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Abstract
Many experiments have shown that carbon nanotube-coated (CNT-coated) graphene foam
(CCGF) has specific mechanical properties, which further expand the application of graphene
foam materials in many advanced fields. To reveal the microscopic deformation mechanism of
CCGF under uniaxial compression and the main factors affecting their mechanical properties,
numerical experiments based on the coarse-grained molecular dynamics method are
systematically carried out in this paper. It is found that the relative stiffness of CNTs and
graphene flakes seriously affects the microscopic deformation mechanism and strain distribution
in CCGFs. The bar reinforcing mechanism will dominate the microstructural deformation in
CCGFs composed of relatively soft graphene flakes, while the microstructural deformation in
those composed of stiff graphene flakes will be dominated by the mechanical locking
mechanism. The effects of CNT fraction, distribution of CNTs on graphene flakes, the thickness
of graphene flakes, and the adhesion strength between CNTs and graphene flakes on the initial
and intermediate moduli of foam materials are further studied in detail. The results of this paper
should be helpful for a deep understanding of the mechanical properties of CCGF materials and
the optimization design of microstructures in advanced graphene-based composites.

Supplementary material for this article is available online

Keywords: carbon nanotube-coated graphene foam, uniaxial compression, numerical
experiment, mechanical property, microscopic deformation mechanism

1. Introduction

The carbon nanotube-coated (CNT-coated) graphene foam
(CCGF) is a new nanoporous composite material composed of
the well-known one-dimensional CNTs [1] and two-dimensional
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graphene flakes [2], which inherits the unique structural and
physicochemical properties [3, 4] of both CNT and graphene,
and further obtains intrinsic synergistic effects of these two
carbon materials. As a result, the CCGF has more outstanding
mechanical [5–9] and electrical [10] properties, compared
with its counterparts of pure CNT foams [11] and graphene
foams [12] (GFs), which enables many practical applications
in the field of sensing [13], energy storage devices [14],
flexible electronics [15, 16], and damping materials [17] in
recent years.

The mechanical properties of such a promising material
are mainly affected by three structural factors. The first is the
basic skeleton structure formed by graphene flakes, such as
honeycomb-like [9], randomly-oriented [18], layered [19],
and hierarchical [7] structures, etc. The second is the topo-
logical structures of CNT fibers intercalated into the GF
matrix in a random [20] or ordered [21, 22] fashion. The last
one is the connection between GFs and CNT additives
through various forces [8, 18, 23] and geometrical config-
urations [9, 18].

Some effort has been made to study the relationship
between the microstructures and mechanical properties of
such a composite of CNTs and graphene sheets. Yang et al
[24] experimentally speculated that CNTs could bridge
adjacent graphene sheets and effectively inhibit the unfavor-
able aggregation of neighbor graphene sheets. In turn, Ye
et al [25] found that graphene sheets have strong adsorption
of CNT fibers and can suppress their aggregations as well.
Kuang et al [9] fabricated the composite foam with long and
entangled CNT fibers to weave graphene sheets into a con-
tinuous structure, which has an updated specific strength,
elasticity and mechanical stability under compression com-
pared with the pure CCGFs. Vinod et al [26] pointed out that
the foam’s mechanical failure is highly related to the vertical
graphene cell walls, which could be strengthened by CNTs.
Sun et al [18] and Guo et al [7] found that the compressive
and tensile elasticities of GFs can be significantly enhanced
through CNTs’ addition due to the intensive recovery capa-
city of graphene cell walls reinforced by CNTs.

The CNT coated graphene flake, termed ‘rebar graphene’
by Tour et al [8, 20, 27], is one of the most typical structures
[18–21, 27–29], which look like the vein-membrane structure
of leaves and the wing of insects. However, the microscopic
deformation mechanism of how this interesting composite
structure strengthens the mechanical properties of the foam
composites remains elusive, and it is still unclear how to
choose parameters of CNTs and how to arrange them in GFs
for the optimal design. In the present work, based on the
previous experimental studies, a mesoscopic model of CCGF
is established to systematically study the microscopic defor-
mation mechanism and main influencing factors. Two main
enhancing mechanisms of CNTs are finally found, i.e. the bar
reinforcing mechanism, in which CNTs increase the bending
stiffness of graphene flakes, and the mechanical locking
mechanism, in which CNTs impede the relative sliding of
adjacent graphene flakes. The rest of this paper is organized
as follows. The numerical model of CCGF is introduced in
the first part. The macroscopic mechanical behavior and

microscopic deformation mechanism of CCGF under uniaxial
compression are then studied as well as the feature of internal
strain distribution, during which the foams made of CNTs and
graphene flakes with different stiffness are considered. The
effects of CNT fraction, distribution of CNTs on graphene
flakes, the thickness of graphene flakes, and the adhesion
strength between CNTs and graphene flakes on the initial and
intermediate moduli of foam materials are finally studied.
Conclusions are given at the end of this paper.

2. Numerical model and methodology

Based on the well proved coarse-grained models of CNT and
graphene [30–32], we establish a coarse-grained mesoscopic
model of CCGF material. For the graphene in the mesoscopic
model, each bead represents a single- or multilayer atomic
graphene sheet with an area of 2.5×2.5 nm2. The stretching,
shearing, and bending deformation of a graphene sheet and
the van der Waals interaction between neighboring graphene
sheets can be described by three harmonic and a Lennard-
Jones (LJ) potential functions. (I) The energy of the tensile
deformation of graphene sheets is described utilizing a har-
monic spring potential fgt=kgt(rg− rg0)

2/2 between all
bonded coarse grains with an equilibrium distance of
rg0=2.5 nm, where kgt and rg denote the spring constant and
the current bead-to-bead distance, respectively; (II) the energy
of the in-plane shear deformation is described using a har-
monic rotational-spring potential fgj=kgj(jg− jg0)

2/2
among three particles with a referenced equilibrium angle of
jg0=90°, in which kgj and jg denote the spring constant
and the current in-plane shear angle; (III) the energy of the
out-of-plane bending deformation is described using a har-
monic rotational-spring potential fgθ=kgθ(θg− θg0)

2/2
among three particles with a referenced equilibrium angle of
θg0=180°, in which kgθ and θg are the spring constant and
the current out-of-plane bending angle; (IV) the van der
Waals interaction between neighbor coarse-grained flakes is
described using the LJ potential function fLJg=4εg[(σg/rg)

12−
(σg/rg)

6], where εg, σg and rg are the energy well depth, the
zero-energy distance and the bead-to-bead distance.

For the CNT in the coarse-grained mesoscopic model,
each bead represents a double-walled CNT with a length of
2 nm, chirality (8, 8) and (12, 12). A harmonic spring
potential fct=kct(rc− rc0)

2/2 and a harmonic rotational-
spring potential fcθ=kcθ(θc− θc0)

2/2 are used to describe
the stretching and bending deformation of CNT, respectively.
Here, kct and kcθ are the spring constants for stretching and
bending deformation, respectively. rc is the current distance
and rc0 is the equilibrium distance of 2 nm between neigh-
boring beads. θc is the current angle and θ0 denotes the
equilibrium angle of 180° among three beads. The LJ
potential fLJc=4εc[(σc/rc)

12−(σc/rc)
6] is used to describe

the interaction between two neighboring CNTs, where εc, σc,
and rc are the depth of the potential well, the zero-potential
distance, and the current distance between neighboring beads.
The interface interaction between the beads of graphene and
the beads of CNTs is described by an LJ potential

2
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fLJcg=4εcg[(σcg/rcg)
12−(σcg/rcg)

6], where εcg=εg and
σcg=σg are adopted if not stated specifically. All parameters
are given in table 1.

Such a coarse-grained model has been proved to be
effective to describe the large deformation behaviors of gra-
phene and CNT, for examples, the folding of graphene sheets
[31], the torsion of graphene ribbons [32], the tension and
compression of GFs composed of graphene sheets [33], the
nano-indentation of CNT films [34], and the tension of CNT
foams [35]. In the present work, all local strain of bonds in
graphene sheets and CNTs is less than 10%, which ensures
the validity of the linear constitutive relationship given above.

Periodic boundary conditions are used in all three
directions of the mesoscopic model. Uniaxial compression is
loaded in the x-direction with a strain rate of ∼107 s−1.
Condition of the Langevin thermostat 300 K is adopted in all
simulations with a time step 1 fs, and Berendsen barostat 0 Pa
in the other two directions is adopted. All simulations are
implemented with an open-source software Large-scale
Atomic/Molecular Massively Parallel Simulator [36], and all
figures and movies are illustrated using the open-source
software Ovito [37].

A well-equilibrated coarse-grained model of CCGF is
shown in figure 1(a), which consists of 100 CNT-coated
graphene flakes. CNTs are colored blue and graphene flakes
are colored red, respectively, as shown in figure 1(b-I).
According to the coarse-grain scheme [9, 38], each CNT bead
denotes a double-walled CNT with a length of 2 nm and
chirality (8, 8) and (12, 12) as shown in figure 1(b-II). Each
square coarse-grained graphene flake with a side length of
75 nm contains 961 beads and each bead denotes a square
full-atomic graphene sheet with a side of 2.5 nm as shown in
figure 1(b-III). Fourteen coarse-grained CNTs with an aver-
age length of ∼70 nm are tightly attached to the graphene
flake in accordance with the experimental observation [18]
shown in figure 1(b-IV). The density of the well-equilibrated
coarse-grained model of CCGF is ∼60 mg cm−3, which is
consistent well with the range of 1–100 mg cm−3 measured
experimentally [18, 39]. Four typical microstructures are
identified in the simulation model as shown in figure 1(c(I–IV)),
i.e. point–surface, edge–surface, edge–edge, and surface–
surface contact, all of which have been identified in SEM

observations [7, 18, 19] as illustrated in figure 1(c) for
comparison.

3. Results and discussion

3.1. The stress–strain relationship of CCGFs under uniaxial
compression

In order to evaluate the effect of CNTs on the mechanical
behavior of CCGF under compression, pure GFs with a
corresponding similar graphene skeleton are also studied for
comparison. Considering graphene flakes in real materials
always contain 1–10 graphene layers [40], graphene flakes
composed of 1-, 2-, 4-, and 8-layered graphene sheets are
respectively adopted to evaluate the effect of graphene layers
in the following text. The stress–strain relationships under
uniaxial compression for pure GF and CCGF are shown in
figure 2(a-I), both of which are composed of 1-layered gra-
phene sheets. A typical rubber-like stress–strain relationship
of both materials can be found, which can be divided into
three stages, i.e. the initially elastic stage, the intermediate
stage, and the final compaction stage. Both the pure GF and
CCGF exhibit linear elasticity when the compressive strain is
smaller than 0.01. Then, the compressive stress increases
slightly until the strain reaches about 0.6. Finally, the stress
increases sharply again when the compressive strain is larger
than 0.6. Several typical snapshots and typical movies are
given in figure 2(a(II, III)) and Movie S1–S2 (available online
at stacks.iop.org/NANO/32/345704/mmedia) in supple-
mentary data for an intuitive comparison. The rubber-like
stress–strain relationships are qualitatively consistent with the
experimental measurements for both the pure GF [17] and the
CCGF [18]. Note that it is hard to quantitatively compare the
present numerical results with those in experiments [9, 18],
due to the size difference of graphene flakes in the numerical
model and experimental samples, as well as the assumption of
uniform-layered graphene flakes used in the numerical model,
in compared with the non-uniform layered ones in a real
material. Under the same strain, the stress of the CCGF is
always larger than that of the pure GF as shown in figure 2(b).
The initial elastic modulus Einit (0<ε<0.01) and the
intermediate modulus Em (0.01<ε<0.1) are extracted

Table 1. The force field parameters for the coarse-grained model from [30–32].

Numbers of graphene layers

Parameters 1 2 4 8 Units

kgt 470 940 1860 3720 Kcal mol−1 Å−2

kgj 16 870 33 740 67 480 134 960 Kcal mol−1 rad−2

kgθ 144.9 8970 82 731 933 087 Kcal mol−1 rad−2

Parameters Value Units Parameters Value Units

kct 1880 Kcal mol−1 Å−2 kcθ 90 000 Kcal mol−1 rad−2

εg 473 Kcal mol−1 σg 23.84 Å
εc 43.2 Kcal mol−1 σc 19.7 Å
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from the stress–strain curves as shown in figure 2(c), where it
shows that both initial and intermediate moduli increase with
the increase of graphene layers and both moduli of CCGF are
always larger than those of the corresponding pure GF. For
example, the modulus of the CCGF composed of 1-layered
graphene sheets almost equals that of the pure GF composed
of 4-layered graphene sheets. Such an enhancing effect is well
consistent with the experimental measurement that the mod-
ulus of CNT/graphene composite is almost twice that of the
pure GF [9]. Note that the intermediate modulus is smaller
than the initial modulus, which is due to the rearrangement of
graphene flakes under relatively large compressive strain [33].
Therefore, the addition of CNT is an effective method to raise
the modulus of GF.

3.2. The microscopic deformation mechanism of CCGFs

Two microscopic deformation mechanisms are found from
plenty of calculations, which are shown in figure 3. The bar
reinforcing mechanism dominates the microstructural defor-
mation in CCGFs composed of relatively soft graphene
flakes, while the mechanical locking mechanism dominates
the microstructural deformation of CCGFs composed of
relatively stiff graphene flakes. As an example shown in
figure 3(a), the snapshots denote the deformation of a soft
1-layered graphene flake in the pure GF and the CCGF
composed of 1-layered graphene flakes, respectively. One can
see that, under the same strain, the 1-layered graphene flake in
the pure GF rolls into a mass like a piece of gauze scarf, while
the deformation of CNT reinforced 1-layered graphene flake

Figure 1. Schematics of the simulation model and the corresponding microstructures. (a) The coarse-grained model of CCGF. (b) The model
of the constituents: I. The coarse-grained model of a CNT-coated graphene flake; II. A full-atomic double-walled CNT with a length of 2 nm,
and chirality of (8,8) and (12,12); III. A full-atomic graphene sheet with a side length of 2.5 nm; IV. The SEM image of a CNT-coated
graphene sheet observed in the experiment [18] John Wiley & Sons. Copyright © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA (c) Four
kinds of contact microstructures: (I) the point–surface contact structures reported, reproduced from [7]. CC BY 4.0. (II) the edge–surface
contact structures reported in [18]. John Wiley & Sons. Copyright © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim; (III) the
edge–edge contact structures reported in [18]. John Wiley & Sons. Copyright © 2013 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim;
(IV) the surface–surface contact structures reported, reprinted from [19], Copyright (2018), with permission from Elsevier.
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is hugely restrained. The CNT-coated 1-layered graphene
flake has a similar structure with the vein-strengthened
membrane of leaves [21], in which the bending stiffness of
CNT (double-walled CNT used in the present paper) is much
larger than 1-layered graphene but almost the same as that of
4-layered graphene as shown in figure S1. Therefore, the
bending stiffness of the CNT-coated 1-layered graphene flake
is much close to that of the CNT, and comparable with that of
the 4-layered graphene sheet. In addition, it is well known
that the stiffness of graphene sheets increases with the
increase of their layers, which will subsequently increase the
modulus of the corresponding GF. In a pure GF composed of
relatively stiff graphene flakes, the neighboring contacting
flakes are much easier to slide against each other [33, 41].
However, in CCGFs composed of relatively stiff graphene
flakes, the sliding behavior is significantly hindered and
replaced by a locking behavior due to the restriction of CNT
networks, which further enhances the loading capability and
increases the modulus of CCGFs. Typical snapshots are
shown in figure 3(b), where the sliding behavior is obvious in
pure GFs composed of relatively stiff graphene flakes, while
the locking behavior is significant in CCGFs composed of
relatively stiff graphene flakes. Such a mechanical locking

mechanism can also be induced in pure GFs composed of
hole-graphene flakes [42, 43], where the movement of flakes
is locked by the hole. It should be noted that the two
enhancing mechanisms would work simultaneously either in a
CCGF composed of soft graphene flakes or in that composed
of stiff ones, especially for a real CCGF that consists of both
soft and stiff graphene flakes.

3.3. The microscopic deformation field in CCGFs

In the pure GF and CCGF composed of 1-layered graphene
flakes, initially, negligible stress exists in the graphene flakes
in either GF or CGGF, as most beads are shown in green in
figures 4(a) and (b) at a vanishing strain. However, both
compressive and tensile stresses exist in the CNTs in CCGF,
as indicated in red and blue in figure 4(b), which should be
induced by the entanglement of CNTs. With the increase of
compressive strain, the local stress becomes more nonuniform
in the pure GF. Both negative local stress of ∼−9 GPa and
positive stress of ∼5 GPa coexist in the same graphene flake
due to its dramatic nonuniform deformation at the compres-
sive strain of 0.8, which can be found in the snapshot of the
flake in figure 4(a). However, the stress state of the graphene

Figure 2. The stress–strain relationships, moduli, and typical snapshots for pure GF and CCGF. (a-I) The stress–strain response of CCGF
composed of 1-layered graphene sheet under uniaxial compression and pure GF; (a-II) typical snapshots of pure GF under uniaxial
compression with different strain values; (a-III) typical snapshots of CCGF composed of 1-layered graphene sheet under uniaxial
compression with different strain values; (b) the stress–strain relationships of CCGF composed of 1-, 2-, 4- and 8-layered graphene sheets,
where those of pure GF composed of 1-, 2-, 4- and 8-layered graphene sheets are given for comparison; (c) the initial and intermediate moduli
of pure GF and CCGF varying with the layer of graphene sheets. The flakes in the snapshots are labeled in different colors.
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flakes in CCGF remains almost unchanged with the increase
of the compressive strain, but the stress in the CNTs in CCGF
changes drastically. For example, the local stress in CNTs is
about 8 GPa as marked by a black circle, then decreases to
∼2.5 GPa as the strain increases to 0.5, and finally decreases
to a negative value ∼−2.8 GPa. It can be inferred that CNTs
in the 1-layered graphene flakes act as reinforcing bars to
strengthen the graphene skeleton. In comparison, the stress
distribution in CCGF composed of relatively stiff graphene
flakes, for example, that of 8-layered graphene flakes as
shown in figures 4(c) and (d), is much different from the
stress state in CCGF composed of relatively soft graphene
flakes. Local stress concentration emerges in a small part of
graphene flakes and the stress distribution in CNTs is almost
unchanged with the increase of compressive strain, which can
be found from the snapshots in figure 4(d). It demonstrates
that the external load is transmitted mainly through stiff
graphene flakes in this case. Here, we noted that the

maximum strain in the CNT and graphene sheets in
figure 4(d) is 4.3%, smaller than the limited strain of 10%
[32], which ensures the effectiveness of the linear constitutive
relationship mentioned in section 2, i.e. the ‘Numerical model
and methodology’ section.

3.4. The influencing factors affecting the compression
properties of CCGFs

The volume fraction and arrangement of CNTs in CCGFs can
be tuned by different preparation technologies, such as che-
mical vapor deposition [21], 3D printing [44], sol-cryo [18].
Figures 5(a) and (b) give the effect of the volume fraction and
three kinds of arrangements of CNTs (see the insets in
figure 5(a)) on the modulus of CCGFs composed of relatively
soft graphene flakes. No matter what kind of arrangement of
CNTs, both the initial and intermediate moduli of CCGFs are
enhanced with increasing CNT volume fraction, qualitatively

Figure 3. Typical snapshots of microstructural deformation in different CCGFs under different strains. (a) The bar reinforcing mechanism in
CCGF composed of 1-layered graphene flakes; (b) the mechanical locking mechanism in CCGF composed of 8-layered graphene flakes.

6
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consistent with the experiment results [9, 18], Besides, the
intermediate moduli of foams composed of parallel CNTs are
a little smaller than those of foams containing randomly or
orthogonally arranged CNTs, especially when the strain is
larger than 0.25, which can be well explained by the micro-
scopic deformation shown in figure 5(c). CNT-coated gra-
phene flakes with random and orthogonal structures under
horizontal compression would remain flat even at a strain
of 0.5, while the flake with parallel ones has obvious
out-of-plane bending deformation at a strain of 0.3. That is to
say, randomly and orthogonally distributed CNT networks
can enhance the bending stiffness of flakes in many direc-
tions, while the stiffness of flakes with parallel CNTs can be
significantly enhanced only in the direction of CNTs. As a
result, the CNT-coated graphene flakes will be bent in a
particular direction that is easier to bend, as shown in
figure 5(c). As we know from figure S1 in supplementary
data, the bending stiffness of 4-layered graphene flakes is
close to that of the present adopted double-walled CNTs. For
the foam composed of 8-layered graphene flakes, one can see
that both the initial and intermediate moduli are slightly
influenced by the volume fraction and arrangement of CNTs

as shown in figure S4 in supplementary data. This is because
the bending stiffness of double-walled CNTs is much smaller
than the stiff 8-layered graphene flake (figure S2), the change
in volume fraction and arrangement of CNTs has negligible
effects on the out-of-plane bending deformation of stiff gra-
phene flakes, and weakly influence the modulus of CCGF
composed of stiff graphene flakes. If one wants to enhance the
modulus of GFs composed of stiff graphene flakes, one way
is to use harder reinforcements and another way is to add
cross-links or use long CNT to connect neighboring graphene
flakes. The cross-links or long CNTs will weave graphene
flakes into a continuous structure [9].

Since the adhesion strength between CNTs and graphene
flakes may be affected by several factors such as van der
Waals force [9, 18], π–π [23] or covalent bonding [8, 20],
figure 6 further shows the effect of adhesion strength between
CNTs and graphene flakes on the mechanical behavior of
CCGFs. The relative adhesion strength λ, i.e. the ratio of the
adhesion strength of the CNT-graphene interface to that of the
graphene–graphene interface, is tuned in a wide range
of (0.01, 2). In our simulations, an LJ potential function
fLJcg=4εcg[(σcg/rcg)

12− (σcg/rcg)
6] is adopted to depict the

Figure 4. The local stress distributions in pure GF and CCGF, both of which are composed of 1-layered (a), (b) and 8-layered (c), (d)
graphene flakes.
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adhesion strength between CNTs and graphene flakes, in
which the depth of the potential well εcg determines the
adhesion strength. It is well known that in experiments, the
interfacial strength between CNTs and graphene flakes should
be influenced by different experimental techniques. In order
to be comparable with such an experimental phenomenon, we
introduce a dimensionless interfacial adhesion strength λ with
the definition of λ=εcg/εg, in which εcg and εg denote
respectively the energy well depth in the LJ potential func-
tions of the CNT-graphene interaction and graphene–gra-
phene interaction. The parameter εg is set as a constant, while
εcg varies in a range, representing the different interfacial
adhesion strength between the CNT and graphene flake. It
shows that both the initial and intermediate moduli increase
with the increase of λ as shown in figure 6(a). In the case with

a weak adhesion strength λ = 0.01, graphene flakes can be
deformed continuously under compression due to the easy
decohesion of the CNT-graphene interface as shown in
figure 6(b). When the relative adhesion strength achieves
about 0.5, decohesion between CNTs and graphene flakes
may not happen as shown in figure 6(c).

4. Conclusions

Based on the coarse-grained molecular dynamics method,
numerical experiments are systematically carried out to reveal
the microscopic deformation mechanism and study the main
influencing factors of CCGFs under uniaxial compression.
Two microscopic deformation mechanisms are observed, i.e.

Figure 5. The effect of the volume fraction and arrangement of CNTs in CCGFs composed of relatively soft graphene flakes. (a) Initial
modulus of the CCGFs with varied volume fraction and arrangement of CNTs; (b) intermediate modulus of CCGFs with varied volume
fraction and arrangement of CNTs; (c) snapshots of typical CNT-coated graphene sheets with different CNT arrangements.
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the bar reinforcing mechanism and the mechanical locking
mechanism, which dominates the microscopic deformation of
CCGFs composed of relatively soft and stiff graphene flakes,
respectively. It is found that the CNT acts as a reinforcing bar,
enhancing the deformation capacity of relatively soft gra-
phene flakes and further increasing the modulus of CCGFs. In
CCGFs composed of relatively stiff graphene flakes, the CNT
acts as a mechanical lock, inhibiting the point–surface sliding
between neighboring flakes and increasing the modulus of
foams. The nonuniformity of local stress and deformation
energy distributions in CCGFs increases with the increase of
compressive strain, resulting in a highly nonuniform micro-
scopic deformation of CCGFs. Both the initial compressive
modulus and the intermediate one of CCGFs increase sig-
nificantly with the increase of thickness of graphene flakes,
volume fraction of CNTs, and the adhesion strength between
CNTs and graphene flakes. The modulus of CCGFs with
parallelly-arranged CNTs is smaller than that of CCGFs with
randomly or orthogonally-arranged CNTs. The results of this
paper are helpful to understand the mechanical properties of
CNT-graphene hybrid materials and to optimize the design of
advanced graphene-based composite materials.

5. Methods

5.1. Fabrication of numerical samples

To construct the initial configuration of such a GF system,
100 CNT-coated graphene flakes (figure 1(b1)) are placed
randomly in a big cubic box to ensure no interaction among
each other. Then, the isothermal–isobaric ensemble (NPT)
technique is adopted to make the system shrink with a peri-
odic boundary condition in three directions as well as a
constant temperature of 300 K and one barometric pressure.
The system is then fully relaxed for 10 ns to reach an

equilibrium state with the time step 1 fs. After the relaxation,
the final configuration shown in figure 1(a) is obtained, in
which CNT-coated graphene flakes are randomly oriented.

5.2. The local state of stress

The virial stress is always viewed as a measure of mechanical
stress in micro/mesoscale, the virial stress on atom i can be
achieved according to å ås = - +

=
R R F m v v ,XX V i j

N
X
j

X
i

X
ij i

X
i

X
i1 1

2 1
( )

in which V is the volume of one atom, aRX and bRX denote the
positions of atoms α and β in X-axis. abFX is the force acted on
atom i induced by atom j in the X direction, mi is the mass of
atoms i, vX

i is the velocity of atom i in the X-axis.
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and intermediate moduli of CCGFs with various relative adhesion strength, λ=εgc/εg, where εgc is the depth of the potential well for CNT-
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with various compressive strain ε=0, 0.1, 0.3, 0.5 at a given λ=0.01. (c) Typical snapshots for CNT-coated graphene sheet with various
adhesion strength λ=0.1, 0.5, 1, 2 at ε=0.5.
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