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Negative Poisson’s ratio (NPR), also known as “auxetic”, is a highly desired property in a wide range of future industry applications.
By employing molecular dynamics (MD) simulation, metal matrix nanocomposites reinforced by graphene sheets are studied in
this paper. In the simulation, single crystal copper with crystal orientation ½1 1 0� is selected as the matrix and an embedded-
atom method (EAM) potential is used to describe the interaction of copper atoms. An aligned graphene sheet is selected as
reinforcement, and a hybrid potential, namely, the Erhart-Albe potential, is used for the interaction between a pair of carbon
atoms. The interaction between the carbon atom and copper atom is approximated by the Lennard-Jones (L-J) potential. The
simulation results showed that both graphene and copper matrix possess in-plane NPRs. The temperature-dependent
mechanical properties of graphene/copper nanocomposites with in-plane NPRs are obtained for the first time.

1. Introduction

Graphene is an ideal reinforcement agent for high-
performance composites due to its superb mechanical and
physicochemical properties [1–6]. Recently, polymer- and
metal-based composites [7–21] reinforced by graphene have
gained tremendous attention from the scientific community.
Compared with polymer-based composites, composites with
metal matrix can provide higher stiffness and strength and
service under a higher temperature, which makes them have
the potential for more critical applications in industry, espe-
cially in the aerospace and automobile industry. Several
researchers have reported in recent years [9–21] on experi-
mental and numerical studies of graphene-reinforced metal
composites. The numerical studies [16–21] mainly based on
the method of molecular dynamics (MD) simulations indi-
cated that the material properties of metal composites can
be significantly improved by applying single-layer graphene
reinforcement. In most experimental reports, the graphene
used to reinforce metal matrix composites (MMCs) is mainly
multilayered graphene (MLG) or graphene nanoplatelets
(GNPs) which contain 10-100 layers of carbon atoms. It is
noted that the material properties of these multilayer gra-

phene derivatives are far less superior to those of the single-
layer graphene counterpart [14]. It was also observed [15]
that increasing the number of graphene layers may degrade
the mechanical and other properties of these MMCs.

Negative Poisson’s ratio (NPR), also known as “auxetic”,
is a phenomenon associated with a material that experiences
transverse expansion when a tensile load is applied in the
longitudinal direction. On the other hand, if the material is
under a compressive load, it contracts transversely. The
NPR materials are a novel class of materials, which have
advantages that conventional materials may not possess
[22]. Materials with NPR have triggered significant interest
in the scientific community because of their unique physical
properties [23–27] including high shear modulus, high
indentation resistance [28], large plane strain fracture tough-
ness [29], and excellent shock and sound absorption abilities
[30, 31], and all of which are highly desirable properties for
engineering applications. Specifically, the NPR materials
can be used in microelectromechanical systems (MEMS)
and fastening devices due to their auxetic characteristics,
and they can be also added into engineering structures
(e.g., sandwich or laminated panels in the aerospace indus-
try) as energy absorption components. The natural materials
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found with NPR are polymers with microporous characteris-
tics. Such polymer consists of a randomly or periodically dis-
tributed 3D array of particles interconnected by fibrils in the
microscopic scale. For instance, microporous polytetrafluor-
oethylene (PTFE) film has a network of individual fibrils
which can be extended by several microns in both directions
when under uniaxial tension [32, 33]. On the other hand,
auxetic materials could be achieved via designing and tailor-
ing their microscopic compositions and structures. Such
man-made materials consist of a large number of unit cells,
which are arranged into certain periodical truss patterns such
as reentrant type, chiral type, or rotating units [32]. Recently,
it has been reported that laminated composites reinforced
with microfibers can gain out-of-plane NPR [34] through
design and optimization of stacking sequences. However,
there are still some limitations in engineering applications
for the above NPR materials. For example, the majority of
materials fabricated only have NPR in certain directions
where the stiffness is low in those directions. Hence, such
materials may only be used as the core for sandwiches which
need to be enhanced by composite face sheets. In addition,
NPR is usually achieved in the out-of-plane direction of a
structural element rather than in the in-plane direction
[35–37]. The research on composites with in-plane NPR is
still in the conceptual stage [38, 39] due to the unavailability
of such type of NPR materials and their associated material
properties for structural applications. Nevertheless, as hinted
in the literature [40], there is a possible approach to obtain
in-plane auxetic composites by using the matrix and the rein-
forcing phase that both possess the in-plane auxetic property.

In most polycrystalline metal materials, the value of
Poisson’s ratio is in the vicinity of 1/3. However, it is dif-
ferent for metal materials with single crystals where NPR
may exist in certain crystallographic directions [41]. Early
research [42] suggested that some single crystal metals
including copper with a face-centered cubic (FCC) lattice

might have an auxetic phenomenon in the ½1 �1 0� direction
when subjected to uniaxial ½1 1 0� loading. To date, the
NPR for single-layer graphene has been observed by
researchers using different approaches, including the Monte
Carlo method [43], molecular dynamics and statics [44, 45],
molecular structural mechanics [46], first principle theory
[47], and membrane theory [48].

In this study, the classical MD method using the
LAMMPS package [49] is employed to construct the single
crystal copper and the software package OVITO [50] is uti-
lized to generate graphic presentations from the MD simu-
lation results. For graphene, discrepancies exist in the MD
studies on Poisson’s ratio due to the selection of different
potentials for the C-C bond. From existing literature [51],
the absolute NPR (-0.158) can be obtained by MD simula-
tions with the Tersoff potential [52] but cannot be achieved
with the potentials based on a reactive empirical bond
order (REBO) potential [53]. Hence, a hybrid potential
[54] based on both REBO and Tersoff potentials is used
to address this issue. Finally, the MD models of graphene-
reinforced copper composites are established and used for
the prediction of the temperature-dependent NPRs and
other material properties for the composites.

2. MD Models

2.1. Single Crystal Copper. Copper is an ideal substrate that
supports growing graphene layers. In this study, we create a
MD model of single crystal copper along the ½1 1 0�, ½1 �1 0�,
and ½0 0 1� crystal orientations as shown in Figure 1(a). The
simulation box containing 5632 copper atoms is of 40:89
Å × 40:89Å × 39:76Å in dimensions. The boundary condi-
tions are set as periodical in the three directions. An
embedded-atom method (EAM) potential [55] developed
by Dawn and Baskes [56] is employed to create the interac-
tion between each pair of two copper atoms. The
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Figure 1: The schematic diagrams of the (a) single crystal copper cell, (b) single layer graphene, and (c) graphene-reinforced copper
composite.
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mathematical form of the general total energy for a pair of
copper atoms is

Etot =〠
i

Fi 〠
j≠i
ρaj Rij

� �" #
+ 1
2〠i

〠
j≠i
ϕij Rij

� �
, ð1Þ

where FiðρÞ is the embedding energy of atom i which is a
function of the atomic electron density ρ, ϕ is the pair
potential interaction, and α and β are the element types
of atoms I and J. In the case of this study, α and β are
the same. The lattice constant and the atomic weight of
the FCC copper are selected as 3.615Å and 63.55,
respectively.

In the simulation, the tensile and shear behaviors con-
trolled by strain are applied to this MD model to study its
in-plane and out-of-plane mechanical properties. The tem-
perature varying from 300K to 1000K is also considered in
the simulation to observe the effect of temperature on the
mechanical properties of the single crystal copper.

2.2. Single-Layer Graphene. Graphene is a two-dimensional
material. However, we cannot ignore its effective thickness
in the mechanical analysis of Young’s modulus and shear
modulus. The MD model of the monolayer graphene with
201:68Å × 200:21Å is built, which is, respectively, referred
to as the zig-zag direction and the armchair direction. A
hybrid empirical bond order potential [54] for the C-C inter-
action based on REBO [53] and Tersoff [52] potentials is
employed herein. The cohesive energy of this potential is
written as a sum over individual bond energies:

EC =〠
i>j

f C rij
� �

VR rij
� �

−
bij + bji

2 VΛ rij
� �� �

, ð2Þ

where VR and VΛ are the pairwise attractive and repulsive
contributions, respectively, f C is the cutoff function, b is the
bond order, and r is the distance between the nearest two car-
bon atoms. The detailed definitions of these physical quanti-
ties can be found in the literature [54]. The C-C bond length
is well known as 1.42Å, and the atom weight is 12.011. For
the sake of convenience, this hybrid potential is named as
the Erhart and Albe potential (EAP).

To determine the in-plane properties, such as E11, E22,
G12, ν12, and ν21, the simulation tests in three directions are
carried out. The force f is only applied on the carbon atoms
closest to the boundary for each simulation, as shown in
Figure 1(b). If we assume that there are M atoms in the zig-
zag direction and N atoms in the armchair direction, then
we can first obtain stretching rigidities (C11 and C22) and
shear rigidity (C66) as:

C11 = E11h =
Mf Lx
LyΔLx

, ð3Þ

C22 = E22h =
Nf Ly
LxΔLy

, ð4Þ

C66 =G12h =
Mf Ly
LxΔLx

ð5Þ

or

C66 =G12h =
Nf Lx
LyΔLy

, ð6Þ

where Lx and Ly are the origin lengths of the graphene in
the zig-zag direction and the armchair direction, respec-
tively, and Δ denotes the deformation caused by the force.
It is worth noting that Equations (5) and (6) are valid
when ΔLx or ΔLy is very small.

There is divergence on the effective thickness of gra-
phene which affects the values of its moduli. Usually, the
graphite thickness is used to estimate the effective thick-
ness of graphene. However, this method is not accurate
for a mechanical concept. In this study, we treat the gra-
phene sheet as a thin plate in the framework of mechanics
and the effective thickness of the graphene sheet will be
obtained after the central deflection of graphene is mea-
sured under a uniform load. Shen [57] has derived the
relationship between the load q and the central deflection
�W based on the classical plate theory:

qL4x
D11he
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�W
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�W
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+⋯, ð7Þ

where D11 is the flexural rigidity of graphene in the zig-

zag direction. Að1Þ
W and Að3Þ

W are parameters and defined as
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where superscript G represents graphene. Finally, the effec-
tive thickness of the graphene sheet (he) can be derived
from Equation (7):

he =
12 1 − νG12ν

G
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The detailed derivation for the load-deflection relation-
ship in Equation (7) is presented in the appendix. In the
simulation, the boundary atoms are fixed and a small
transverse force is applied to the rest of the atoms.

Once the effective thickness is determined by MD sim-
ulations, the effective Young’s modulus and shear modulus
of the graphene sheet can be obtained uniquely from
Equations (3) to (6). The TECs at different temperatures
can also be obtained from the relaxation process. For the
computation of the TEC, the standard relationship is used
[58, 59]:

α11 =
1
Lx0

ΔLx
ΔT

= 1
L0

Lx − Lx0
T − T0

, ð16Þ

α22 =
1
Ly0

ΔLy
ΔT

= 1
L0

Ly − Ly0
T − T0

, ð17Þ

where α is the TEC with unit K-1. T and T0 are the sim-
ulation temperature and reference temperature, respec-
tively. Lx0 and Ly0 are the lengths of graphene in the
zig-zag direction and the armchair direction, respectively,
corresponding to the reference temperature T0.

2.3. Graphene-Reinforced Copper Nanocomposite. The MD
model of the graphene-reinforced copper nanocomposite
is illustrated in Figure 1(c). The EAM and EAP potentials
are also used in the simulation of composite materials for
the interactions of Cu-Cu and C-C. The Lennard-Jones (L-J)
potential which is theoretically a good molecular dynamics
model for long and short distances for neutral atoms and
molecule is adapted for the C-Cu interaction. Moreover,
the C-Cu interaction has already been demonstrated to
meet the prediction from the Lennard-Jones potential in
previous investigations [60, 61]. This potential has also
been widely used in existing literature [62–64] on the
MD study of carbon/copper molecular structures. To esti-
mate the interaction between copper and carbon atoms,
the L-J potential is used:

Eij = 4ε σ

r

� 	12
−

σ

r

� 	6� �
: ð18Þ

In Equation (18), r is the distance between two atoms.
Obviously, this potential depends on the depth ε and the
equilibrium interatomic distance σ. These parameters are
determined to be ε = 0:01996 eV and σ = 3:225Å based

on existing studies [65]. On the other hand, the common
divisor of the two atoms’ lattice parameters is considered
in the geometric design of the MD models for the com-
posites to reduce the effect of mismatch, which will lead
to internal stress in the MD models during the phases of
relaxation and loading.

In the simulation, five different weight fractions (2.8%,
3.7%, 4.8%, 6.1%, and 7.1%) of the graphene sheet are
taken into account. The temperature effect is also consid-
ered in the simulation. The time step is set as 1 fs, and
the thermal relaxation consumes 40000 steps within the
context of an isothermal-isobaric (NPT) ensemble. The
tensile deformation of the simulation box is controlled
by a strain rate of 10-6/fs, and the whole load process takes
100000 steps while it takes only 10000 steps for the shear
deformation.

3. Results and Discussion

3.1. Mechanical Properties and NPR of Single Crystal
Copper. As a typical FCC metal, single crystal copper
shows an in-plane auxetic property when the load is
applied in the ½1 1 0� direction. Table 1 shows the in-
plane properties of the single crystal copper. From the
table, in-plane NPRs (ν12 and ν21) are obtained through
linear fitting MD simulation results and it is found that
auxeticity is more significant with the increase in tempera-
ture. However, the elastic moduli (E11 and E22) and shear
modulus (G12) are decreased as temperature rises. We also
find that the shear modulus is much smaller than the elastic
moduli. The thermal expansion coefficient is also obtained
and listed in Table 1. The out-of-plane properties of the sin-
gle crystal copper, including E33, G13, and G23, are listed in
Table 2. It is found that the out-of-plane elastic modulus is
nearly half of the in-plane elastic modulus. The out-of-
plane shear moduli G13 and G23 are almost four times of
the in-plane shear modulus.

Table 1: In-plane material properties of single crystal copper under different temperatures (11 and 22 directions are, respectively, referred to
as ½1 1 0� and ½1 �1 0� crystal orientations).
Temperature (K) E11 (GPa) E22 (GPa) G12 (GPa) ν12 ν21 α (×10-6 K-1)

300 106.33 106.71 18.648 -0.1976 -0.1949 16.3766

500 95.576 96.224 16.684 -0.2164 -0.2142 17.3444

700 86.733 87.289 14.544 -0.2352 -0.2413 18.3063

1000 70.642 70.674 11.615 -0.2857 -0.2905 20.6236

Table 2: Out-of-plane material properties of single crystal copper
under different temperatures (11 and 22 directions are,
respectively, referred to as ½1 1 0� and ½1 �1 0� crystal orientations).
Temperature (K) E33 (GPa) G13 (GPa) G23 (GPa)

300 54.306 68.526 69.585

500 49.792 63.267 63.553

700 43.934 59.295 59.722

1000 39.966 50.74 50.923
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3.2. In-Plane Properties and Out-Of-Plane Bending
Behavior of the Graphene Sheet. The variation of the
stretching rigidities, the shear rigidity, the in-plane Pois-
son’s ratios, and the thermal expansion coefficients of the
graphene from 300K to 1000K is shown in Table 3. It
can be seen that the stretching rigidities are decreased
slightly as temperature increases. However, the trend of
the shear rigidity is opposite to that of the stretching rigid-
ities, which is in agreement with the MD results of Lin
et al. [7]. Like the single crystal copper, the NPR of the
graphene sheet is increased when temperature rises. How-
ever, the thermal expansion coefficients of the graphene
sheet are negative, which means that graphene contracts
when temperature increases. The effect of different loading
directions on NPR has been investigated in our previous
work [45] where the changes of NPRs with an increased
load in the zigzag and armchair directions were also stud-
ied. We found that the gap between the NPRs in the zig-
zag and armchair directions is remarkable when the load
is small but the gap is gradually reduced with the
increase in the load. It was believed that the geometric
configuration in different chiral directions plays a key
role, because the distance between neighboring carbon
atoms is increased once deformation of the graphene is
occurred, which causes the reduction of the C-C bonds.
With the increase in the interatomic distance, the effect
of geometric configuration becomes weak, which results
in the reduction of the gap between the NPRs in those
two directions.

The bending behavior is then performed to determine
the effective thickness of graphene. As mentioned above,
the small force is set to be 10-4 nN and 1 million steps
are taken for the balance of the whole system. The center
deflection of graphene is calculated as the average value
among transverse displacements of the nearest carbon
atoms to the center point. In our study, the strain load
of 10-6/fs is applied on the MD model and the averaged
lattice parameters for the time step are converged to
within 0.0001 nm. The strain load 10-6/fs with unit fs-1

means that we apply about 2 × 10−5 nm as an incremental
displacement per femtosecond on the MD model of gra-
phene. The equilibrium state depends on the difference
of lattice parameters within a time step. If the difference
is lower than 0.0001 nm, the whole model can be regarded
to be in an equilibrium state. The graphene is an atomic-
scale two-dimensional hexagonal lattice made by carbon
atoms. In a dimensionally fixed graphene, the geometric
center point must be in a hexagon cell. In our computa-

tion, the transverse displacements of the six carbon atoms
of the hexagon cell in the center area of graphene are
averaged to obtain the deflection of the graphene for each
time point. Applying Equation (15), we obtain the effective
thickness of the graphene being 0.159 nm with the deflec-
tion of 5.784Å at room temperature when the equivalent
applied pressure q is 3:75 × 10−3 GPa. Then, the density
of the graphene can be obtained, which is 4717 kg/m3.
Finally, the effective moduli of graphene can also be
obtained based on Equations (3)–(6). Table 4 presents
the elastic moduli E11 and E22 as well as the shear modu-
lus G12 for the graphene sheet.

3.3. Material Properties of Graphene/Cu Nanocomposites.
In this section, five different graphene weight fractions
for the graphene-reinforced copper composites will be
taken into consideration. The calculation of the graphene
weight fractions can be achieved based on the number of
carbon and copper atoms and their respective atom
weight. Then, the volume fractions can be directly
obtained by [66]

VG = wG
wG + ρG/ρCð Þ − ρG/ρCð ÞwG

, ð19Þ

where V and w denote the volume fraction and the weight
fraction, respectively. ρ is the mass density. The super-
scripts or subscripts G and C represent graphene and cop-
per, respectively. For example, one of our MD models for
composites contains 112064 atoms in all, of which 14720
atoms are carbon and the rest are copper atoms. Accord-
ingly, the obtained graphene weight fraction is 2.8%. Tak-
ing 8960 kg/m3 as the mass density of copper, the volume
fraction of graphene is then calculated to be 5%. The con-
sidered five weight fractions and their corresponding vol-
ume fractions are listed in Table 5.

Table 3: In-plane properties of monolayer graphene under different temperatures (11 and 22 directions are, respectively, referred to as zig-zag
and armchair directions).

Temperature (K) C11 (GPa nm) C22 (GPa nm) C66 (GPa nm) ν12 ν21 α11 (×10-6 K-1) α22 (×10-6 K-1)

300 357.27 339.82 128.91 -0.0409 -0.0392 -11.952 -11.948

500 353.24 330.04 131.71 -0.0412 -0.0389 -9.6269 -9.6267

700 349.71 327.29 137.62 -0.0436 -0.0411 -8.1185 -8.1177

1000 321.54 305.84 143.73 -0.0501 -0.0482 -6.6417 -6.6397

Table 4: Moduli of monolayer graphene under different
temperatures (11 and 22 directions are, respectively, referred to as
zig-zag and armchair directions).

Temperature (K) E11 (TPa) E22 (TPa) G12 (TPa)

300 2.2470 2.1372 0.8108

500 2.2216 2.0757 0.8284

700 2.1994 2.0584 0.8655

1000 2.0223 1.9235 0.9040
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Figure 2 illustrates the effect of graphene volume frac-
tion on the in-plane Young’s moduli and shear modulus
of the composites at room temperature (300K). It is worth
noting that the 11 direction is along the zig-zag direction
of the graphene as well as the ½1 1 0� crystal direction of
the copper while the 22 direction is along the armchair
direction of the graphene as well as the ½1 �1 0� crystal
direction of the copper. We found that E11 is slightly
larger than E22 and they are both improved as the volume
fraction of graphene is increased. We also notice that the
rising trend of the moduli becomes slower when the gra-
phene volume is higher than 7%. The out-of-plane moduli,
E33, G13, and G23, with different VG are depicted in
Figure 3. Although the Young’s modulus in the thickness
direction is enhanced by increasing the volume fraction
of graphene, the incremental rate is relatively smaller
when compared with that of the in-plane Young’s moduli.
It can be found that E33 is only improved by 7% with 13%
volume fraction of graphene when compared with that of

the pure copper. Unlike the in-plane shear modulus, the
out-of-plane shear moduli, G13 and G23, are actually weak-
ened by adding graphene reinforcement. We observe that
the out-of-plane shear properties are degraded by as much
as half when the composite contains only 5% volume frac-
tion of graphene. The detailed moduli of the composites
with different volume fractions of graphene under various
temperatures are presented in Table 6.

In order to study the auxetic behavior of the graphene-
reinforced copper composites, the NPRs of the composite
with 9% graphene volume fraction and its component
materials are all shown in Figure 4. As mentioned above,
the graphene sheet and single crystal copper are both in-
plane auxetic. Unlike in [21] where out-of-plane NPRs
were obtained for graphene/Cu composites, in the current
study, the in-plane NPRs of the resulting composite are
obtained. From Figure 4, it can be found that the in-
plane NPRs (ν12 and ν21) of the composite are between
those of graphene and copper but closer to the graphene
NPRs. With increase in temperature, the NPRs of the
composite are decreased and the NPRs can reach about
-0.09 at 1000K. The effect of graphene volume fraction
on ν12 of the composite is shown in Figure 5. Unlike the
effect of temperature, the increase in graphene content
may weaken auxetic characteristics of the composite. The
TECs of the copper and graphene as well as the composite
varying from 300K to 1000K are shown in Figure 6. Due
to α11 and α22 for all three materials being very close, only
their α11 is compared in Figure 6. Obviously, the TEC of
graphene is negative but the TEC of copper is positive.
The TEC of the composite is still positive but lower than
that of the copper. In other words, the addition of
graphene with negative TECs decreases the TECs of the
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Figure 2: The variation of in-plane Young’s moduli and shear
modulus of composites with different graphene volume fractions
at room temperature.
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Figure 3: The variation of out-of-plane Young’s modulus and shear
moduli of composites with different graphene volume fractions at
room temperature.

Table 5: The weight fractions and their corresponding volume
fractions (the mass densities of graphene and copper are
4717 kg/m3 and 8960 kg/m3, respectively).

Weight fraction Volume fraction

2.8% 5%

3.7% 7%

4.8% 9%

6.1% 11%

7.1% 13%
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copper based composite. Hence, internal stress may exist
in the graphene-reinforced copper composites once
temperature is varied. It is observed that the TEC trend

of the composite is slightly different from that of graphene
or copper due to the coupling effect. Table 7 shows
detailed NPRs and TECs of composites from 300K to

Table 6: Temperature-dependent properties of graphene-reinforced copper composites (11 and 22 directions are, respectively, referred to as
zig-zag and armchair directions, and the 33 direction is referred to as the thickness direction).

Temperature (K) VG E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa)

300

5% 207.55 196.69 61.454 66.389 33.617 32.327

7% 249.62 235.67 68.840 80.214 26.881 26.895

9% 275.44 256.48 69.651 91.706 25.517 24.949

11% 307.06 286.97 71.640 108.42 23.616 22.802

13% 319.77 304.99 73.993 120.34 20.001 19.445

500

5% 193.15 183.94 55.773 62.092 31.536 31.009

7% 235.50 221.18 61.819 77.036 25.845 25.809

9% 258.90 243.71 68.271 87.200 24.257 23.893

11% 293.37 273.66 69.588 100.92 21.853 20.786

13% 296.39 288.72 72.029 112.29 19.283 17.660

700

5% 180.50 171.58 47.192 58.314 28.928 28.200

7% 219.61 206.17 53.817 72.686 24.115 23.587

9% 242.91 229.60 62.517 82.040 23.627 22.989

11% 271.55 254.96 67.880 97.670 17.003 16.290

13% 284.59 275.48 69.542 110.79 18.057 17.396

1000

5% 155.35 148.86 40.818 53.053 24.109 23.701

7% 197.96 178.74 49.213 65.355 22.997 22.394

9% 220.43 199.26 60.216 76.439 21.923 21.839

11% 248.34 210.12 64.923 93.537 16.211 15.926

13% 253.87 223.40 66.792 99.681 16.731 15.988
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Figure 4: The effect of temperature on NPRs of the composite (VG = 9%) and its component materials.
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1000K. It is worth noting that the interaction between the
carbon atom and copper atom is approximated by the L-J
potential in the present MD models of graphene-
reinforced composites. Hence, the influence of graphene
reinforcement on the mechanical properties and Poison’s
ratio of the composites mainly depends on the mechanical
loading transfer at the interface of the graphene sheet and
copper matrix.

4. Conclusion

This study not only presents novel MD results for MMCs
reinforced by graphene sheets but also provides a new

approach for the design of auxetic materials and structures.
The graphene sheet and single crystal copper both showing
in-plane auxeticity are selected as reinforcements and matrix,
and their detailed material properties are obtained through
MD simulations. To determine the effective material proper-
ties of graphene-reinforced metal matrix composites
(GRMMCs), the MD simulations are carried out under dif-
ferent graphene volume fractions and temperature ranges
from 300K to 1000K. The results showed that the in-plane
NPRs of GRMMCs are decreased as the temperature rises
or the graphene volume fraction increases and the maximum
NPRs may reach -0.11 at 1000K when the volume fraction of
graphene VG is 5%.
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Figure 5: The effect of graphene volume fraction VG on ν12 of the composite under different temperature conditions.
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Appendix

A graphene sheet with length a, width b, and effective thick-
ness he under a distributed transverse pressure q is consid-
ered. When the effective thickness is thin enough, the
classical thin plate theory is adapted and the displacement
field of an arbitrary point (X, Y) on the graphene can be
expressed as

U1 = �U X, Y , tð Þ − Z
∂ �W X, Y , tð Þ

∂X
,

U2 = �V X, Y , tð Þ − Z
∂ �W X, Y , tð Þ

∂Y
,

U3 = �W X, Y , tð Þ,

ðA:1Þ

where �U , �V , and �W are midplane displacements in a Car-
tesian coordinate (X, Y , and Z) and t is the time. Then,
the corresponding strains in the von Kármán type can be
written as

ε1 =
∂�U
∂X

+ 1
2

∂ �W
∂X

� �2
− Z

∂2 �W
∂X2 ,

ε2 =
∂�V
∂Y

+ 1
2

∂ �W
∂Y

� �2
− Z

∂2 �W
∂Y2 ,

ε3 = ε4 = ε5 = 0,

ε6 =
∂�U
∂Y

+ ∂�V
∂X

+ ∂2 �W
∂X∂Y

− 2Z ∂ �W
∂X∂Y

:

ðA:2Þ

The stress-strain relationship in a plane stress state can
be expressed as

σ1

σ2

σ6

2
664

3
775 =

Q11 Q12 0
Q21 Q22 0
0 0 Q66

2
664

3
775

ε1

ε2

ε6

2
664

3
775, ðA:3Þ

where

Q11

Q12

Q22

Q66

2
666664

3
777775
=

1
1 − v12v21

0 0 0

0 v21
1 − v12v21

0 0

0 0 1
1 − v12v21

0

0 0 0 1

2
66666666664

3
77777777775

E11

E11

E22

G12

2
666664

3
777775
:

ðA:4Þ

By employing the Hamilton principle, we have

ðt2
t1

δU + δV − δKð Þdt = 0, ðA:5Þ

Table 7: Temperature-dependent NPRs and TECs of graphene-reinforced copper composites (11 and 22 directions are, respectively, referred
to as zig-zag and armchair directions, and the 33 direction is referred to as the thickness direction).

Temperature (K) VG ν12 ν13 ν23 α11 (×10-6 K-1) α22 (×10-6 K-1)

300

5% -0.0649 0.6297 0.6512 1.4224 1.4194

7% -0.0594 0.5631 0.6034 1.0812 1.0813

9% -0.0486 0.5111 0.5088 0.9976 1.0021

11% -0.0364 0.4235 0.4598 0.8204 0.8204

13% -0.0380 0.4026 0.4348 0.7984 0.8014

500

5% -0.0721 0.6298 0.6617 1.5037 1.5006

7% -0.0718 0.5726 0.6358 1.3848 1.3957

9% -0.0540 0.5494 0.5584 1.3174 1.3046

11% -0.0532 0.5345 0.5019 1.2199 1.2053

13% -0.0489 0.5025 0.4951 1.0232 1.0288

700

5% -0.0751 0.6826 0.6742 1.6222 1.6278

7% -0.0736 0.6452 0.6294 1.4324 1.4286

9% -0.0525 0.5828 0.5763 1.3589 1.3489

11% -0.0581 0.5643 0.5011 1.2069 1.2066

13% -0.0271 0.5576 0.4317 1.1367 1.1422

1000

5% -0.1118 0.6978 0.7063 1.7022 1.7331

7% -0.0994 0.6572 0.6453 1.7205 1.6899

9% -0.0875 0.6033 0.5791 1.5242 1.5416

11% -0.0676 0.5750 0.5854 1.3028 1.3016

13% -0.0415 0.5633 0.5955 1.3256 1.3083
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where

δU =
ð
Ω

ðh/2
−h/2

σiεið ÞdZdXdY  i = 1, 2, 6ð Þ,

δV = −
ð
Ω

qδU3dXdY ,

δK =
ð
Ω

ðh/2
−h/2

ρ
∂Uj

∂t
∂ δUj

� �
∂t

" #
dZdXdY  j = 1, 2, 6ð Þ,

ðA:6Þ

where Ω is the area of the plate. Using the variational
principle, the von Kármán-type nonlinear equations for
the thin plate can be derived as [57]

L1 �W
� �

+ L3 �F
� �

= ~L �W, �F
� �

+ q, ðA:7Þ

L2 �F
� �

− L3 �W
� �

= −
1
2
~L �W, �W
� �

, ðA:8Þ

where �F is the stress function defined by �Nx = ∂2�F/∂Y2,
�Ny = ∂2�F/∂X2, and �Nxy = −∂2�F/∂X∂Y and the linear oper-
ators are defined by

L1ð Þ =D∗
11

∂4

∂X4 + 2 D∗
12 + 2D∗

66ð Þ ∂4

∂X2∂Y2 + 2D∗
22

∂4

∂Y4 ,

ðA:9Þ

L2ð Þ = A∗
22

∂4

∂X4 + 2A∗
12 + A∗

66ð Þ ∂4

∂X2∂Y2 + A∗
11

∂4

∂Y4 ,

ðA:10Þ

L3ð Þ = 2B∗
26 − B∗

61ð Þ ∂4

∂X3∂Y
+ 2 B∗

16 − B∗
62ð Þ ∂4

∂X∂Y3 ,

ðA:11Þ
and Lð Þ contains the geometric nonlinearity terms in the
von Kármán sense and can be given as

Lð Þ = ∂2

∂X2
∂2

∂Y2 − 2 ∂2

∂X∂Y
∂2

∂X∂Y
+ ∂2

∂Y2
∂2

∂X2 , ðA:12Þ

in Equations (A.9)–(A.11); ½Aij�, ½Bij�, and ½Dij� (i, j = 1, 2, 6)
are reduced stiffness matrices which are defined as

A∗ =A−1,
B∗ = −A−1B,
D∗ =D − BA−1B,

ðA:13Þ

where Aij, Bij, and Dij are the stiffness coefficients defined by

Aij, Bij,Dij

� �
=
ðh/2
−h/2

Qij 1, Z, Zð ÞdZ: ðA:14Þ

The solutions of Equations (A.7) and (A.8) can be
expanded in the perturbation forms as

W =〠
j=1
εjwj x, yð Þ, ðA:15Þ

F =〠
j=0
εj f j x, yð Þ, ðA:16Þ

q =〠
j=1
εjλj: ðA:17Þ

By substituting Equations (A.15)–(A.17) into Equations
(A.7) and (A.8) and using a two-step perturbation approach
[67], the solution of load can be written as

qL4x
D11he

= A 1ð Þ
W

�W
he

� �
+ A 3ð Þ

W

�W
he

� �3
+⋯: ðA:18Þ

Equation (A.18) is the load-deflection relationship that we
used in this study to obtain the effective thickness of the gra-
phene. Substituting D11 = C11h

2
e/½12ð1 − νG12ν

G
21Þ� into Equa-

tion (A.18) and multiplying both sides of Equation (A.18) by
h3e , one has

A 1ð Þ
W

�Wh2e =
12 1 − νG12ν

G
21

� �
qL4x

C11
− A 3ð Þ

W
�W3

: ðA:19Þ

From Equation (A.19), the final expression of he can be
obtained as

he =
12 1 − νG12ν

G
21

� �
qL4x/C11

� �
− A 3ð Þ

W
�W3

A 1ð Þ
W

�W

" #1/2
: ðA:20Þ
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