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ABSTRACT: Because of the combined advantages of both
porous materials and two-dimensional (2D) graphene sheets,
superior mechanical properties of three-dimensional (3D)
graphene foams have received much attention from material
scientists and energy engineers. Here, a 2D mesoscopic
graphene model (Modell. Simul. Mater. Sci. Eng. 2011, 19,
054003), was expanded into a 3D bonded graphene foam
system by utilizing physical cross-links and van der Waals
forces acting among different mesoscopic graphene flakes by
considering the debonding behavior, to evaluate the uniaxial
tension behavior and fracture mode based on in situ SEM
tensile testing (Carbon 2015, 85, 299). We reasonably
reproduced a multipeak stress−strain relationship including its obvious yielding plateau and a ductile fracture mode
near 45° plane from the tensile direction including the corresponding fracture morphology. Then, a power scaling law of
tensile elastic modulus with mass density and an anisotropic strain-dependent Poisson’s ratio were both deduced. The
mesoscopic physical mechanism of tensile deformation was clearly revealed through the local stress state and evolution of
mesostructure. The fracture feature of bonded graphene foam and its thermodynamic state were directly navigated to the
tearing pattern of mesoscopic graphene flakes. This study provides an effective way to understand the mesoscopic physical
nature of 3D graphene foams, and hence it may contribute to the multiscale computations of micro/meso/
macromechanical performances and optimal design of advanced graphene-foam-based materials.

KEYWORDS: mesoscopic model, graphene foam, coarse-grained molecular dynamics, multipeak stress−strain curve, ductile fracture,
power scaling law, multiscale physics−mechanics

As a welcomed two-dimensional (2D) sheet, graphene is of
great interest to both theorists and experimentalists owing to its
ultrahigh intrinsic charge carrier mobility, large theoretical
specific surface area, high modulus of elasticity, and thermal
conductivity, as well as some interesting types of electronic
properties such as Dirac point, Hall effect, and Berry’s phase, as
well as the topological insulator state and phase transition,
which mainly arise from a host of quantum confinement effects
and spin−orbit coupling characteristics.1−4 Currently, as a
reconstructed three-dimensional (3D) micro/nanoarchitec-
ture,5 graphene foam (GrF) with features of lightweight, high
strength, and ultraflexibility serves as the key component in
high-performance electrochemical energy storage and con-
version devices such as lithium-ion batteries, supercapacitors,
and fuel cells; it has been paid much attention in the material
science and energy engineering fields.6−8 Moreover, as a

biocompatible and conductive scaffold for the culturing of
neural or human mesenchymal stem cells, GrF has already
attracted attention in regenerative medicine owing to its
directing differentiation, 3D porous structure, and electrical
conductivity.9,10

Because of the combined advantages of both porous
materials and 2D graphene sheets, much effort has been
devoted to the development of effective and inexpensive
processing technologies for fabricating high-performance 3D
GrFs5,11,12 such as all types of self-assemblies (so-called
template-free methods), template-mediated methods, and
other approaches including electrochemical synthesis and
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centrifugal evaporation-induced methods, as reviewed by Han
et al.6 and Fang et al.13 Compared to the conventional
counterparts such as rubbers or polyfoams, several different
mechanical properties have been reported in succession, and as
an important structural component, GrFs have been stealthily
appealing to the eyes of researchers in the field of mechanics.
For example, the material can sustain structural integrity under
a load of >50,000 times its own weight11 and can recover up to
98% compression in air and 90% in liquids between −196 and
900 °C.14 They exhibit a combination of both cork-like and
rubber-like properties, and Poisson’s ratios in all directions are
near-zero and largely strain-independent during giant reversible
compression.11,14,15 An approximate quadratic dependence of
the compression modulus Ec on the foam’s density ρ can be
obtained, and a large range of tunable Poisson’s ratios can be
achieved by simply adjusting the prefreeze temperature.11,14,15

The hyperelastic and/or viscoelastic and/or elastoplastic
properties of their energy dissipation produced in compression
are shown by the mechanical response of stress−strain
hysteresis loops in cyclic loading−unloading experiments
different from conventional rubber materials, and the storage
and loss modulus as well as damping constant are insensitive to
ambient temperature and loading frequency.11,12,14,16 Recently,
a series of tensile tests were carried out to evaluate the tensile
properties and the corresponding multiscale deformation
mechanisms of free-standing GrF17 and GrF-related materi-
als.10,18,19 GrF-related materials mainly refer to polylactic acid−
poly-ε-caprolactone copolymer (PLC) hybridization (GrF-
PLC),10 continuous graphene oxide porous fibers (GOPFs),
and reduced graphene oxide porous fibers (RGPFs),18 as well

as conductive unzipped or zipped carbon nanotube-based
polydimethylsiloxane (GNR-PDMS, CNT-PDMS) compo-
sites.19

Comparatively speaking, few theoretical and/or computa-
tional studies have evaluated the constitutive relationship and
corresponding intrinsic micro/nanostructural mechanisms of
the above mechanical behaviors exhibited in experiments. Using
full-atom molecular dynamic simulations, Baimova et al.20

found that the nanostructures and mechanical properties of
bulk amorphous carbon nanomaterials could be altered by
shear deformation at a high temperature, leading to the
formation of structural rearrangements that cannot be
destroyed by further deformation and annealing, but extremely
stable against diamondization (i.e., no valence bonds with sp3

hybridization) subject to hydrostatic compression without
temperature dependence. Using the coarse-grained molecular
dynamics method, Wang et al.21 reproduced the rubber-like
compressive constitutive behavior for complex 3D GrF
materials in uniaxial compression, which consists of three
typical stages consistent with the stress−strain response found
in experiments,11,14 and uncovered that Poisson’s ratio can be
effectively tuned by the stiffness of GrF flakes as well as the
amplitude of external strains. Recently, Qin et al.22 combined
bottom-up computational modeling with experiments based on
3D-printed models and showed that the 3D graphene assembly
has an exceptionally high ultimate tensile strength of 10 times
as strong as mild steel at a relatively high density of 4.6% that of
mild steel, but decreased with density much faster than those of
polymer foams. In this study, a 2D mesoscopic graphene model
developed by Cranford and Buehler23 was expanded into 3D to

Figure 1. Schematics of 2D mesoscopic graphene model and 3D GrF numerical sample. (a) 2D mesoscopic graphene model for a bond-bead
representative of 2.5 × 2.5 nm2 planar section of single or multilayer graphene sheet.23 (b) 2D mesoscopic graphene model for square
mesoscopic lattice graphene flake composed of bond-beads for eight-layer graphene sheet. (c) Relaxed configuration of the 3D GrF numerical
sample with physical cross-links (in red) and square flakes (in blue). (d) Force−length relationship used in the simulation for a single cross-
link and bond (represented as red and blue sticks in the inset, respectively).
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evaluate the uniaxial tension behavior and fracture mode for a
3D GrF system based on the tensile experiment conducted by
Nieto et al.17 The mesoscopic model has already been applied
to investigate the structure and conformational behavior of
twisted ultralong multilayer graphene ribbons with a length of
hundreds of nanometers, and a distinct transition from a
saddle-like to coil-like configuration was observed, as a function
of imposed rotation and number of graphene layers.23 The rest
of this article is organized as follows: First, the 2D graphene
model is briefly introduced and subsequently expanded to a 3D
GrF system by utilizing physical cross-links and van der Waals
(vdW) forces acting among different graphene flakes by
considering that the bead-bonds can be broken. On this
basis, important mechanical behaviors of the GrF were
reproduced, including the uniaxial tension constitutive relation-
ship and ductile fracture mode near the 45° plane from tensile
direction. Then, the internal multiscale rule of tensile elastic
modulus with mass density was deduced, and the trend of
Poisson’s ratio with applied stress was determined. Finally, the
physical mechanism of the tensile deformation through the
evolution of mesostructure was elucidated, and a lively and
direct view for the local rupture feature of the GrF was
addressed. The conclusion and acknowledgments are given at
the end of this paper.

RESULTS AND DISCUSSION

2D Mesoscopic Graphene Model. Based on the
equivalent energy principle and a series of full atomistic
calculations of a mechanical test suite, a 2D mesoscopic model
for a sheet of graphene was established by Cranford and
Buehler utilizing coarse-grain bead-spring elements with
rotational-spring potentials.23 In the 2D model, each bond-

bead represents a 2.5 × 2.5 nm2 atomically single- or multilayer
graphene sheet (Figure 1a). A harmonic spring potential:

ϕ = −k r r( ) /2T T 0
2

(1)

was used to describe the axial stretching energy among all pairs
of bonded beads, where kT is the spring constant and r is the
distance between two beads with a referenced equilibrium
distance r0. A harmonic rotational-spring potential:

ϕ φ φ= −φ φk ( ) /20
2

(2)

was used to describe the in-plane bending energy under shear
deformation, where kφ is the spring constant related to the
bending angle φ among the three bond-beads with a referenced
equilibrium angle φ0. Another harmonic rotational-spring
potential:

ϕ θ θ= −θ θk ( ) /20
2

(3)

was used to describe the out-of-plane bending energy with a
spring constant kθ, where θ is the bending angle among the
three bond-beads with a referenced value θ0. The vdW
interaction between different beads in an in-plane flake was
described as a Lennard-Jones potential:

ϕ ε σ σ= −r r4 [( / ) ( / ) ]LJ ip ip
12

ip
6

(4)

where εip is an energy-scale parameter determining the depth of
the potential well, σip is a length-scale parameter that
determines the position of the minimum potential, and r is
the bead-to-bead distance in a cutoff range within the in-plane
flake. The energy conservation between atomistic and
mesoscale models was enforced to arrive at model parameters
listed in Table S1 through elastic strain energy by incorporating

Figure 2. Uniaxial tension behaviors of 3D GrF and GrF-based materials. (a) Stress−strain curve in strain-controlled monotonic tensile
loading based on the mesoscopic graphene model. (b) In situ SEM tensile testing curve reproduced from Nieto et al.17 (c) Tensile elastic
modulus as a power scaling law of mass density for 3D GrF,17 GrF-PLC,10 GOPF and RGPF,18 and GNR-PDMS and CNT-PDMS19 as well as
GrF numerical samples. (d) Changes in Poisson’s ratio with tensile strain and the corresponding mechanism sketches. The oa and o′a′ in the
insets of (a,b) indicate proportional elastic lines, whose slopes are the modulus of elasticity.
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normal and shear strains, out-of-plane bending, and intra-
molecular interactions.
3D Numerical Sample with Cross-Links. For a better

application of the above 2D mesoscopic graphene model to
investigate the mechanical properties and conformational
features of 3D GrF, a huge cubic numerical sample comprising
125 coarse-grain graphene flakes was used as the initial
geometrical configuration and each square flake with length
of 25 nm as the building block containing 100 bond-beads as
shown in Figure 1b. One flake in real materials contains 1−10
graphene layers;6,10,13,17 therefore, 8 layers were adopted here.
This can also approach the graphene branch in the in situ SEM
sample very well,17 where the 2D peak of the GrF Raman
spectrum is 2726.1 cm−1, comparable to the peak position of
the GrF used by Chae et al.,24 which indicates ∼8−10 graphene
layers. For simplicity, all the flakes in the numerical sample
were assumed to be identical. Each coarse-grain graphene flake
was strictly controlled by the 2D mesoscopic model, and the
vdW interaction between particles situated in different
neighboring coarse-grain flakes was described as a Lennard-
Jones potential:

ϕ ε σ σ= −r r4 [( / ) ( / ) ]LJ op op
12

op
6

(5)

where εop is the depth of the potential well, σop is the position
of the minimum potential, and r is the distance between two
beads among different graphene flakes in a cutoff range. The
parameters were set as the same as that for beads situated inside
the flake (Table S1), and the cutoff of Lennard-Jones potential
was taken as 50 Å, above which the interactions between two
particles tend to be insensitive to the distance.
In synthesis experiments, because of the squeezing effect or

the covalent attachment of functional groups, the graphene
sheets would form a monolithic chemically or physically linked
3D network.11,14 Based on this fact, 3D linkages were also
considered in our numerical GrF sample as labeled with red
sticks in Figure 1c,d, and a cross-link model with a harmonic
spring potential:

ϕ = −k r r( ) /2cl cl cl
2

(6)

was used to describe the 3D cross-links among different flakes,
where kcl is the spring constant and r is the distance between
two beads situated in different neighboring coarse-grain flakes
with a referenced equilibrium distance rcl. The corresponding
parameters were set to be the same as those for the bond in eq
1 listed in Table S1. Moreover, we assumed that the bond and
cross-link would break when an ever-increasing tensile force is
applied due to the fracture fact of the real GrF material.17 The
corresponding force−length relationships for a single cross-link
and bond are shown in Figure 1d, where the angle and torsion
energy of the cross-link are neglected for simplification, but the
tensile strength of the cross-link was set to be higher than that
of the bond in compensation.
Multipeak Uniaxial Tension Behavior. Figure 2a shows

the stress−strain relationship in strain-controlled monotonic
tensile loading for the 3D GrF with 721 cross-links based on
the mesoscopic graphene model. This has a consistent trend as
that for the in situ SEM tensile testing17 reproduced in Figure
2b, although the mass density of our numerical sample is ∼475
mg/cm3, two orders larger than 5 mg/cm3 of the real material.
Moreover, as clearly shown in Figures 3, 5, and 6a below, a
ductile fracture mode near 45° plane from tensile direction and
its surface morphology together with an evolution of the local

mesostructure in the numerical sample are all in good
agreement with those observed in the experimental sample.17

In Supporting Information, we provided a completely different
GrF sample, where the number of cross-links is 830 with a
density of ∼471 mg/cm3, and the resulting stress−strain curve
and fracture mode shown in Figure S1 both coincide well with
the current calculations. It is concluded that the 2D mesoscopic
graphene model can be successfully expanded into the 3D GrF
system, and the mechanical behaviors in the real GrF foam can
be qualitatively described using the linkages and vdW potential
among the neighboring graphene flakes. In the case of GrF
shown in Figure 2a,b, the curves exhibit an elastic stage ob
(o′b′), a yielding region bc (b′c′), followed by a hardening one
cd (c′d′), and terminated with a fracture de (d′e′). In the elastic
stage ob (o′b′) of the GrF, a defined proportional elasticity oa
(o′a′) with elastic modulus of 2300 MPa (0.215 MPa) can be
directly obtained from the insets of Figure 2a,b, and such a
linear elastic behavior can also be observed in other graphene-
related foams such as GrF-PLC,10 GOPFs, and RGPFs,18 as
well as GNR-PDMS and CNT-PDMS.19 Furthermore, we
demonstrated that the deformation in the range of ob (o′b′) is
mainly viscoelastic, where ∼2.1% of viscous deformation is
produced in the loading process, as shown in Figure S2a,b.
Experimentally, GrF and GrF-based materials have been
verified as viscoelastic materials through the storage and loss
modulus as well as damping constant.14,16

In the case of compression, the compressive modulus Ec was
found to scale with density ρ as Ec ∼ ρ2 for GrF-based
materials.14 Herein, based on the present numerical samples
and existing tensile experiments (summarized in Table
S1),10,17−19 the relationship between tensile elastic modulus
ET [Notes: The reported modulus is the effective modulus of
elasticity, because the GrF is a diphasic composite in which the
phases (graphene and air) are connected in three dimensions.31

The same reasoning is valid for the Poisson’s ratio and ultimate
tensile strength as well as such things] on the corresponding
foam’s density ρ was found to satisfy a simple power scaling
law, that is,

ρ∼E 1.05T
1.25

(7)

Figure 3. Fracture mode and the corresponding surface
morphology of 3D GrF. The variation in the broken bond rate
with the tensile strain based on the mesoscopic graphene model.
The inset (a) shows the experimental sample reproduced from
Nieto et al.,17 and the insets (b−g) indicate the ductile fracture
stages of the numerical sample (see Movie S1 in Supporting
Information for the entire dynamic process). The flakes rearrange
near a 45° plane from the tensile direction labeled by green lines,
and the local broken bonds are highlighted by the connected red
atoms and green circles or ellipse.
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To examine the formula, only the linear elasticity of a large
numerical sample with a density of ∼406 mg/cm3, containing
291.6 thousands of beads in a huge cubic box with a length of
∼300 nm, was calculated due to the rapidly increasing
computational complexity.21 The obtained modulus is ∼1950
MPa, which can also be approximately included in eq 7. Even
so, as shown in Figure 2c, the power scaling curve still has an
obvious mesoscale with a density region from 150 to 350 mg/
cm3 needing to be filled between the mesoscopic simulations
and macroscale tensile experiments; therefore, more in situ
SEM tensile tests of high-density GrFs are necessary to
contribute to the above density region.
Figure 2d shows the nominal Poisson’s ratios in both y-axis

and z-axis directions as functions of tensile strain in the x-axis
direction. In compressive experiments by recording movies, Wu
et al.14 showed a direction-independent and strain-invariant
near-zero Poisson’s ratio in GrF, and by simply adjusting the
prefreeze temperature, Xu et al.15 found that the naturally dried
GrF exhibits a large range of tunable Poisson’s ratio behavior,
that is, −0.3 < v < 0.46. The optical images clearly showed three
types of cross-section views, that is, vortex configurations (v >
0), laminated configurations (v ≈ 0), and hyperbolic
configurations (v < 0). Recently, using coarse-gained molecular
dynamics simulations, Wang et al.21 showed a series of isotropic
strain-dependent Poisson’s ratio with a feature of “U”-type
variation trend during the uniaxial compression, varying from
−0.1 to 0.8. This is consistent with the experiment of prefreeze
temperatures below −60 °C.15 However, here, Poisson’s ratios
in tensile simulations exhibit an anisotropic strain-dependent
feature [Notes: All the materials, except some undergoing a
certain phase transformation, exhibit a positive Poisson’s ratio.
Negative or near-zero Poisson’s ratios can be, in principle,
created by form factor engineering or by engineering the
porosity in GrF or GrF-based materials. The deformation of
GrF, whose magnitude will change with the applied stress,
should affect the shape and then the effective Poisson’s ratio (in
this sense, it is strain-dependent for convenience). Hence, the
Poisson’s ratio is a shape effect arising from the structure of the
GrF, and it is a property of the composite]. As shown in Figure
2d, with increasing tensile deformation, the Poisson’s ratio vyx
along the y-direction increased, whereas vzx along the z-
direction slightly decreased. Such anisotropic Poisson’s ratios
vyx and vzx can be, at least partially, attributed to the “Z”-type
and “N”-type percentage of disorder graphene flakes. This is
because the former has enough space to shrink its lateral size in
the beginning during the tensile deformation, while the latter at
the end (see the schematic diagram in Figure 2d). For the
simulated sample, the distribution of “N”-type along the y-
direction is slightly more than that along the z-direction,
whereas the distribution of “Z”-type along the y-direction is
slightly less than that along the z-direction. This lateral
deformation mechanism in tension was actually noticed by
Xu et al.18 for GOPFs and RGPFs, where the SEM images
showed an obvious anisotropic tensile surface including fracture
morphology even though the corresponding Poisson’s ratios
were not given. Notably, the anisotropic tensile Poisson’s ratio
behavior is also size-dependent to some degrees. The larger the
GrF, the better the homogeneity. Therefore, it can be expected
in the elastic range that the anisotropic effect of the tensile
Poisson’s ratios should be weakened (even to a large extent)
when the sample is large enough to balance the distributions of
“Z”-type and “N”-type in all the directions.

Ductile Fracture Mode and Mechanism Near 45°
Plane from Tensile Direction. Unlike conventional counter-
parts, such as poly(ether imide) polymer with local pores,25,26

closed-cell polymeric foam,27 and open-cell nickel foam,28 GrF
has an obvious yielding plateau labeled as bc (b′c′) as shown in
Figure 2a,b [the yield stress σy is at the point of b(b′)]. This was
also observed in GrF-PLC10 and demonstrates that the
specimen undergoes a large deformation with a relatively
small increase in the applied load. Figure S2c,d shows that the
deformation in the hardening stage cd (c′d′) is mainly
viscoelastoplastic, where ∼5.1% of viscous deformation was
produced in holding, followed by 1.8% of plastic deformation,
mainly from the yielding stage. As shown in the inset (b) of
Figure 3, this plastic deformation from the yielding plateau can
be further attributed to the rotation and slippage of the GrF
flakes under shearing stresses, different from ductile metal
materials such as low-carbon steel performed by grain boundary
sliding along oblique surfaces.29,30 Moreover, the flakes would
rearrange once again near a 45° plane from the tensile direction
labeled by a green line as shown in the inset (c) of Figure 3,
and in this sense, the region mn (m′n′) in the hardening stage
cd (c′d′) of Figure 2a,b can be viewed as a second yielding
plateau. Figure 4 shows the distribution of normal stresses σxx

and shear stresses σyz. Figure 4b shows that shearing stresses σyz
near a 45° plane are rather significant in the tensile strain εxx =
20%, and they lead to slippage among GrF flakes, increasing the
total normal strain and decreasing the average normal stress. In
the top right corner of Figure 4b, the ∼45° plane shearing
stresses are also obvious, together with high local normal
stresses, indicating that local instability occurs. In Figure 2a, a
rapidly increasing total stress appears near the tensile strain εxx
= 20%, and a flake is torn open in shearing stresses and local
normal stresses near a 45° plane, after a certain stress value of
σu = 110 MPa has been reached (the strain is 22.15%),
corresponding to the maximum load applied to the specimen

Figure 4. Stress distribution of 3D GrF in the tensile deformation.
(a) Schematic diagram of the GrF sample in tension. Distribution
of normal stresses σxx and shear stresses σyz in tensile strain of (b)
20%, (c) 40%, and (d) 60%, where the maximum values of σxx are
circled by red ellipses, and the maximum values of σyz near a 45°
plane from the tensile direction are labeled by red lines.
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known as the ultimate strength. The local broken bonds are
highlighted by the connected red atoms and green circle in
inset (c) of Figure 3. For the GrF with a density of 5 mg/cm3,
the tensile strength was 0.006 MPa,17 but for the RGPFs with a
density of ∼71 mg/cm3, the tensile strength was ∼11.2 MPa.18

Hence, the tensile strength is also positively correlated to the
density.
With the increase in the tensile deformation, the

corresponding stress decreased until the rupture of the sample,
and the corresponding stress, σb, at the point of e(e′) of Figure
2a,b, is known as the breaking strength. The entire dynamic
process is shown in the Movie S1 of the Supporting
Information, much better than the snap shots shown in Figure
3. Two main features different from conventional materials25−29

can be observed from Figures 2a,b, 3, and 4 in the following:

(1) The stress decreases nonmonotonously with the tensile
strain in the strain-softening stage of de(d′e′), with the
feature of an obvious multipeak, labeled as pI (pI′), pII
(pII′), and pIII (pIII′) in Figure 2a,b. The GrF flakes would
rearrange to hold continuing tensile deformation when
the GrF sample comes into the softening stage. Because
of the viscosity of the GrF, the movements and
rearrangements of GrF flakes would lag behind the
total deformation of axial direction, thus creating local
stress concentrations in some flakes, as shown in Figure
4b,c for normal stresses circled by red ellipses. The SEM
micrograph showed that a thin section of graphene
branch bears a high stress;17 furthermore, our simulation
results in the insets (d−f) of Figure 3 show that the local
bonds are broken near the peaks of pI, pII, and pIII. It is
necessary to point out that, as a composite material, GrF

is comprised of a solid skeleton (graphene) and gaseous
phase (air). According to Newnham’s classification of
diphasic composites,31 the GrF has a 3-3 microstructure
pattern. The graphene skeleton’s formal geometry, which
is governed by its connectivity, distributes the stress
inside the composite, providing additional strength and
residual stress reminiscent to a truss system used in
structural engineering. Therefore, the number and
magnitude of peaks or valleys are influenced by its
formal geometry to some degree (Figure S2).

(2) Due to the multipeak tensile behaviors, the ductile
fracture surface of GrF is not neat, and the corresponding
morphology is shown in inset (g) of Figure 3, consistent
with the experiment17 directly reproduced in the inset
(a) of Figure 3. Moreover, owing to the features of
porous materials and layered crystals, the cross-link and
vdW forces among GrF flakes are much smaller than the
cohesive forces among molecules or atoms in ordinary
materials such as poly(ether imide) polymer and low-
carbon steel,25,26,29 and the entire necking does not occur
prior to the rupture, even though local graphene flakes
contract themselves due to the intrinsic Poisson’s ratio
effect. The insets (a,g) of Figure 3 show that the fracture
occurs at the 45° plane where the maximum stress, in the
form of shear stress, rather than the normal stress shown
in Figure 4, is experienced. Recalling the yield
deformation in the maximum shear stress shown above,
it can be concluded that the GrF, as a mechanical
component, should be used within Tresca’s hexagon.29,30

Unlike metals, the fracture of the GrF does not start from
a so-called “crack propagation”, but performs in a form of
breakable bead-bonds/linkages, as further disclosed.

Figure 5. Evolution of mesostructure in tensile deformation. (a) Initial state and (b) final state of the GrF in uniaxial tension, where the local
flakes considered are in yellow color. (c−f) Local mesostructures of four sequential thermodynamic states in the tensile deformation (see also
Movie S2 in the Supporting Information for the dynamic process) and the corresponding SEM micrographs reproduced from Nieto et al.,17

where f1−f4 indicate four constituent graphene flakes.
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Evolution of Mesostructure and Local Rupture Mode.
Figure 5 shows the initial and final states of the tensile GrF and
snapshots at four successive stages of the evolution of local
mesostructure comprising four flakes labeled as f1, f2, f3, and f4.
Initially, the entire sample is at a linear elastic state
accompanying slight stretching for most flakes and local
squeezing among some flakes. As the tensile strain increased,
the squeezing and the resulting rippling fade away. After the
flakes spread sufficiently, they started to move to align
themselves along the vertical direction, as shown in Figure
5c, where flake f4 linking flake f3 moves down and flake f1
linking flake f2 moves slightly up. Owing to the cross-link and
vdW forces, the above movements are accompanied by local
turning of some flakes such as f2 and f4 plus f3, as shown in
Figure 5d, which can be viewed as a part of the reason for the
viscoelasticity. As also shown in Figure 5e, the turning of f2
makes the f2 hit against the fl, contributing to a part of the
energy dissipation in tension with a slight fluttering.
Subsequently, flake f1 slides on flake f2 and so do flakes f3
and f4 on other flakes near the 45° plane shown in Figure 5e,
accompanying the residual fluttering in flake f2 and continuing
the turning of link-flake f3−f4. The morphology shown in
Figure 5f is formed in the final numerical foam of Figure 5b.
The entire dynamic process was videotaped and is shown in
Movie S2 in the Supporting Information. The video shows that
the aligning of flake f1 is mainly towed by the down shifting and
turning of f3−f4, consistent with the Supplementary video file

V1 shown by Nieto et al.17 The considered graphene branch
corresponds to f3 and f4, and the branch base corresponds to
the f1 here. The matchups are mapped by green double arrow
lines in Figure 5c−f. For the convenience of further quantitative
comparison, we took f1 as an example to trace the angle
between one of its sides and the horizontal line, and the
resulting angle varies from 0° in Figure 5c to 38° in Figure 5f,
withstanding the test of the SEM micrograph.17 Additionally,
the weak interior sliding within the GrF branch itself was not
observed in the in situ SEM tensile testing,17 indicating that the
branch, as a multilayer graphene or a thin graphite, layers are
held together stronger than different branches. In fact, Charlier
et al.32 used density functional theory (DFT) to study the
relative contributions of vdW dispersive and “metallic”
interactions. They found that a simple vdW model is not
sufficient for an accurate description of interplanar bonding in
graphite, where the contribution from vdW interactions only
accounts for 8.4 meV/atom of the cohesive energy compared to
the total energy of 20 meV/atom. The rest of the cohesive
energy is provided by diverse “metallic” interactions that
account for the interaction of electrons in one plane interacting
with the ions and electrons in the neighboring planes of
graphite. It is directly proved that the eight-layer graphene as a
GrF flake in our model is rather reasonable.
To better understand the ductile fracture mode near the 45°

plane from the vertical direction, Figure 6 directly shows the
local evaluating rupture states and the variation in the energies

Figure 6. Tearing pattern of the flakes (with cross-links) in tensile deformation and the corresponding energy variation. (a) Global
distribution of breakable bonds/linkages (in red for the connected atoms) in a certain uniaxial tensile state. (b) Variation in the energies with
the loading time for the local broken bonds located in a certain graphene flake circled by green ellipse. (c−g) The snapshots of tearing pattern
at five typical sequential evaluating dynamic states (see also Movie S3 in the Supporting Information for the entire process of tearing pattern).
SEM micrographs reproduced from Nieto et al.17 for (h) the initial state with discontinued graphene sheets and (i) the final state with
ruptured graphene branches.
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with loading time (neglecting the secondary kinetic energy).
Figure 6b shows that the local energy variation can be
decomposed into mesoscopic spring and pair harmonic
potentials, and the severe energy fluctuation is mainly
controlled by the former, partially by the latter. The spring
potential leading to the fluctuation contributes to the local
instability, causing the local rupture performed as the bonds
break. This is the main reason for the multipeak tensile curve.
Because there is no obvious stress concentration in small tensile
strain, the flakes (with linkages) can hold their integrity, as
shown in Figure 6c, but as the strain increased, the stress
concentration became more apparent, as shown in Figure 6d.
The left of the local mesostructure would hold larger stress than
the right; therefore, the left bonds (together with the linkages)
break at some dramatic moment, causing an opening tearing
pattern in one GrF flake (a typical opening mode in fracture
mechanics, a tensile stress normal to the plane of the crack).30

The breakable bonds further accelerate the asymmetry of stress
distribution, making more bonds break until the increase in the
temporary balance shown in Figure 6e. On the other hand,
owing to the shear stress, the local balance state cannot hold for
a long time, and the broken bond-bead chain would be
stretched nearby in the 45° plane from the vertical direction, as
shown in Figure 6f, performing an in-plane shearing tearing
pattern (a typical sliding mode in fracture mechanics, a shear
stress acting parallel to the plane of the crack and perpendicular
to the crack front).30 The final broken mesostructure is clearly
shown in Figure 6g. Furthermore, Figure 6h,i shows the SEM
micrographs17 of the initial state with discontinued graphene
sheets and the final state with rupture graphene branches,
respectively, corresponding well to those shown in Figure 6a,g,
respectively. Such a local rupture analysis, in principle, can also
explain cross-link breakings appearing in other positions in
Figure 6a (see also the insets (c,e) in Figure 3 for those
highlighted by the green circles and Figure S1), and the detailed
dynamic process is supplied in Movie S3 of the Supporting
Information. However, because of the good toughness from the
viscoelasticity and viscoelastoplasticity of the GrF, as shown
previously, the local breaking of bead-bonds/linkages cannot
always occur or continue and sometimes stops or increasingly
becomes more difficult, until the next stage where the local
stress concentration appears again due to the increasing strain
energy, or the mean stress is large enough so that another peak
rises again in the stress−strain curve (Figure 2a,b).

CONCLUSION
In conclusion, utilizing physical cross-links and vdW forces
acting among different graphene flakes by considering the
resulting broken bead-bonds, a 2D mesoscopic graphene model
was expanded into a 3D bonded GrF system for evaluating the
uniaxial tensile behavior and fracture mode based on in situ
SEM tensile testing. A multipeak stress−strain curve including
its obvious yielding plateau and a ductile fracture near a 45°
plane from the tensile direction including the surface
morphology were both reproduced, and these phenomena
can be reasonably explained by the corresponding stress
distribution states. Both a power scaling law of effective
modulus of elasticity with mass density and a slightly
anisotropic strain-dependent Poisson’s ratio were obtained.
The mesoscopic physical and mechanical mechanisms of the
tensile deformation were clearly elucidated by the evolution of
mesostructure; moreover, the fracture feature and its
thermodynamic states were directly navigated to the tearing

pattern of the mesoscopic graphene flake. This study would
provide an effective way to elucidate the mesoscopic
mechanisms for the highly interconnected integrated morphol-
ogy of graphene branches and should contribute to multiscale
computations of nano/meso/macromechanical performances
and development of advanced graphene-based materials.

METHODS
Fabrication of 3D GrF Numerical Sample. As for preprocessing

the initial GrF geometrical configuration, all the flakes with random
normal vectors were placed in a huge cubic space lattice to ensure no
mutual contact among them. Then, the NPT assemble technique with
a constant temperature of 300 K and one barometric pressure (1 bar)
was used to deal with the huge cubic numerical GrF system with a
periodic boundary condition in three directions. As a result, the system
shrank gradually and finally reached a pre-equilibrium state at ∼30 ns
with a time step of 1 fs. Subsequently, by resetting the Berendsen
barostat to 0 bar and the Langevin thermostat to 300 K, the system
expanded slightly and reached the final equilibrium state at ∼500 ns
with the criterion that the total energy fluctuation converges to <1%.
The obtained final cubic numerical GrF sample with a length of ∼100
nm was filled by approximately uniform distributed flakes with an
average mass density of ∼475 mg/cm3, as shown in Figure 1c.

Uniaxial Tension in Strain-Controlled Loading. To gain an in-
depth understanding of the multipeak stress−strain curve and ductile
fracture near the 45° plane from tensile direction observed in
experiments,17 a series of uniaxial tensions in strain-controlled
monotonic loading were conducted on our numerical model. Prior
to the tensile simulations, 3D cross-links were added into the system
among the neighboring graphene flakes at a distance of 2.5 nm, and
the cross-linking positions were evenly distributed on edge-to-edge or/
and edge-to-surface or/and surface-to-surface,21 as shown in Figure 1c.
The static equilibrium of the GrF system with cross-links was achieved
by the conjugate gradient method. The tensile strain rate was 107 s−1

along the x-direction (Figure 1c) at room temperature using a zero-
pressure barostat in the other two directions, stretching the sample
until fracturing with a time step of 1 fs.

Local (Position-Dependent) State of Stress. On the micro/
mesoscale, the virial stress can be viewed as a measure of the
mechanical stress, even when simulating very inhomogeneous
phenomena.33 Based on a generalization of the virial theorem, the
average virial stress over a volume Ω around a particle i at position ri
can be expressed as34

∑σ =
Ω
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where m is the mass of the particle in the GrF numerical sample and ui
is the displacement of i relative to the reference position; therefore, its
material time derivative is the thermal excitation velocity of the
particle. The interparticle force f ij applied on particle i by particle j can
be expressed as
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where Φij is the total energy of the coarse-grain ensemble considered,
dating from the bead-spring and rotational-spring as well as pairwise
interatomic potentials, as reported previously. The equivalence of the
virial stress and Cauchy stress was reviewed by Subramaniyan and Sun
using both theoretical arguments and numerical simulations.35 All the
simulations were implemented using an open-source software Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).36
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