electron density and the pair functions corre-
sponding to σ and π couplings, respectively. Furthermore, Θσ,ij and Θπ,ij are the multi-body
functions corresponding to the neighboring atoms.

The BOP potential convincingly explains not only the growth of graphene, graphite,
and carbon nanotube crystals, but also the transformation of graphite into diamond at
high-pressure [20]. This potential has also been successfully used to study the sub-surface
mechanical behavior of a nanocarbon particle with a diamond structure and a copper
substrate upon nanocontact [33].

2.2. Initial Structure

Three different structures were investigated to confirm the application of each poten-
tial: (i) graphene with one Cu atom, (ii) curved graphene flake with Cu nanoparticle inside,
and (iii) a composite precursor obtained from graphene flakes filled with nanoparticles.
Initial structures for MD simulation were prepared using visual molecular dynamics (VMD)
simulation and visualization software with custom Python code.

The melting temperature for Cu can be checked to verify the potential function. To find
the melting temperature, Cu nanoparticles with diameter 7 Å were heated at a temperature
from 0 K to 2000 K, with a heating rate of 50 K/ps. In Table 1, the melting temperature
of Cu nanoparticles obtained with different potentials is presented. Consistent with the
observations reported in [75], the average melting temperature was 723 K. It should be
noted that, for such small nanoparticles, the melting temperature depends substantially on
the particle size.

It was also found that the presence of a graphene flake near a nanoparticle can slow
down the melting of the Cu nanoparticle. It was found that, if a graphene flake with the
nanoparticle on its surface is examined in a quite large simulation cell, the Cu nanoparticle
in the course of heating will move far from the graphene plane and melt at the same
temperature as a single nanoparticle. However, when the nanoparticle was already cov-
ered with graphene (as it would be in a 3D structure composed of a number of flakes
and nanoparticles), the melting temperature of the Cu nanoparticle increased to 1000 to
1300 K. Similar results were previously obtained in [23]. However, for comparison with the
literature, only the melting temperature of pure Cu nanoparticles is presented.

For the system composed of a graphene flake and a Cu atom, the equilibrium distance
between the graphene and the Cu atom is defined as h and was found to be 3.2 Å for the
BOP potential and 6.4 Å for the EAM-Morse and Morse potentials. For comparison, results
from the literature are presented in Table 1. To understand this very significant difference,
the potential energy of the system as a function of the distance between a Cu atom and
graphene was investigated. Since the BOP potential was designed specifically for growing
graphene on a Cu substrate [75], it reproduces strong bonding between graphene and copper.
Therefore, when simulating the interaction of one copper atom on the surface of graphene
(the initial distance between a Cu atom and graphene is 3 Å), the equilibrium state in the
system is already reached at a distance of 3.2 Å and the potential energy ceases to change
right at the beginning since, in the initial state, the Cu atom is already close to the graphene
surface. However, the Morse potential reproduces a very neutral interaction between Cu
and graphene. As reported in the literature [47,59], the binding energy for Cu and graphene
is not high in comparison with metals such as Al, Ni, etc. This is why, when the potential
energy as a function of distance is calculated using the Morse and EAM-Morse potentials,
in both cases the Cu atom moves away from graphene to a distance of up to 6.4Å during
the first simulation steps. The potential energy in the system with BOP potential is higher
than for the Morse and Morse-EAM potentials, which is also understandable from the point
of view of reproducing the strong bonding. It should also be noted that the results of an
interaction between one Cu atom and graphene are very different from the results for an
interaction of a Cu nanoparticle and one graphene flake, and for interaction in 3D graphene
filled with Cu nanoparticles, which is discussed further below.
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In Figure 1a, one graphene flake is shown at the initial state and after exposure at 300 K,
simulated with the help of different potential functions. The behavior under exposure is
discussed further below.

Table 1. Melting temperature of Cu nanoparticle Tm and equilibrium distance between Cu atom and
graphene layer h obtained with different methods.

BOP EAM-Morse Morse BOP [75] Experiment [20]

Tm, K 830 797 730 723 –
h, Å 3.2 6.4 6.4 – 3.2

Figure 1. (a) Graphene flake with Cu nanoparticle inside and (b) composite precursor at the initial
state and after exposure at 300 K. Cu atoms are shown in orange and C atoms are shown in black color.

To obtain a composite, one GF filled with nanoparticles was rotated and repeated
along the x-, y-, and z-axes to obtain a 3D structure. The composite precursor is presented in
Figure 1b at the initial state and after exposure at 300 K, simulated with the help of different
potential functions. The size of the simulation cell at the initial state was 10.1× 10.0× 8.4 nm.
The exposure process is discussed further below. Then, hydrostatic compression was used
to reduce large pores between the individual elements of the composite precursor. The
structures were compressed to approximately the same size: 4.2 × 4.2 × 4.2 nm. Then,
hydrostatic compression was used to obtain the composite with the maximum possible
densities. Hydrostatic compression was applied with a strain rate of ε̇ = 0.01 ps−1. Details
of the structure fabrication are presented in [2,27]. For simplicity, the results for a structure
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obtained with the BOP potential are referred to as CG-CuBOP, with the hybrid EAM-Morse
potential as CG-CuEM, and with the Morse potential as CG-CuM.

The structures were studied at a constant temperature to trace the dynamics of the in-
teraction of Cu nanoparticles with graphene using different potentials. The simulation was
conducted using a large-scale atomic/molecular massively parallel simulator (LAMMPS).
Equations of motion for the atoms were integrated numerically using the fourth-order
Verlet method with a time step of 0.1 fs. A Nose–Hoover thermostat was used to control
the system temperature. The periodic boundary conditions were applied in all directions.

To study the mechanical properties of the composites, uniaxial tension was applied
along the x-axis, with a strain rate of 0.005 ps−1.

3. Results
3.1. Exposure

Let us first consider the exposure of a single flake at 300 K. Even at this stage of
simulation, a difference in the behavior of nanoparticles in contact with a graphene flake
simulated with different potentials is observed. As can be seen from Figure 1a, the behavior
of a Cu nanoparticle inside GF for the EAM-Morse and Morse potentials is very similar and
quite different from that for GF simulated with the BOP potential. When a GF is simulated
with the BOP potential, the Cu nanoparticle attracts the sides of graphene, while for a GF
simulated with the EAM-Morse and Morse potential, the Cu nanoparticle repulses the sides
of the GF. It can also be seen that, with the use of the EAM potential, the Cu nanoparticle
preserves the crystalline order better than with the BOP and pure Morse potentials. The Cu
nanoparticle inside GF simulated with the BOP potential changes its shape to become more
spherical. However, for a single GF it is seen that the interaction of Cu and GF is weaker
than within Cu atoms in the nanoparticle and the GF is opened as for the Morse potential.

From Figure 1b, it can be seen that Cu nanoparticles simulated with BOP are attracted
to GFs. In contrast, for composite precursors simulated with the EAM-Morse and Morse
potentials, Cu nanoparticles move in opposite directions from GFs, interact with each
other or coagulate. For all three cases, GFs open, but for CG-CuBOP, GFs with attached Cu
nanoparticles can be seen, while, for CG-CuEM and CG-CuM, there are graphene layers with
coagulated nanoparticles. The behavior of the structure simulated with the BOP potential
can be explained by the fact that this potential was developed to investigate the growth
of graphene on a copper substrate and, therefore, in this case, the strongest bond between
a graphene flake and a copper nanoparticle is expressed [20]. Potential parameters were
chosen to reproduce graphene adsorption on Cu and, consequently, the C-Cu interaction
is much stronger than the simple van der Waals interaction. Moreover, in contrast to
AIREBO used with the EAM-Morse and Morse potentials, the BOP potential results in
worse interaction between GFs—the GFs are rotated more randomly during exposure. Use
of AIREBO results in the formation of layered structures and more curved GFs.

As was mentioned in Section 2, the results for one Cu atom and graphene showed
a significant difference in the distance between the Cu atom and graphene for the BOP
and Morse potentials. It can be concluded that there is no connection to the interaction
between one Cu atom with graphene and the interaction of the number of graphene
flakes and Cu nanoparticles. We started with simulation of graphene and one Cu atom
to obtain a better understanding of this difference. It can initially be concluded that, for
separate Cu atoms and one graphene plane, or for a Cu substrate and separate C atoms,
it is better to use the BOP potential. However, when we try to understand the complex
system composed of crumpled graphene flakes and Cu nanoparticles, we do not need to
reproduce such strong adhesion. If we move from a system composed of a Cu atom and
graphene to a system composed of nanoparticles and graphene flake, we see very different
behavior—nanoparticles do not move so far from the flake. Here, the Morse potential is
much more suitable, leading to the conclusion that different potentials can be used to solve
different problems.
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3.2. Hydrostatic Compression

As mentioned in Section 2, the composite precursor was hydrostatically compressed
to obtain zero stresses in the system. Then, it was hydrostatically compressed at 1000 K
to obtain a composite with maximal densities of 5.69 g/cm3 (BOP), 5.59 (EAM-Morse)
and 5.64 (Morse). In Figure 2a, snapshots of the composite precursor, obtained with three
different potential functions, are presented after exposure at 300 K, followed by hydrostatic
compression to the state with zero stress. In Figure 2b,c, pressure (b) and potential energy
(c) as a function of compression strain are presented during hydrostatic compression at
1000 K. In Figure 2d, snapshots of the composite obtained with three different potential
functions are presented.

Figure 2. (a) Snapshots of the composite precursors obtained with different potentials after exposure
at 300 K followed by hydrostatic compression. (b,c) Pressure and potential energy changes during
hydrostatic compression. (d) Snapshots of the composite, obtained with different potentials. Cu
atoms are shown in orange and C atoms are shown in black.
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As is shown in Figure 2a, after pre-compression, in the structure obtained with the
EAM-Morse and Morse potentials, the Cu nanoparticles coagulate. For structure σ obtained
with the BOP potential, the Cu nanoparticles are covered with GFs, which occurred during
exposure and was enhanced during pre-compression. Thus, we have something like
graphene “balls” with nanoparticles inside.

For all three cases, it was found that, with increase in strain, the pressure increased
rapidly (see Figure 2b), which is common for graphene networks under compression [34].
However, for CG-CuBOP, the maximum stress was 650 GPa, while for CG-CuEM and CG-
CuM, it was almost two times lower. This difference can be explained by the fact that the
BOP potential somehow makes both the graphene and the nanoparticles more rigid and,
therefore, greater pressure is required to compress the structure.

By comparison of Figure 2b,c, it can be seen that, before ε = 0.08 (BOP) and ε = 0.04
(EAM-Morse, Morse), the potential energy is almost unchanged and the stress is close to
zero. Before these values of strain, there are still many pores in the composite precursor
and the neighboring elements interact weakly with each other. After ε = 0.08 (ε = 0.04),
the GF begins to interact and new covalent bonds appear between the GFs. Thus, the
separated graphene elements transform into a graphene network. The curves for the
structure obtained with the EAM-Morse and Morse potentials are very close, both for σ(ε)
and Epot(ε). The main difference is that, for the structure simulated with BOP, the potential
energy increases, while for the EAM-Morse and Morse potentials, it decreases. This can be
explained as a result of the BOP potential causing both the Cu nanoparticles and graphene
flakes to become more rigid. Consequently, in the process of hydrostatic compression, due
to the high rigidity of the nanoparticles and graphene, the potential energy in the system
increases. For use of the other two potentials, the copper nanoparticles, in this case, are
softer; in addition, the AIREBO potential enables graphene to bend more easily and, thus,
hydrostatic compression occurs much more easily.

This is also connected with the simulation process itself. It should be noted that
compression with the EAM-Morse and Morse potentials stopped automatically when the
structure compressed to a quite high density and physically could not be compressed
further. However, for compression with BOP, the structure could be compressed to an
unrealistic density and stopped manually when an average density 5.6 g/cm3 was achieved.
This was also confirmed by the constant increase in the potential energy during compres-
sion. For the Morse potential, compression resulted in the transformation of the system
to a low-energy state since AIREBO enabled crumpling of graphene and softening of the
Cu nanoparticles. Several processes decreased the potential energy: coagulation of the
nanoparticles, decrease in the space between the separated elements, coverage of nanopar-
ticles by graphene flakes, and the appearance of new bonds between neighboring flakes.
In the structure simulated with the BOP potential, it was closer to the situation in which
a system of rigid “balls” and rigid flakes are compressed, which increases the energy of
the system.

The deformation behavior of a single element of the composite was also analyzed. For
CG-CuBOP, even under high-temperature compression, the crystalline order of nanopar-
ticles remained. For CG-CuEM and CG-CuM, the metal nanoparticles melted, which
contributed to easier deformation and the formation of new chemical bonds. In [75], it was
reported that the melting temperature of Cu nanoparticles was 723 K, which was lower
than the hydrostatic compression temperature of 1000 K. Thus, the results obtained with
the BOP potential contradict even the melting temperature of Cu. It has previously been
reported that graphene flakes deform more easily under high-temperature hydrostatic
compression than at room temperature [22,35,76].

3.3. Uniaxial Tension

The stress-strain curves for the composites obtained with different potentials are
presented in Figure 3. Again, the results observed for the CG-CuBOP composite were
different from the other two potentials. Analysis showed that the elastic regime can be
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defined before ε = 0.06 for all structures (see the insert in Figure 3). After this, the slope
of the curve changes, though is still close to a linear regime. The transition to the plastic
deformation took place at higher stresses (about 90 GPa) for CG-CuBOP in comparison
to CG-CuEM and CG-CuM (which were about 60 GPa). The elastic modulus obtained
with the EAM-Morse and Morse potentials were very close −267 and 268 GPa, while, for
composite fabricated with the BOP potential, the elastic modulus was almost two times
higher −487 GPa.

Figure 3. Stress-strain curves for composites under tension. The insertion shows the elastic regime
and elastic modulus.

The stress-strain curves for CG-CuEM and CG-CuM are coincident up to ε = 0.22. Since
the Morse potential is used in these two structures to describe the Cu-C interaction, the
only difference is in the description of the Cu nanoparticles. Therefore, these curves are
in good agreement. It is also important to note that, for all three structures, the transition
from elastic to plastic deformation occurred at ε = 0.22. This is not the maximum value
since the composite can be stretched further. However, in the present investigation, the
main goal was to understand the effect of the potential function used on the process of
composite fabrication.

It should be noted that all the obtained composites had high strength and ductility.
After ε = 0.8, the stress-strain curves for all the composites were very close; no fracture
took place before ε = 2.5.

In Figure 4, the distribution of Cu atoms in the composite before (ε = 0.0) and after
tension (at final state ε = 2.5), and in the graphene network, are presented separately.

After compression for CG-CuBOP, the Cu nanoparticles remained almost the same
as after exposure, occurring as spherical particles of an approximately round shape. In
comparison, for CG-CuM, already melted nanoparticles and Cu atoms were spread over
the structure. Since EAM resulted in higher interaction energy for Cu-Cu, Cu nanoparticles
can still be seen in the structure, but already melted, or pre-melted.

For CG-CuBOP obtained with the BOP potential, the metal nanoparticles remained
in a crystalline order and appeared as metal clusters with a size larger than the initial
state. Even during tension, the Cu nanoparticles interacted and coagulated to form bigger
clusters. Cavities for the Cu nanoparticles can be seen in the snapshots of the graphene
network. For CG-CuEM and CG-CuM, the Cu atoms were almost uniformly distributed in
the graphene network during tension, spreading over the graphene flakes in both cases.
This resulted in the formation of a more uniform graphene network.

It can be concluded that the main difference in the results obtained with the BOP and
EAM-Morse/Morse potentials was observed in the elastic regime. The composites obtained
from the graphene networks filled with Cu nanoparticles are very promising because they
show high strength and ductility. However, different treatment temperatures should be
considered for the development of composite fabrication under hydrostatic compression.
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Figure 4. Copper atoms (orange color) and graphene network (black color) are shown separately
before and after uniaxial tension: (a) BOP; (b) EAM-Morse; and (c) Morse. Colors as in Figure 1.

4. Conclusions

A molecular dynamics approach was used to simulate the deformation behavior and
mechanical properties of a Cu/graphene nanocomposite composed of a graphene network
and Cu nanoparticles. How the potential used to represent the atomic interactions affected
the final composite structure and deformation behavior was analyzed. BOP, EAM-Morse,
and Morse potentials were investigated in the present study.

One of the purposes of the present study was to determine the most suitable potential
for the simulation of the interaction between Cu and graphene in the composites and
to identify which potential would make the simulation easier, more efficient, and more
accurate. Although the BOP potential was able to accurately reproduce the interatomic
interaction between C and Cu, it was found to be more suitable for the simulation of
graphene growth on a Cu substrate than for the study of Cu/graphene composites. It was
found that the Cu nanoparticles did not melt during high-temperature compression, while
the melting temperature of Cu nanoparticles was quite low. Moreover, the EAM-Morse and
Morse potentials gave approximately the same results for a much lower simulation time in
comparison with the BOP potential. The same results were obtained for Ni nanoparticles
in a graphene network where the complex ReaxFF potential was compared with the Morse
potential [22]. Therefore, for the simulation of a large number of atoms, it is better to use a
simple Morse potential.
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