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ABSTRACT: We employed the coarse-grained molecular
dynamics simulation method to systematically study the
uniaxial supercompression and recovery behavior of multi-
porous graphene foam, in which a mesoscopic three-
dimensional network with hole-graphene flakes was pro-
posed. The network model not only considers the physical
cross-links and interlayer van der Waals interactions, but also
introduces a hole in the flake to approach the imperfection of
pristine graphene and the hierarchical porous configuration
of real foam material. We first recreated a typical two-stage supercompression stress−strain relationship and the
corresponding time-dependent recovery as well as a U-type nominal Poisson ratio. Then the recovery unloading at
different strains and multicycle compression−uncompression were both conducted; the initial elastic moduli in the
multicycles were found to be the same, and a multilevel residual strain was disclosed. Importantly, the residual strain is
not exactly the plastic one, part of which can resurrect in the subsequent loading−unloading−holding. The mesoscopic
mechanism of viscoelastic and residual deformation for the recovery can be attributed to the van der Waals repulsion and
mechanical interlocking among the hole-flakes; interestingly, the local tensile stress was observed in the virial stress
distribution. Particularly, an abnormal turning point in the length-time curve for the mean bead-bond length was captured
during the supercompression. After the point, the length abnormally increases for different size ratios of the hole to the
flake, which is in line with the mesostructure evolution. The finding may provide a mesoscopic criterion for the
supercompression of graphene foam related materials.
KEYWORDS: coarse-grained molecular dynamics, graphene foam, supercompression, recovery behavior, strain history, mesoscale,
van der Waals interaction, viscoelastoplasticity

Graphene foam (GF) is a three-dimensional (3D)
interconnected macro- and meso-, and sometimes
microporous structural material consisting of sheet-

like nanocarbon building blocks mainly in an orderless fashion,
which could be created using mono/bi/multilayered graphene,
belonging to a typical type of carbon foam.1−4 In the
laboratory condition, the apparent density of GF can be low
down to 0.16 mg/cm3,5 and high up to 1580 mg/cm3.6 The
specific area of chemically cross-linked graphene oxide aerogels
is as large as 850 m2/g, and the specific energy adsorption is as
much as 45 J/g.7 The naturally dried GF possesses both high
electrical conductivities of 1.3 S/cm and low thermal
conductance of 0.018 W/(mK).8,9 Due to the combined
advantages of multiporous materials and two-dimensional
(2D) graphene sheets, superior mechanical properties of 3D
GFs have received much attention. For example, the foam can

sustain structural integrity under a load of over 50 000 times its
own weight and rapidly recover from over 80% compression
through mimicking the hierarchical structure.10 It exhibits a
large range of tunable Poisson ratio behavior of −0.3 < ν <
0.46 by simply adjusting the prefreeze temperature.8 Because
the GF combines both cork-like and rubber-like properties, it
can recover up to 98% compression in air and 90% in liquids.11

An approximate quadratic dependence of compression
modulus Ec on foam’s density ρ has been obtained.10,11 The
energy dissipation of foam material was found to be highly
stable, as the loss tangent values are retained for as high as
50 000 cycles.12 The storage and loss moduli as well as
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damping constant are insensitive to ambient temperature and
loading frequency.13 In situ indentation of the 3D graphene
framework revealed an extraordinary spring constant of ∼15
N/m and an upward of 70% recoverable deformation.14 A
series of tensile tests were carried out to evaluate the tensile
properties and corresponding multiscale deformation mecha-
nisms of free-standing GF and GF-based materials,15−17 and a
multipeak tensile relationship and a ductile fracture mode were
revealed.17 Moreover, the study of Krueger et al.18 showed the
growth and differentiation of C2C12 myoblasts into functional
myotubes on GF bioscaffolds and a subsequent localized
substrate movement of over 100 μm. The biocompatibility of
GF scaffold was demonstrated by Nieto et al.19 via culturing of
human mesenchymal stem cells for a robust proliferation
period of 28 days. Whereas there has been extensive
experimental investigation of the mechanical properties and/
or behaviors of GF, there has been less theoretical/computa-
tional work on 2D graphene blocks having 3D connectivity or
3D interactions, or both. Until 2014/2015, Baimova et al.20,21

reviewed and researched the nanostructures and mechanical
properties of bulk amorphous carbon materials subject to the
shear deformation and hydrostatic compression based on all-
atom molecular dynamic simulations (AAMD). Later, Wang et
al.22,23 systematically applied coarse-grained molecular dynam-
ic simulations (CGMD) to reproduce the rubber-like stress−
strain curve in uniaxial compression and dissipative energy
variation in cyclic compression-tension. They proposed a
tunable Poisson ratio via the stiffness of GF flakes, and
uncovered the sliding, impacting, and rippling of graphene
sheets as three major energy dissipation mechanisms. Qin et
al.24 combined AAMD with 3D-printed models showing the
3D graphene assembly having an ultimate tensile strength of 10
times as strong as mild steel at a density of 4.6% relative to the
latter. In line with Nieto et al.’s investigation,19 Pan et al.25

further examined the mesostructure evolution of tensile
behavior of 3D GF expanded from a 2D graphene mesoscopic
model26 via simply parametrized physical cross-links. Their
simulating results clearly demonstrate the squeezing and

unsticking process of graphene flakes, the appearance and
disappearance of rippling and fluttering flakes, and the
breakage of bonds and cross-links. On the basis of the
CGMD model for a 2D graphene sheet established by Ruiz et
al.,27 Shen et al.28 found the size of graphene sheets playing an
important role in both the structural and mechanical properties
of GF. By the same model, Xia et al.29 found bulk graphene
materials in their glassy foam state have an exceptionally large
free-volume and high thermal stability as compared to
conventional polymer materials. However, all of these
computational models are rather ideal, in which all of the
graphene flakes are very perfect, and the hierarchical porous
configuration of real foam material cannot be embodied at all,
far from the experiments.1−4 This issue is fairly important
because the geometrical morphology of foam skeleton is
directly related to the distribution and transfer of local stress.
On the other hand, although there are many supercompression
and uncompression tests,5,8−11 the concept and mechanism of
supercompression are not clear, theoretically. In particular, the
time-dependent recovery has not been reported yet, system-
atically. For example, which compressive strain is defined as
the supercompressive strain, 70%, 80%, or 90%? What is the
mesoscopic criterion of supercompression? To fully under-
stand the time-dependent recovery behavior, we have to know
the strain history, because the strain−time curve can disclose
the elasticity, plasticity, and viscosity of GF material to a large
extent.30,31 Unfortunately, such an important unloading history
of the supercompression is not seen in either computations, or
experiments.
In this work, a mesoscopic 3D hole-flake network (Figure

1a) was designed to systematically evaluate and predict the
supercompression and time-dependent recovery behavior of
multiporous GF, based on the CGMD simulations. The
network model not only considers the physical cross-links
(Figure 1b-I) and van der Waals (vdW) forces between
interlayers, but also introduces an intrinsic hole in the
graphene flake (Figure 1b-II) to approach the defective
graphene sheet in the real GF, and reflect the fabricability of

Figure 1. Schematic of three-dimensional (3D) hole-flake network and its local structures for 3D multiporous graphene foams (GFs). (a)
Relaxed configuration of the 3D numerical sample with physical cross-links (in green) and hole-flakes (in blue). (b) Three mesoscopic two-
dimensional (2D) linked hole-graphene flakes: (I) SEM image33 for physical cross-links; (II) SEM image34 for intrinsic holes in graphene
flakes; (III) nine bond-beads representative of an eight-layer graphene sheet.26
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pristine foam skeleton. By means of the proposed network, we
not only uncovered the intrinsic mechanical characteristics of
supercompression and uncompression in the experiments, but
also predicted some interesting results, such as a multilevel
residual strain, the same initial elastic modulus, and a hole-flake
size ratio-dependent mechanical response. The mesoscopic
evolution process and mechanism, the local virial stress
distribution, as well as the deformation and energy trends of
bond/cross-link/angle were all investigated systematically. We
hope that this study could provide an effective way to
understand the mesoscopic physical and mechanical nature of
3D GFs, and contribute to an optimal design of advanced GF
materials for future applications.

RESULTS AND DISCUSSION

3D Numerical Network with Intrinsic Holes. Currently,
the 3D GF model is mainly based on the 2D AAMD or
CGMD graphene model through proper 3D treatments.20−29

In this work, a 2D graphene mesoscopic model established by
Cranford and Buehler is preferentially adopted due to its larger
mesoscale (Figure 1b-III).25,26 To systematically investigate
the mechanical properties and conformational features of 3D
GFs, a huge cubic numerical sample including at least 216

mesoscopic 2D graphene flakes was used as the initial
geometrical configuration. Each square flake with length of at
35 nm was used as the building block as shown in Figure 1b.
One flake in real materials contains 1−10 graphene
layers,3,4,17,19 so eight layers were adopted here. This can
also approach the graphene branch in in situ SEM sample very
well,17 where the 2D peak of GF Raman spectrum is 2726.1/
cm, comparable to the peak position of GF used by Chae et
al.32 indicating ∼8−10 graphene sheets. 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 interlayer (out-of-plane) vdW
interaction between particles situated in different neighboring
coarse-grain flakes was described as a Lennard-Jones potential

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

op
6

(1)

where εop indicates the depth of potential well, σop is the
position of minimum potential, and r is the distance between
two beads among interlayer graphene flakes in a cutoff range.
The parameters were listed in Table S1 in the Supporting
Information, and the cutoff of Lennard-Jones potential was
taken as 5 nm, above which the interaction between two
particles tends to be insensitive to the distance.25

Figure 2. Uniaxial supercompression and uncompression behaviors of GF. (a) Stress−strain curve, the inset is the initial loading state of
sample. (b) Strain−time curve, the insets are the deformation states in the largest loading and unloading times, respectively. (c) Change of
nominal Poisson ratio with strain, the insets are the mesoscopic structures in three stages corresponding to the insets in (a, b). (d) Rate-
dependent effect of the supercompression. (e) Supercompression−uncompression testing curve reprinted from Qiu et al.5 (f, g) Unicyclic
compression−uncompression and corresponding strain−time curves at different unloading stresses or strains, respectively. The dashed line
in (f) indicates the slope of proportional elastic stage, i.e., the modulus of compressive elasticity of 3.5 GPa. (h, i) Multicycle compression−
uncompression and corresponding strain−time curves at the strain of 82.07%, respectively. The insets are the variations of maximum stress
and residual strain in cycles, respectively. The dynamic process of supercompression and uncompression is shown in Movie S1 in Supporting
Information.
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During the actual manufacturing process of GFs, due to the
squeezing effect or covalent attachment of functional groups,
the graphene sheets would form a monolithic chemically or
physically linked 3D network.10,11,33 On the basis of this fact,
3D linkages were preconsidered in the numerical GF sample
before loading/unloading, as labeled with green sticks in Figure
1a,b-I,33 and a cross-link model with harmonic spring potential

ϕ = −k r r( ) /2cl cl cl
2

(2)

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 2D bead-
bond listed in Table S1, which were proved to be well with our
previous work for the tensile deformation.25

The real graphene flake is not usually perfect, as shown in
Figure 1b-II, so an intrinsic hole in the graphene flake was
introduced to represent the imperfection.5,34 On the other
hand, physically, the electronic structures are very different
between the perfect and imperfect graphene, which would
directly lead to different electromechanical coupling ef-
fects.35−39 Such a hole-flake can also reflect the hierarchical
configuration and fabricability of pristine GF skeleton,2 which
are closely related to the 3D connectivity in GF (Figure 1). In

order to describe the influence of intrinsic hole to the GF, a
ratio of the size of hole to flake is defined as

κ = × ×L W L W( )/( )h h f f (3)

where Lh andWh are the length and width of hole, respectively,
and Lf and Wf are the length and width of whole flake,
respectively. As will be shown in what follows, different hole-
flake ratios can lead to different mechanical responses of GFs.

Two-Stage Supercompression and Time-Dependent
Uncompression. Figure 2a shows a typical supercompres-
sion−uncompression stress−strain curve, and reasonably
reproduced the experiment in Figure 1e, where the GF also
consists of mesoscopic pristine hole-graphene sheets.5 Such a
cyclic stress−strain curve is one of the most common
mechanical behaviors in the supercompression−uncompres-
sion,10,11 usually seen in other GF materials with different
structures, such as vortex, laminated, and hyperbolic
configurations.8,9 Figure 2b shows the corresponding strain−
time curve, and the compressive strain has reached 93.8%
when the stress is released at 16 ns, and then the strain
decreases until 60 ns, with a residual strain of 10.86% retained
at 97 ns. The recovery is time-dependent, meaning an obvious
viscoelastic behavior before 60 ns. In the small-strain
mechanical tests, GF and GF-based composites have been
verified as viscoelastic materials by means of the storage and

Figure 3. Evolution of mesostructures in supercompression and uncompression. (a) Forming process of self-locking structure in front view
along y-axis (see also Movie S2 in the Supporting Information). (b) Forming process of the sandwiching structure in front view along z-axis
(see also Movie S3 in the Supporting Information). (c, d) Two typical hole-induced mechanical interlocking in initial loading,
supercompressive, and long holding states, respectively. Three different constituent hole-graphene flakes are labeled in brown, pink, and
indigo, respectively. The fat-red and thin-black arrows indicate the external and interior forces, respectively. The detailed drawings for (a)
and (b) are in the corresponding local coordinate systems. The status is in the compression process before 16 ns, and it is in the
uncompression process after 16 ns.
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loss moduli as well as damping constant.12,13,40 The insets in
Figure 2b are the deformation states of GF in the largest
loading and unloading times, respectively. The latter is
different from the initial state presented in the inset of Figure
2a, meaning an irreversible deformation,25,40,41 which is almost
unchanged from 60 to 97 ns. In the experiment of Figure 2e,
there is also a residual strain of 10% around, and in the second
inset an obvious yield deformation can be observed.5 The
dynamic process of supercompression−uncompression is
shown in Movie S1 in the Supporting Information. Figure 2c
shows a U-type nominal Poisson ratio curve9 with strain for
both the compression and uncompression, which mainly
originates from the rearrangement of graphene flakes as shown
in the insets corresponding to the three deformation states of
insets in Figure 2a,b. It has been reported in our previous work
for the GF without physical cross-links and intrinsic-holes,22

and it can be influenced by the hole-flake ratio, as shown in
Figure 5c,f. In order to further reveal the loading rate feature of
viscoelasticity, different deformation rates were carried out for
the same sample, and the results are presented in Figure 2d.
The GF deforms rate-dependently, and different loading curves
ramify with different initial elastic region, and gather in a
supercompressive stress of 4.0 GPa in the strain of ∼87%. This
can be mainly attributed to the intrinsic rate-dependent
response of mesoscopic structures in the GF to the external
loading, as usually explained for the uniaxial mechanical
behaviors in polymers such as polycarbonate31 and poly(ether
imide).41 In Figure 2, the compression behavior contains a
slowly and a quickly increased stress stages, and the strain of
transition region is ∼75%, over which it is phenomenologically
thought to be the supercompression, until a limit of
compressive strain (Figure S1).
Figure 2f shows a group of unicyclic compression−recovery

unloading at different stress levels from the same super-
compression curve. The corresponding strain−time curves are
shown in Figure 2g, presenting a bunch of typical exponential
viscoelastic recoveries with multilevel asymptotic lines. The
compression−uncompression loops with various stress levels
were usually reported in the GF experiments, and varied with
GF configurations.9,42,43 This interesting multilevel residual
strain can be directly attributed to the mechanical interlocking,
which would be revealed by the evolution of mesoscopic
structures in the following. Figure 2h,i show a multicycle
supercompression−uncompression with maximum strain of
82.07% and the corresponding recovery curve family,
respectively. Likewise, a multilevel residual deformation is
presented in Figure 2i. The insets in Figure 2h,i are the
variations of maximum stress and residual strain in the cycles,
respectively. The former has an ascend trend in total, while the
latter has no such obvious trend. The former is closely related
to the total amount of deformation (Figure S2), while the
latter is closely related to the mesoscopic evolution that will be
further uncovered. The loading−unloading loops presented in
Figure 2h are very different from the compression−tension
ones,34 where the minimal and maximal strain are both
controlled by the external deformation with a compression and
tension speed of 600 mm/min. The compression−tension loop
cannot reflect the self-relaxation in the full recovery, although it
partly performs the energy dissipation form and corresponding
mechanism of GF.23 It is noted that the initial compressive
moduli in Figure 2h are the same for the different loops, i.e., Ec
= 3.5 GPa (Figure 2f) without softening or hardening. This
implies that the multicycle loading and unloading for the

supercompression cannot alter the intrinsic elastic properties of
GF, which is mainly decided by the holed graphene-flake
itself.4,36,44

Evolution of Mesostructure and Virial Stress Dis-
tribution. Figure 3 shows the evolution of mesostructures in
the supercompression and uncompression, and in the initial
loading time of Figure 3a, the three hole-flakes retain their free-
standing states. The indigo flake keeps away from the brown
flake, and the cross-links between the brown and pink flakes
are in the energy minimization. As the compression increases,
three flakes deform, then the indigo and brown flakes come
into the scope of vdW interaction, and the cross-links distort
under the stress from the unbalance of pink and brown flakes.
At 4.5 ns, the indigo and brown flakes get very close in both
the vdW attraction and squeezing from other flakes, so that
they start to repel in a larger vdW repulsion. Due to the pull of
pink flake, the brown flake slides down along the indigo one, as
indicated by the two thin-black curved arrows, and the
corresponding friction contributes to the viscosity.23 Under the
vdW repulsion and pulling of pink flake, the brown flake slides
over the indigo one at 9 ns, as shown in the detail drawing. At
16 ns, the brown flake suffers a huge internal force from the
pink flake and serious squeezing from other flakes around, and
the indigo flake is repelled up by the brown one along the z-
axis. Due to the supercompression, the pink and brown flakes
are pressed together tightly, so are other flakes. As a result, a
huge resilience would make the flakes get back to shape as
much and quickly as possible when the external force is
removed, as shown at 16.25 ns in Figure 3a, where the brown
flake is powerfully pushed away from the pink one, as labeled
by the two arrows. At the same time, the brown flake slides
into the right side of indigo one, as shown in the detail drawing
of 16.25 ns. Such a selective right-sliding is mainly decided by
the magnitude and direction of local resilience and the
morphology and slope of potential barrier provided by the
indigo flake. However, the right-sliding flake cannot return to
its original position due to the resisting from the indigo flake as
shown in the detail drawing of 17 ns, although the resilience
continues to function. From 32 to 97 ns, the dynamic state of
three labeled flakes remains almost unchanged, so is that of
other flakes. The unrecoverable state of indigo and brown
flakes is called mechanical interlocking in mechanics, which is
the main reason for residual strain in the GF. Similar
interlocking phenomenon has also been reported in the field
of bionic mechanics.45 The self-lock structure not only appears
in the supercompression, but also forms in the general
compression, such as the status at 9 ns around with the strain
of ∼52.76%. This is the main reason for multilevel residual
strain in the recovery curves for the unloading at different
stress levels from the same supercompression curve (Figure
2g). The deformation degree is determined by the amount of
self-lock mesostructures and the occurrence probability of
mechanical interlocking in the compression. The Supporting
Information provides a Movie S2 for the above evolution
process.
Figure 3b further shows a forming process of an interesting

sandwiching structure. In the initial time, the pink and brown
flakes do not contact each other. In the compressive
deformation along the x-axis, they contact and squeeze as a
form of edge-to-edge until they both bend seriously. At 9 ns,
they pass through the hole of the indigo flake, and one corner
of the latter also passes through the hole of the pink flake. Such
a through-hole was also discussed in the experiment, where the
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graphene nanopore was designed to solve the deoxyribonucleic
acid sequencing problem.46 At 13.5 ns, the indigo and pink
flakes wrap each other due to the continuing compressive
force, and at 16 ns even the corner of the brown flake crosses
its own hole in the supercompression, as shown in the
corresponding detail drawings. Once the external force is
removed, the three flakes would get back to shape as much and
as quickly as possible due to the huge vdW repulsion, as shown
at 16.05 or 16.25 ns in Figure 3b. As the compressive strain
decreases, the local resilience varies from the repulsion to the
pull force among the flakes by means of the cross-links as
labeled by the fat red arrows, so that the squeezing and
resulting rippling fade away. However, the pink and brown
flakes cannot precisely move to their initial positions, due to
the diversity of potential path. The brown flake inserts into the
gap between the pink and indigo flakes to form a sandwiching
structure, as shown at 17 ns. Such a sandwiching structure is
rather stable and difficult to be unlocked by the decreasing
resilience due to the mesoscopic friction and clamping force,
from 40 to 97 ns, as shown in Movie S3 in the Supporting
Information. It can be seen from Figure 3b that the intrinsic
hole provides enough deformation for the hole-flakes to shrink,
but it cannot confine them to spread in removal of the external
force. It also plays an important role in the mechanical
interlocking, as shown in Figure 3c,d. In Figure 3c, the brown
flake passes through the indigo one, and the edge resistance of

hole is the main factor of self-lock structure. In Figure 3d, the
pink flake passes through the indigo one, and the surface
friction is the main factor. Due to the fact that the edge contact
force is small, the self-lock structure in Figure 3c is not very
stable and easily unlocked in the multicycle supercompression
and uncompression. That is why part of the residual strain is
rebound to the viscoelasticity in the subsequent cycles,
especially the cycle-4 and cycle-10, as presented in Figure
2h,i. Such a transition from the residual to viscoelastic strains
can be also observed in the case of absorption of solvent.47

Therefore, the residual strain in the GF is not exactly a plastic
behavior that is irreversible in permanent.31,40,41

Figure 4 shows the virial stress distribution of uncompressive
or compressive GF system. In comparison to the undeformed
status, the local compressive stress σxx

i has an obvious
distribution (blue area) in the compressive strain, as shown
in Figure 4b−d. Due to the graphene skeleton’s formal
geometry governed by its connectivity,25,48 the stress of GF
presents a discretized distribution, which is also observed in
the tensile deformation.25 Only in the supercompression, the
local stress almost distributes everywhere, as shown in Figure
4e. It can be seen from Figure 4b−e that some location seems
to be in a self-equilibrium state, i.e., almost no normal
compressive stress (green area). This is because the GF
consists of the graphene sheets, and the in-plane stress is the
main load way. When the normal vector of GF flake is parallel

Figure 4. Local stress distribution for the GF in supercompression and uncompression. (a−e) Distribution of normal stresses in yoz-plane in
different compressive strains. (f−j) Distribution of normal stresses in yoz-plane in different recovery strains. (k−o) Distribution of normal
stresses in xoz-/xoy-plane and shear stresses in yoz-/xoz-/xoy-plane with strain of 93.51% in supercompression, respectively. The schematic
diagram of stress analytical unit in the GF sample during the compressive deformation is shown on the top-right corner, and the forward
directions of normal stresses σxx, σyy and σzz are the position directions of x-/y-/z-axis in Cartesian coordinate system, respectively. Every
figure includes the top view (compressible direction) on the left and side view on the right.
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to the x-axis, it would not go through the normal compressive
stress. This rule is also suitable to the area that shear stresses
act on, as shown in Figure 4m−o. Some local stress is negative,
the other is positive, as shown in Figure 4k−o as labeled in
blue and red, respectively. This is because the GF flakes in the
compression interact intensely on each other through vdW
interaction, and most of them are interrelated through the
cross-links and holes. The nonsynchronous deformation of
randomly distributed flakes leads to the complex hinge force of
cross-links, mainly contributing to the local tensile stress
among the flakes. Part of flakes passing through the holes also
leads to the tensile stress of inside edges of hole-flakes (Figure
3). Even for the normal compressive stress, a weak tensile
stress can be also observed in Figure 4c−e. The local positive
and negative stresses always neutralize except σxx

i , so that the
sum is always zero in agreement with the average stress, i.e.,

∑ ∑σ σ σ= = +

= =
= =

−

t t t

h x y z g y z

( ) 0 ( ) ( )

( , , ; , )

hg
m

i

I

hg
ip

i

N I

hg
in

1 1

(4)

where σhg
ip and σhg

in indicate the local positive and negative
stresses, respectively, and N is the number of total particles
involved. Moreover, the normal stress σyy

i is well-aligned along
the y-axis (Figure 4k), so is σzz

i z-axis (Figure 4l), and the

corresponding shear stress σyz
i is well-biorthogonal in the yoz-

plane, which mainly contributes to the shearing of flakes being
a reason for the elasticity of GF. By contrast, the local shear
stresses σxy

i and σxz
i are very small, which mainly contribute to

the slipping between the GF flakes being a reason for the
viscosity and plasticity. Figure 4f−o show the variation of
normal stresses after the uncompression. It can be seen from
Figure 4f,g that the blue local compressive stress is much
smaller than that in Figure 4b−e, but larger than that in Figure
4a,h−j, because the viscoelasticity of GF retains the mean
compressive stress of 0.005 and 0.008 GPa. Due to the local
resilience from the vdW repulsion in the uncompression, the
red local tensile stress also appears in Figure 4f,g. However, in
comparison to Figure 4a, the local stress does not disappear
after enough holding time, which is attributed to the
mechanical interlocking. An external disturbance is possible
to unlock the interlocking. For example, by means of the
subsequent cycles, especially cycles of 4, 6,8,10, as shown in
Figure 2h,i, the self-lock structures formed from the first cyclic
loading−unloading−holding can be partially unlocked, espe-
cially for the unstable hole-induced self-locks as shown in
Figure 3c,d.

Hole-Flake Ratio Effect and Variation of Length/
Angle/Energy. In order to study the influence of intrinsic
hole to the GF, different hole-flake ratios were carried out in

Figure 5. Hole-flake ratio effect of GFs with hole-graphene flakes. (a, d) Stress−strain curves for hole-flake ratios of κ = 1 and κ = 0,
respectively; the insets are the initial loading states of two samples, respectively. (b, e) Strain−time curves for κ = 1 and κ = 0, respectively;
the insets are the deformation states in the largest loading and unloading time for two samples, respectively. (c, f) Changes in normal
Poisson ratio with strain for κ = 1 and κ = 0, respectively; the insets are the mesoscopic structures in three stages corresponding to the insets
in (a, b) and (d, e), respectively. (g) Supercompression−uncompression testing curve reprinted from Qiu et al.5 (h, i) Supercompressive
stress−strain and corresponding strain−time curves for GFs with different hole-flake ratios, respectively. The dynamic processes of
supercompression and uncompression for κ = 1 and κ = 0 are shown in Movie S4 and Movie S5 in the Supporting Information, respectively.
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the supercompression and uncompression. Two limiting cases
were first in consideration, i.e., κ = 1 and κ = 0, respectively.
For the former, the hole is large enough so that the hole-
graphene flake can be viewed as a mesoscopic ring,51 and the
corresponding GF should be viewed as a 3D graphene-ring
network. Figure 5a,b show the stress−strain and strain−time
curves for the hole-flake ratio of κ = 1, and the insets are the
initial loading state and deformation states in the largest
loading and latest unloading times, respectively. Figure 5c
shows the variation of nominal Poisson ratio with compressive
strain, in which the insets are the local mesoscopic structures in
three stages corresponding to the insets in Figure 5a,b. In
comparison to the GF with κ = 0.33 in Figure 2a−c, the
bearing capacity is reduced by an order of magnitude in the
supercompressive strain of 92.18%, but the residual strain is
increased by 3 times after a long holding time of 80.5 ns, and a
negative Poisson ratio is also observed after the uncompres-
sion. This is because the ring-like graphene is more flexible to
be pressed and easier to get tangled, which is very similar to
the polymer chain of poly(ether imide) resin.41 The complex
network in the supercompression can form a tight structural
phase to prevent the resilient deformation in the uncompres-
sion, so that the lateral length might be larger than its initial
value. For κ = 0, the intrinsic hole disappears and the graphene
flake functions as a perfect building block of the GF. Figure
5d,e show the stress−strain and strain−time curves for this
case, and the insets are the initial loading state and

deformation states in the largest loading and latest unloading
times, respectively. Figure 5f shows the variation of nominal
Poisson ratio with compressive strain, in which the insets are
the local mesoscopic structures in three stages corresponding
to the insets in Figure 5a,b. In comparison to the GF in Figure
5a, the supercompressive stress in Figure 5d is improved by an
order of magnitude in the supercompressive strain of 91.01%
smaller than that of the former. Interestingly, although the
flake is perfect for κ = 0, the residual strain is still 9.3%, as
shown in Figure 5b, almost the same as that of the GF with κ =
0.33, as shown in Figure 2b, after the holding times of 80.5 and
81.0 ns, respectively. Also, the nominal Poisson ratios vxy and
vxz are both positive for κ = 0.33 and κ = 0, respectively,
whether supercompression or uncompression. It implies that
the perfect graphene flake cannot improve the intrinsic
mechanical properties of GF, and hence is not appropriate as
a target in designing the superelastic GF and GF-based
materials. Figure 5g shows a stress−strain testing curve in the
supercompression and uncompression,5 where the residual
strain is about 50%, even larger than that in Figure 5a. The
intrinsic difference between this experimental sample and that
in Figure 2e is the annealing temperature of freeze-casting
postprocessing technique, being 200 and 500 °C, respectively.
One of important reasons for the larger elasticity should be the
degeneration of self-lock structure in the higher temperature.
Figure 5h further shows the supercompression curves for
different hole-flake ratios unloading at the same strain of 90%.

Figure 6. Variation of average bond/angle/energy for three typical GFs with different hole-flake ratios. Variation of average length of bead-
bond and cross-link with time for (a) κ = 0, (d) κ = 0.33, and (g) κ = 1, respectively. Average change of shear (left y-axis) and bend (right y-
axis) angles with time for (b) κ = 0, (e) κ = 0.33, and (h) κ = 1, respectively. Variation of average energy of potential/cross-link/bond/angle
with time for (c) κ = 0, (f) κ = 0.33, and (i) κ = 1, respectively. The insets in (d, c, f, i) are the magnifying drawings in the middle of
horizontal axes.
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It can be seen the GF deforming hole-dependentlythe
smaller the hole-flake ratio is, the larger the magnitude of
stress−strain curve responds. Figure 5i shows the correspond-
ing recovery curves holding to the same time of 85 ns. There is
a large gap value of 19.55% in the multilevel residual strain.
The large-hole induced entanglement and self-lock structure
jointly lead to the large residual strains in the GF with κ = 0.75
and κ = 1, and the gap should be reduced as the number and
degree of entanglements decrease. Additionally, the hole-flake
ratio is strongly inversely correlated to the density of GF,
thereby the initial elastic modulus, but independent of the
shape and symmetry (Table S2).
What is the mesoscopic criterion of supercompression

behavior? In refs 5, 7−11, the supercompression is roughly
thought to be a state of a larger compressive strain (>80%
around) with a quick stress increase and without structural
collapse. Such a quick increasing stage is also shown by Figures
2, 5, with a transition strain region from 70 to 80%. However,
this is only the phenomenological criterion. To further disclose
the mesoscopic mechanism of two stages, Figure 6 shows the
variations of bond, angle, and energy for three typical GFs,
which consist of the perfect-graphene (κ = 0), hole-flake (κ =
0.33) and graphene-ring (κ = 1), respectively. It can be seen
clearly that there is an abnormal turning point of the average
bead-bond length for all three GFs during the compressing
procedure, before which the length regularly decreases as the
deformation increases, after which it abnormally increases. The
strains of three turning points are 77.07, 71.81, and 73.75%, as
shown in Figure 6a,d,g, respectively. On the other hand, the
variation trend of average cross-link length seems to be
contrary to that of the average bond length (Figure 6a,d,g).
The average tension of cross-links mainly derives from the
nonsynchronous deformation of randomly distributed flakes
(Figure 3). The increasing of average bond length is actually
caused by the tensile cross-links due to the synergistic effect in
the supercompresssion. Therefore, the turning points should
be viewed as the mesoscopic criteria of supercompression, after
which the average bead-bond length is even larger than its
original value as the compression increases (Figure 6a,d,g). A
special case is that the variation of average length variation
might be caused by several overlong bonds, which can also be
included in the scope of criteria. At the moment of unloading,
the abnormal tensile energy of bead-bonds delivers to the
cross-links, and the bead-bonds revert to the compression state
again. There is an obvious jump discontinuity in the length-
time curve. In this region, the energy exchange is
instantaneous, and the corresponding deformation is perfectly
elastic. After that, the energies saved in the stretched cross-
links and compressed bead-bonds are released gradually to
provide the part of resilience, and then the length tends to its
original value. Figure 6b,e,h show the variation of average shear
and bend angles with time, and the variation range of former is
much smaller than the latter. This implies the bending of flake
playing a leading role in both the supercompression and
resilience of recovery. In comparison to Figure 6b,e, the
variation range of shear angle in Figure 6h is much larger, and
the trend is nonmonotonic. The reason is that the graphene-
ring is more flexible, and many entanglements are involved.
That is also why the ring-type GF has a large residual strain.
Figure 6c,f,i provide a group of energy change curves. It can be
seen that (i) all energy curves increase in the compression and
decrease in the recovery, except the vdW energy curve in
Figure 6i, because the ring-type GF has enough space to

perform the attractive interaction; (ii) the bending energy in all
type GFs is determinative, which derives from the out-of-plane
deformation, saved in the supercompression and released in
the uncompression to rebound the compressive GF; (iii) for
the ring-type GF, the intrinsic hole is the most source of
energy saved in the shearing deformation, and for the perfect
or general hole-type GF, the cross-link is still the main source
of energy saved in the tensile deformation, which contributes
to the recovery behavior. In comparison to Figure 6c, which
possesses a large potential difference between the cross-link
and bending angle energies, the energy curves in Figure 6f,i are
well-distributed. The reason lies in the fact that the hole-flakes
provide more degrees of freedom in the mesoscopic structures
(Figure 3), which might lead to a better performance of the
hole-type GF in the mechanical properties.

CONCLUSION

Utilizing intrinsic hole-graphene flakes and physical cross-links,
together with consideration of the interlayer vdW interactions,
a probably 3D multiporous graphene assembly was designed to
systematically study the uniaxial supercompression and
recovery behavior that remain poorly understood, based on
the CGMD method. First, we reasonably created a typical two-
stage supercompression stress−strain relationship and the
corresponding time-dependent recovery behavior as well as a
U-type nominal Poisson ratio. On this basis, we revealed a
multilevel residual strain, the same initial elastic modulus, and
a hole-flake ratio-dependent mechanical response. The
mesoscopic mechanisms of viscoelastic and residual deforma-
tion for the recovery can be attributed to the vdW repulsion
and mechanical interlocking among the hole-flakes. Finally, an
abnormal turning point was well identified in the length-time
curve of mean bead-bond length during the supercompression,
which rationally answered what the supercompression is based
on the mesoscale for different hole-flake ratios. This study
suggests that avoiding/decreasing the self-lock structures
should be an important goal in designing the superelastic GF
and GF-based composites, and the hole-flake ratio may be a
designing factor in tuning the mechanical performance.

METHODS
2D Mesoscopic Graphene Model. On the basis of 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 Buehler26 utilizing coarse-
grain bead−spring elements with rotational-spring potentials. This
model has been previously implemented to investigate the folding,
twisting and coiling of graphene sheets, and the reasonable
relationships have been obtained between folded length and bending
stiffness, and between strain energy and rotation angle.26,49 Also, the
fundamental bending mode has been directly observed by Chopin and
Kudrolli when the length of graphene ribbon is much larger than its
width,50 i.e., Lf ≫ Wf. In the 2D model, each bond-bead represents a
2.5 × 2.5 nm2 atomically mono- or multilayer graphene sheets (Figure
1b-III). A harmonic spring potential

ϕ = −k r r( ) /2T T 0
2

(5)

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 = 2.5
nm. A harmonic rotational-spring potential

ϕ φ φ= −φ φk ( ) /20
2

(6)
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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 = 90°. Another harmonic rotational-spring potential

ϕ θ θ= −θ θk ( ) /20
2

(7)

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 = 180°. The intralayer vdW interaction
between different beads in an in-plane flake was described as a
Lennard-Jones potential

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

ip
6

(8)

where εip is an energy-scale parameter determining the depth of
potential well, σip is a length-scale parameter that determines the
position of 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 match the
model parameters listed in Table S1 in Supporting Information,
through elastic strain energy by incorporating normal and shear
strains, out-of-plane bending, and intramolecular interactions.
Fabrication of 3D GF Numerical Sample. As for the

preprocessing initial GF geometrical configuration, all flakes with
randomly normal vectors were placed in a huge cubic space lattice to
ensure no mutual contact among them. Then, every square flake in
the huge cube would be dug an S = Lh × Wh nm2 hole to ensure an
initial multiporous prototype with intrinsic-hole graphene sheets. The
NPT assemble technique with a constant temperature of 300 K and
ten barometric pressures (10 bar) was used to deal with the huge
cubic numerical GF system with a periodic boundary condition in
three directions. The system shrank gradually and finally reached a
pre-equilibrium state at ∼50 ns with a time step of 1.0 fs.
Subsequently, by resetting the Berendsen barostat to 1.0 atm and
the Langevin thermostat to 300 K, the system expanded slightly and
reached an equilibrium state at ∼80 ns with the criterion that the total
energy fluctuation converges to less than 1%. The obtained numerical
GF sample was filled by approximately uniformly distributed hole-
flakes. On this basis, the 3D linkages were added into the relaxed
sample among different hole-flakes at a distance of ∼2.51 nm. The
number density of the cross-links is defined as a number ratio of the
cross-links to bead-bonds, i.e., ρn = ncl/nbd, which was set as ∼0.068
for all the GF samples. Finally, the system with linkages and hole-
sheets was minimized with stopping tolerance for force of 1.0 × 10−10

kcal/mol/nm to reach its final configuration. The fabricated GF with
intrinsic-hole flakes has a cubic length from ∼170 to ∼190 nm with a
mass density from ∼137 to ∼387 mg/cm3, as shown in Figure 1a.
Uniaxial Supercompression and Uncompression. To gain an

in-depth understanding of the typical two-stage supercompression
stress−strain relationship and the corresponding time-dependent
recovery behavior, a series of uniaxial supercompression and
uncompression in deformation-controlled loading and pressure-
controlled unloading-holding were conducted on our numerical GF
models. The static equilibrium of the GF network with intrinsic-hole
graphene-flakes was achieved by the conjugate gradient method. The
compressive deformation rate was set as 10 nm/ns along the x-
direction (Figure 2a) at room temperature using a zero-pressure
barostat in other two directions, compressing the sample with a time
step of 1.0 fs until the strain between 91% and 95%. Subsequently,
resetting the Berendsen barostat to zero atmosphere along the x-
direction and keeping other thermal/mechanical conditions un-
changed uncompressed the GF system. On this basis, the holding time
was set as at least 80 ns to simulate the time-dependent recovery
behavior, which can be captured for kinetic studies with high
spatiotemporal resolution in the practical application of GFs, by
means of ultrafast pump and probe techniques.52,53 The transverse/
longitudinal strain is defined as

ε = − =l l l h x y z( )/ ( , , )h
m

h h h0 0 (9)

where lh and lh0 are the starting and current length of the sample in the
deformation direction, respectively. The definitions of Poisson ratios
are defined as the negative ratios between the transverse and the
longitudinal deformations for two different nonloading directions,
respectively, i.e.,

ε
ε

ε
ε

= − = −v vandxy
y
m

x
m xz

z
m

x
m (10)

All the simulations were implemented using an open-source
software Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS)54 at Multiscale Computing Hub of Graphene-like-based
Materials (MHM) and Supercomputing Center of Lv Liang Cloud
Computing Center in China.

Local (Position-Dependent) State of Stress. On the nano-/
mesoscale, the virial stress can be viewed as a measure of the
mechanical stress, even when simulating very inhomogeneous
phenomena.55 On the basis of a generalization of the virial theorem,
the average virial stress over a volume Ωi around a particle i at a
position ri can be expressed as56
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where m is the mass of particle in the GF numerical sample. ui is the
displacement of i relative to the reference position; therefore, its
material time derivative is the thermal excitation velocity of particle.
The interparticle force fij applied on the particle i by the particle j can
be expressed as
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(12)

where Φij is the energy of coarse-grain group in consideration, dating
from the bead−spring and rotational-spring as well as pairwise
interatomic potentials, as reported previously. The equivalence of
virial stress and Cauchy stress was reviewed by Subramaniyan and Sun
using both theoretical arguments and numerical simulations.57 It is
noted that besides the flake’s deformation, the decomposed rigid
translation and rotation of the building graphene blocks both
contribute to the atomic stress because they connect with the
interatomic distances and thus the potential term of virial stress. The
compressive stress is given by a symmetric pressure tensor of the
entire system, stored as a 6-element vector, i.e., {σm} = [σxx

m σyy
m σzz

m σxy
m

σyz
m σxz

m]T, which is defined as the ensemble average of negative of
stress tensor

∑σ
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⟨Ω ⟩

= Ω
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N

i
1 (13)

where V is the volume of whole GF sample, and N is the number of
total particles involved.
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