Nanotechnology

You may also like

PAPER

The mechanical property and microscopic
deformation mechanism of nanoparticle-contained
graphene foam materials under uniaxial
compression
To cite this article: Muhammad Bilal Khan et al 2021 Nanotechnology 32 115701

View the article online for updates and enhancements.

- Nanoarchitectured CNTs-Grafted
Graphene Foam with Hierarchical Pores
as a Binder-Free Cathode for LithiumOxygen Batteries
Weihua Wan, Xingbao Zhu, Xianglei He et
al.
- Microscopic deformation mechanism and
main influencing factors of carbon
nanotube coated graphene foams under
uniaxial compression
Shuai Wang, Chao Wang, Muhammad
Bilal Khan et al.
- High porosity and light weight graphene
foam heat sink and phase change material
container for thermal management
Abdelhafid Zehri, Majid Kabiri Samani,
Martí Gutierrez Latorre et al.

This content was downloaded from IP address 159.226.200.166 on 30/03/2022 at 05:09

Nanotechnology
Nanotechnology 32 (2021) 115701 (11pp)

https://doi.org/10.1088/1361-6528/abcfe8

The mechanical property and microscopic
deformation mechanism of nanoparticlecontained graphene foam materials under
uniaxial compression
Muhammad Bilal Khan1,2 , Chao Wang3,4,∗ , Shuai Wang1,2,
Daining Fang1,2 and Shaohua Chen1,2,∗
1

Institute of Advanced Structure Technology, Beijing Institute of Technology, Beijing 100081, People’s
Republic of China
2
Beijing Key Laboratory of Lightweight Multi-functional Composite Materials and Structures, Beijing
Institute of Technology, Beijing, 100081, People’s Republic of China
3
LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
4
School of Engineering Science, University of Chinese Academy of Sciences, Beijing, 100049, People’s
Republic of China
E-mail: wangchao@lnm.imech.ac.cn and shchen@bit.edu.cn
Received 23 August 2020, revised 19 September 2020
Accepted for publication 2 December 2020
Published 23 December 2020
Abstract

Nanoparticle-contained graphene foams have found more and more practical applications in
recent years, which desperately requires a deep understanding on basic mechanics of this
hybrid material. In this paper, the microscopic deformation mechanism and mechanical
properties of such a hybrid material under uniaxial compression, that are inevitably
encountered in applications and further affect its functions, are systematically studied by the
coarse-grained molecular dynamics simulation method. Two major factors of the size and
volume fraction of nanoparticles are considered. It is found that the constitutive relation of
nanoparticle ﬁlled graphene foam materials consists of three parts: the elastic deformation
stage, deformation with inner re-organization and the ﬁnal compaction stage, which is much
similar to the experimental measurement of pristine graphene foam materials. Interestingly,
both the initial and intermediate modulus of such a hybrid material is signiﬁcantly affected by
the size and volume fraction of nanoparticles, due to their inﬂuences on the microstructural
evolution. The experimentally observed ‘spacer effect’ of such a hybrid material is well reproduced and further found to be particle-size sensitive. With the increase of nanoparticle
size, the micro deformation mechanism will change from nanoparticles trapped in the
graphene sheet, slipping on the graphene sheet, to aggregation outside the graphene sheet.
Beyond a critical relative particle size 0.26, the graphene-sheet-dominated deformation mode
changes to be a nanoparticle-dominated one. The ﬁnal microstructure after compression of the
hybrid system converges to two stable conﬁgurations of the ‘sandwiched’ and ‘randomlystacked’ one. The results should be helpful not only to understand the micro mechanism of
such a hybrid material in different applications, but also to the design of advanced composites
and devices based on porous materials mixed with particles.
Supplementary material for this article is available online
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competition mechanism. Pan et al [21, 22] investigated the
mesostructure evolution of GrFs in tension and the superelasticity of hole-ﬂake GrFs in compression, in which it was
found that the multipeak stress–strain relationship is attributed
to the collective bond breaking in tension and the mesoscopic
criterion of abnormal increase of bead-bond length during
supercompression was unveiled. Qin et al [23] combined
FAMD simulations with experiments based on 3D-printed
models and showed that GrFs have an exceptionally high
ultimate tensile strength of 10 times as strong as mild steel,
but with a relatively low density of 4.6% that of mild steel.
Xia et al [8] adopted the CG model [24] of graphene sheets to
study the temperature-dependent behavior of GrFs and found
a ﬂuid-like behavior similar to linear polymer melts at elevated temperatures and the transformation into a glassy-like
‘foam’ state at temperatures below the glass-transition temperature Tg.
Recently, different additives that are often in the form of
nanoparticles (NPs) have been consciously introduced into
the porous graphene foam material for speciﬁc functions. The
interaction between particles and graphene sheets plays an
important role in the realization of the special functions,
which will inevitably affect the mechanical properties of
graphene foam materials. The basic knowledge about the
pristine GrFs is highly necessary, but not sufﬁcient to thoroughly understand the mechanical properties of GrF-based
composites. For example, many nanoscaled metal oxide
particles, such as Fe3O4 [25], CoO [26] and SnO2 [27], are
speciﬁcally added into GrFs, which can enhance the electrochemical lithium storage performance (e.g. a high reversible
capacity of ∼1000 mAh g−1) as an alternative anode material.
Pd, Pt, Ni and Sn nanoparticles with higher loadings of 59,
67, 39 and 46 wt%, respectively, are added into GrFs, which
can greatly improve the sensing performance of hydrogen gas
with a response time of 25 s and a recovery time of 175 s over
detection range of 100–1000 ppm [28–30]. In the ﬂexible
electronic device [31], Fe3O4 magnetic nanoparticles are
embedded into GrFs to achieve up to 52% reversible magnetic
ﬁeld-induced strain and strain-dependent electrical resistance.
More examples are given in our comprehensive statistics in
table S1 in supporting materials (available online at stacks.
iop.org/NANO/32/115701/mmedia). In the particle-rich
hybrid systems, at least two intrinsic particle-induced effects
on both structures and properties have been identiﬁed while
not yet been seriously evaluated. It was found that entrapped
NPs can effectively stop aggregation of graphene sheets due
to the so-called ‘spacer effect’ [32], which consequently
reaches a high speciﬁc surface area of composites [33];
however, as we know that NPs always prefer to aggregate on
graphene sheets, which would in turn deteriorate the resulting
performance of composite systems. A comprehensive examination is highly required to reconcile the two contradictory
aspects for optimal design of GrF-based systems.

1. Introduction
Recently, with the rapid development of two-dimensional
materials [1], such as graphene, molybdenum disulﬁde, boron
nitride and so on, their three-dimensional assembly materials
have attracted increasing attention in many ﬁelds, such as
materials, physics, chemistry, biology, and even advanced
engineering applications. Graphene foam (GrF) material, as a
typical representative, possesses a multi-porous structure
composed of randomly or regularly interconnected mono/bi/
multilayered graphene sheets. Due to the combined advantage
of porous materials and graphene sheet itself, graphene foam
material has a host of excellent mechanical and physicochemical properties, such as high tensile/compressive
strength (∼1.6/13.7 GPa) [2], super-wide density range
(0.16–1580 mg cm−3) [3, 4], much high compressibility
(∼98%) [5] and stretchability (∼70%) [6], high speciﬁc area
(∼994.2 m2 g−1) [7], superior thermal and chemical stability
[8] and giant energy adsorption capacity (∼3400 J g−1) [9].
The extraordinary properties foster great research enthusiasm
for a number of cutting-edge applications, such as advanced
composite materials [10], highly-sensitive sensors [11],
lithium ion batteries [12], even biomedical tissue engineering
[13] and so on. All the applications are inevitably related to
the mechanical properties of graphene foam materials.
In the past few years, extensive experimental, numerical,
and theoretical investigations have been conducted to
understand the underlying mechanisms of the mechanical
properties of pristine graphene foam materials. Agarwal et al
[14] conducted nano-indentation and in situ tensile test on
grapahene foam materials inside scanning electron microscopes (SEM) and found that the elastic modulus (69.9 GPa)
in tension is four orders of magnitude higher than that
(1.2–1.5 MPa) in compression. Gao et al [15] experimentally
studied the size-dependent properties of GrFs assembled with
ﬂakes of different sizes ranging from sub-micron to tens of
micrometer using the freeze casting technique, and found that
the GrF with ﬂakes of larger sizes showed both higher
strength and fatigue resistance. Baimova et al [16] ﬁrst
investigated the GrFs subjected to the shear deformation and
hydrostatic compression using full-atom molecular dynamics
(FAMD) simulations and found that the shear deformation
could alter both microstructures and mechanical properties of
GrFs. Afterwards, with a 3D graphene coarse-grained (CG)
model [17], Wang et al [18, 19] studied the microstructure
deformation mechanism of GrFs under uniaxial compression,
in which three major energy dissipation mechanisms were
found, i.e. sliding, impacting and rippling of graphene sheets,
and the deformation of GrFs was found to be dominated by
the ﬂake bending instead of stretching. Combining the
transport modeling with coarse-grained molecular dynamics
(CGMD), Liu et al [20] studied the critical phenomenon of
the maximum conductivity of GrFs and explained its
2
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More importantly and generally, graphene foam material
is a representative of the new polymer systems, which is
assembled by paper-like ‘2D macromolecules’ [8, 34, 35]
instead of the conventional linear ones [36]. When such a
porous material assemblies with heterogeneous NPs, the
interaction mode between paper-like sheets and NPs should
be much different from that in the conventional linear polymer composite [37, 38]. Thus, to examine the basic physics
and mechanics of GrF-NPs hybrid systems is really required
to understand such a promising polymer composite system.
However, up to now, there is no theoretical/numerical
work on the basic physics and mechanics of particle-modulated GrFs. Interaction between nanoparticles and graphene
sheets remains unclear, which should be an important role in
realizing different functions of such a hybrid material. It is
still unclear which factors will affect the evolution of
microstructures, and then affect the overall mechanical
properties and deformed conﬁgurations.
In this work, CGMD simulations are carried out as
numerical experiments to systematically investigate the
mechanical properties and the corresponding micro deformation mechanism of particle-ﬁlled graphene foam materials
under uniaxial compression, in which the effects of the size
and volume fraction of NPs are mainly considered. Both the
experimentally observed spacer effect and particle agglomeration phenomenon are well reproduced. The constitutive
relation of nanoparticle ﬁlled graphene foam materials under
uniaxial compression is achieved. The corresponding microstructural deformation and rearrangement are clearly revealed,
which accompany with three kinds of microstructure behaviors, i.e. trapping, sliding and agglomeration of particles.
The results in the present study could provide fundamental
understanding of the mesoscopic mechanical nature of the
particle-ﬁlled porous composites composed by 2D graphene
sheets and be helpful for the optimal design of functional
materials based on the mixture of nanoparticles and graphene
sheets.

where kj denotes the spring constant related to the bending
angle j among three particles with a referenced equilibrium
angle j0=90°. fθ=kθ(θ − θ0)2/2 denotes the out-of-plane
bending energy with a spring constant kθ, where θ denotes the
bending angle among three particles with a referenced equilibrium value θ0=180°. The van der Waals interaction between
neighboring beads (nanoparticles and/or graphene sheets)
is described by a similar Lennard-Jones potential f=
4ε((σ/r)12 – (σ/r)6) with different parameter settings of ε and σ,
where ε is a parameter determining the depth of the potential
well, σ is a length scale parameter determining the zero-energy
distance, and r is the bead-to-bead distance. The corresponding
CG parameters for nanoparticles and/or graphene sheets are
obtained based on the equivalent energy principle and systematic full atomic calculations, which are given in table S2.
The numerical 3D pristine graphene foam skeleton is
constructed with 100 square CG sheets with the side length
50 nm and 400 beads in each one. The sheets are randomly
distributed in a 3D box with the length, width and height
about 178 nm, 170 nm and 180 nm, respectively. The nanoparticles are modeled by coarse grains as well with the tunable size and volume fraction. Considering that approximately
spherical nanoparticles are used in experimental works as
cited in table S1 and summarized in ﬁgure S1, the spherical
bead is adopted to simulate the behaviors of nanoparticles for
simplicity. The density of our numerical model is in range of
180–240 mg cm−3, which is in line with the density range of
experimental results, i.e. 12–280 mg cm−3 [40–42]. The
relative density of our graphene foam model is ∼8.9%
corresponding to the porosity 91.1%. A single sheet in real
materials may contain 1–10 graphene layers [14, 43, 44].
Here, 8-layered sheets are mainly adopted and the effect of
sheet layers on the mechanical response of pristine graphene
foams can be found in the previous work [45]. All sheets in
the numerical model are assumed to be identical for
simplicity.
2.2. Numerical fabrication of nanoparticles-filled GrF samples

Mimicking the experimental self-assembly synthesis technique [25], all graphene sheets and nanoparticles are initially
placed randomly in a big cubic box, then, NPT assembly
technique is adopted to deal with the system with periodic
boundary conditions in three directions as well as a constant
room temperature 300 K and one barometric pressure. A time
step 1 fs is adopted. As a result, the system shrinks gradually
and ﬁnally reaches an equilibrium state at about 10 ns with a
criterion that the total energy ﬂuctuation converges to less
than 1% as shown in ﬁgure S2.
Figure 1(a) shows our 3D numerical model of GrF-NPs
composites. Paper-like 2D graphene sheets (blue) are randomly
distributed and interconnected to form a porous matrix skeleton,
inside which a number of NPs (green) adhere and deposit on
each sheet. Five typical microstructural conﬁgurations composed
by particles and sheets are shown in ﬁgure 1(b), including the
randomly-distributing NPs on a sheet (ﬁgure 1(b-I)), multilayered NPs stacking on a sheet (ﬁgure 1(b-II)), the V-shaped
stacking NPs aggregated at the groove of neighboring sheets

2. Numerical model of nanoparticle ﬁlled graphene
foam materials
2.1. Mesoscopic CG method

In this paper, the mesoscopic CG scheme of graphene sheets is
adopted, which was established by Cranford and Buehler [17]
and well used in a series of studies on deformation mechanisms
and mechanical properties of both graphene and pristine graphene foams [18–22, 39]. In this scheme, a 2.5×2.5 nm2
graphene sheet is CG to be a single bead and a large piece of
graphene layer is modeled by a set of discrete beads interconnected by both linear and angle springs. A harmonic spring
potential fT=kT(r − r0)2/2 is used to describe the axial
stretching energy among all pairs of bonded particles, where kT
denotes a spring constant and r is the distance between two
particles with an equilibrium distance r0=2.5 nm. A harmonic
rotational-spring potential fj=kj(j − j0)2/2 is used to
describe the in-plane bending energy under shear deformation,
3
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Figure 1. Schematics of 3D GrF-NPs composite materials and typical microstructures. (a) Relaxed conﬁguration of a 3D GrF sample with
NPs (green) adsorbed on the graphene sheets (blue); (b) ﬁve typical microstructural conﬁgurations in the GrF-NPs system in existing
experiments by transmission electron microscope (TEM) and scanning electron microscope (SEM); (bottom) and our simulations (top): (I) a
layer of NPs randomly adsorbed on a sheet reported in [31], copyright 2015 ACS; (II) multiple layers of NPs stacking on a sheet shown in
[46] copyright 2020 Elsevier; (III) [47] reported NPs stacking near the point of contact between an edge and a surface, copyright 2020
Elsevier; (IV) NPs sandwiched between two sheets is explained in [48], copyright 2020 Elsevier; (V) [49] exhibit the NPs adsorbed on both
sides of a sheet, MDPI Publisher (Open Acces).

(ﬁgure 1(b-III)), the NPs sandwiched between two sheets
(ﬁgure 1(b-IV)) and a graphene sheet sandwiched between two
layers of NPs (ﬁgure 1(b-V)). These typical conﬁgurations can
be identiﬁed experimentally through TEM and SEM observations [31, 46–49] as the bottom subﬁgures shown in ﬁgure 1(b).
It is very obvious that NPs act as spacers [25, 50] to prevent
neighboring sheets from aggregating as observed in experiments
and is well reproduced in our simulations as shown in
ﬁgure 1(b) (III and IV). All these microstructures would show
signiﬁcant inﬂuence on the expected functions of nanoparticleﬁlled graphene foam materials. Furthermore, in such a nanoparticle-ﬁlled graphene foam system, nanoparticles have different states in different microstructures. It is much different from
the microstructural feature in nanoparticle-ﬁlled carbon nanotube
(CNT) networks [51, 52], where nanoparticles always prefer to
gather at the junctions of CNT ﬁbers.
To gain an in-depth understanding of the microscopic
deformation mechanisms, microstructural evolution and stress–
strain relationship, a series of numerical experiments under
uniaxial compression are conducted on the present numerical
GrF-NPs composite models. The compressive strain rate is set
as ∼5×10−7 s−1 in the x direction with a zero-pressure
barostat in other two directions at room temperature. Periodic
boundary conditions are used in all three directions. A time step
of 1.0 fs is adopted in all the calculations. All the simulations
are implemented using an open-source software Large scale
Atomic/Molecular Massively Parallel Simulator [53]. The
results are visualized based on Open Visualization Tool [54].

diameter of nanoparticles and the side length of square graphene
sheets, respectively. In comparison with the pristine graphene
foam material, whose stress–strain curve exhibits a typical
rubber-like feature with an initially elastic stage, a platform
stage and the ﬁnal compaction stage, the stress–strain curve of
each GrF-NPs composite also approximately consists of three
stages, i.e. an intially elastic stage with a compressive strain
smaller than ∼0.025, a weak strengthening stage and a strong
strengthening stage. The elastic modulus Einit at the initial stage
depends highly on the relative particle size D, as shown by the
black line in ﬁgure 2(b), which increases slowly before a critical
value of the initial elastic modulus Einit is about an order of
magnitude higher than that of D<0.07. Such a phenomenon
should be due to the interaction between nanoparticles and
graphene sheets. At the initial stage, the interaction between
nanoparticles and sheets looks like discrete binders, which
strengthen and stiffen the foam system. When the nanoparticle
is relatively small, the inﬂunencing distance and the strength of
binders should be relatively small, leading to a smaller initial
modulus Einit of GrF-NPs composites. When the nanoparticle is
relatively large, the inﬂunencing distance and the strength of
binders should be relatively large, leading to a larger initial
modulus Einit. As for the increasing intermediate modulus Em
within the compressive strain range of 0.18–0.50, the stress–
strain curves of GrF-NPs composites gradually deviate from the
rubber-like platform feature at the second stage. The intermediate modulus Em is extracted and shown as a blue line in
ﬁgure 2(b). Another critical relative particle size Dc2=∼0.26
is found, below which the intermediate modulus Em increases
slightly and beyond which the intermediate modulus Em
increases sharply. A particle-size dependent effect exists, which
further induces a deformation transformation mechanism. In
order to explain such a phenomenon, we need to turn to the
detailed microstructure evolution process and morphology.
Three typical snapshots of GrF materials ﬁlled with smaller
NPs of D=0.07 and D=0.50 are recorded as shown in
ﬁgures 2(c) and (d), respectively, which respectively correspond
to the initial stage, the mediate stage of ε ∼ 37% and the ﬁnal

3. Results and discussion
3.1. Size effect of NPs on the mechanical property and microdeformation mechanism

The stress–strain curves of GrF-NPs composites with nanoparticles of different relative size D=d/L=0.07, 0.26 and
0.5, but of the same volume fraction 27%, under uniaxial
compression, are given in ﬁgure 2(a), where d and L denote the
4
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Figure 2. GrF-NPs hybrid composites under uniaxial compression. (a) The stress–strain relation of GrFs with varied relative particle

diameters D of 0.07, 0.26 and 0.50 for a given volume fraction. Here D≡d/L, d and L denote the diameter of nanoparticles and the side
length of square graphene sheets, respectively; (b) the initial and intermediate modulus of GrF-NPs composites as a function of the relative
particle diameter D; (c), (d) three typical snapshots of GrF-NPs composites with D=0.07 and 0.5 under different compressive strain,
respectively; (e) the structural skeletons of GrF materials ﬁlled with different sized nanoparticles at 0.2 compressive strain, in which the color
of graphene sheets is lightened in (e-(I–III)) in order to highlight the structure of particle clusters, except for the compact laminated sheets
among large particles in the loading direction as shown in (e-IV).

stage ε ∼ 80%. Initially, smaller NPs (green dots) adhere on the
graphene sheets and spread almost randomly and uniformly in
the whole graphene foams as shown in ﬁgure 2(c). During
compression, both the graphene sheets and NPs become a
‘sandwiched conﬁguration’ as labeled by red arrows in
ﬁgure 2(c), no matter how large the compressive strain is. Such a
hybrid system is dominated by the deformation of graphene
sheets, similar to that in a pristine graphene foam material
[19, 45]. However, in the composites ﬁlled with larger NPs of
D=0.50, the microstructures are unstable during compression,

in which NPs separate from the original host sheets and aggregate in the system, forming a laminated graphene sheet structure
with clustering particles, as labeled in red arrows in ﬁgure 2(d).
Skeletons of composites ﬁlled with NPs of different size
at compressive strain of 0.2 are further shown in ﬁgure 2(e),
in which the color of graphene sheets is lightened in order to
highlight the structure of particles. It is clearly shown that,
under compression, the larger the particle size, the easier it is
to gather in the hybrid system. It means that, with the increase
of nanoparticle size, the microscopic mechanism turns from
5
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Figure 3. Microstructural evolution in GrF composites ﬁlled with nanoparticles of different size. (a) Small particles of D<0.07 are trapped

between two neighboring sheets similar to the SEM observation of trapped Pt NPs under graphene sheets as explained in [55], copyright
2020 Elsevier; (b) medium sized particles of 0.07<D<0.26 will escape outward when two neighboring sheets are closed; (c) large
particles of D>0.26 tend to agglomerate as observed in the SEM observation elucidated in [46], copyright 2020 Elsevier.

the deformation of graphene sheets with randomly adhered
nanoparticles to the combination behavior of local aggregation of particles and the self-compaction of graphene sheets.
Therefore, the experimentally observed ‘spacer effect’ [32]
corresponds only to the case with relatively small nanoparticles, in which the ﬁnal conﬁguration is a ‘sandwiched’
one. In the present model, the corresponding critical size of
nanoparticles is Dc2=∼0.26, below which ‘spacer effect’
exists.
The evolution images of microstructures with different
sized particles are further given in ﬁgure 3. In the hybrid
system with small nanoparticles of D<0.07 as shown in
ﬁgure 3(a), the small particle adsorbs initially on a sheet. When
the host sheet and the neighboring one deform under an
external compression, the small particle remains still without
feeling the effect of the external load. Consequently, in a
hybrid system with a large number of small NPs, a ‘sandwiched’ structure will be formed, corresponding to the
microscopic mechanism of deformation of graphene sheets
with randomly adhered nanoparticles, which is much similar to
that of a pristine GrF material [45] and the similar ‘trap’
conﬁguration can be widely observed in the experiment [55] as
the last sub-ﬁgure showing the trapped Pt nanoparticles under
graphene sheets. In the hybrid system with mediate sized
nanoparticles of 0.07<D<0.26 as shown in ﬁgure 3(b), the
particle stays initially on a sheet. With the increase of external
load, the particle starts to move when the two neighboring
sheets come close. Finally, the particle escapes from the capture of two neighboring sheets. In the hybrid system with large
nanoparticles of D>0.26 as shown in ﬁgure 3(c), particles are
prone to agglomerating and graphene sheets will adsorb tightly

around large particles. To further clarify the atomic interaction
of nanoparticles and graphene sheets, see the movies M1, M2
and M3 in supporting material. This agglomeration phenomenon has also been observed in recent report [46] as the last
sub-ﬁgure shown in ﬁgure 3(c) about the large Fe3O4 nanoparticles (up to ∼140 nm in diameter) on graphene nanosheets
as a promising anode material for lithium batteries.
From above, it is known that the microstructural evolution
affects the mechanical property of the hybrid material, which
will subsequently affect the internal stress distribution. The
spacial distributions of six independent local stress components
σxx, σyy, σzz, σxy, σxz and σyz of the virial stress tensor σ are
given in ﬁgure 4, which correspond to three GrF composites
ﬁlled with nanoparticles of D=0.07, 0.26 and 0.50 under
uniaxial compression in the x-axis direction, respectively. In the
initial stage, the normal stress σxx for all three systems is relatively uniform as indicated by the green color in ﬁgures 4(a-I),
(b-I) and (c-I). At the ﬁnal stage with about 0.8 compressive
strain in the x-axis direction as shown in ﬁgures 4(a-II), (b-II)
and (c-II), it is found that the compressive stress σxx becomes
more and more uneven with the increase of nanoparticle size,
and larger particles will bear larger compressive load (dark
blue). We further ﬁnd that large particles of D=0.50 start to
bear the major compressive load as early as the compressive
strain reaches 0.2 as shown in ﬁgure S3 in supporting materials.
The distributions of the other ﬁve stress components in
the three systems are much different from that of σxx and
exhibit highly nonuniform distributions featured by the
combination of tensile (red) and compressive (blue) stresses
as shown in ﬁgures 4(a)(III–VII), (b)(III–VII) and (c)(III–
VII). The average value of the ﬁve stress components should
6
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Figure 4. Local stress distribution of GrF-NPs systems under uniaxial compression at varied relative particle size D, (a) 7%, (b) 26% and (c)

50%, respectively. For each size, the σxx of both initial (subgraph I) and end (subgraph II) states are given. Other ﬁve independent stress
components of σyy, σzz, σxy, σxz and σyz are shown in the subgraph III–VII. In each subgraph, the left and right part is the top (compression
direction) and side view, respectively. The continuum deﬁnition of six stress components is given in the right-top schematic diagram.

be zero due to the uniaxial compression condition. Moreover,
no matter the normal stress or the shear stress, the larger the
nanoparticle, the larger tensile or compressive stress it bears.

advantageous in practical applications, since particle
escaping and aggregation are generally not desirable in such
a hybrid system. Therefore, we ﬁx the relative size of
nanoparticles as D=0.06 in this subsection to investigate
the effect of volume fraction of nanoparticles on the
mechanical property of GrF-NPs composite systems and
the microscopic deformation mechanism under uniaxial
compression.

3.2. The effect of volume fraction of NPs on the mechanical
property and micro-deformation mechanism

It can be inferred from above analysis that GrF composites
ﬁlled with relatively small sized nanoparticles may be
7
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Figure 5. GrF-NPs composite systems with nanoparticles of a ﬁxed size D=0.06 under unixial compression. (a) The stress–strain relation of

GrF-NPs composite systems with different volume fractions of nanoparticles under uniaxial compression; (b) the distribution of σxx at the
maximum compressive strain 0.80 in three different GrF-NPs composite systems with the particle volume fractions of (I) 2%, (II) 16% and
(III) 42%, respectively. In each subgraph, the left and right part denote the top (compression direction) and side views, respectively; (c) the
initial modulus of GrF-NPs composite systems as a function of the volume fraction of NPs; (d), (e) three typical snapshots of GrF-NPs
composite systems with a respective particle volume fraction of 16% and 42% under compression.

The stress–strain relations of GrF-NPs systems with
particle volume fractions of 2%, 16% and 42%, respectively,
are shown in ﬁgure 5(a), all of which exhibit a rubber-like
feature, similar to that of a pristine GrF material. Negligible
difference remains till 0.5 compressive strain, which indicates
that it is the graphene foam skeleton bearing the compressive
load even if the volume fraction of nanoparticles gets to 42%
in the foam system. The mechanical property becomes sensitive to the volume fraction when the compressive strain
surpasses about 0.5. The compressive stress in the system
with more NPs is larger than that with less NPs, which is
more obviously shown in ﬁgure 5(b)(I–III) with the distributions of σxx in three systems at the maximum compressive strain. The initial modulus of GrF-NPs composites is also
inﬂuenced by the volume fraction of nanoparticles as shown
in ﬁgure 5(c), in which there exists a volume fraction of about
26%, corresponding to a maximum modulus. Such a
phenomenon should be due to the local slip of particle pile.
With the increase of volume fraction of NPs, more and more
particles adhere on the graphene sheets, which should
improve the modulus of graphene sheets. However, when the
volume fraction of nanoparticles is large enough, nanoparticle
piles will form on the graphene sheets. Local slipping of
single particle or neighboring particle layers will happen
under the external compression, which would decrease the
modulus of the composite due to the weak interface among
NPs according to the composite material theory [56]. Three
typical snapshots for GrF-NPs composites with a respective

volume fraction of 16% and 42% under different compressive
strain are shown in ﬁgures 5(d) and (e), respectively. It is
clearly shown that nanoparticle piles form in the composite
system ﬁlled with a large volume fraction of nanoparticles,
which has a poor local shear capacity.
Typical microstructures and their evolution in the composite system with nanoparticles of 42% volume fraction and
D=0.06 are shown in ﬁgure 6. The initial conﬁguration is
shown in ﬁgure 6(a-I), where it is found the initial microstructures consist of particles stacked on both sides of graphene sheets (left-top), clustered randomly on the surface of
sheet (left-bottom), trapped between V-shaped joint of two
sheets (right-top), and laminated between two layered sheets
(right-bottom). Under compression, each microstructure
evolves continuously. All the processes are mainly due to the
particle slipping and rotating. Two stable microstructures are
ﬁnally formed as shown in ﬁgure 6(a-II), in which one is a
‘sandwiched’ structure and the other is a ‘randomly-stacked’
one. The corresponding evolution processes of the two
structures are given in ﬁgures 6(b) and (c), respectively. It is
clearly shown that a pile of particles initially stacked in the
junction of two sheets are squeezed out gradually and spread
out on sheets to form the ‘sandwiched’ structure. During the
forming process of the ‘randomly-stacked’ structure as shown
in ﬁgure 6(c), some NPs initially stay on the sheet ‘3’. Under
compressive strain, sheets ‘1’ and ‘2’ come close, which
accumulate the particles arbitrarily to form a randomlystacked structure trapped among three contact sheets. The
8
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Figure 6. Particle distributions and microstructural evolution in GrF-NPs composites ﬁlled with 42% volume fraction of nanoparticles. (a-I)

Typical distributions of nanoparticles in GrF: bi/tri-layers of nanoparticles stacked (left top) or clustered (left down) on a sheet; a pile of
nanoparticles agglomerating between V-shaped region of multiple sheets (right top) or sandwiched between laminated sheets (right down);
(a-II) sandwiched and randomly-stacked nanoparticles after compression with compressive strain of 75%; (b) the forming process of a
sandwiched structure, during which the stacked particles are squeezed out gradually when the two sheets come close under compression; [57]
explained the SEM image of two sheets having sandwiched structure with squeezed particles, copyright 2019 RSC; (c) a randomly-stacked
structure forming at the junction of multiple sheets under compression; SEM image of NPs on randomly-stacked graphene sheets as
explained in [46], copyright 2020 Elsevier.

The initial numerical model is in good agreement with the
experimental samples, containing typical microstructures, i.e.
the randomly-distributed single layer of NPs on graphene
sheets, multi-layered NP accumulation, aggregation of nanoparticles at V-shaped grooves forming by neighboring sheets.
Under compression, the initial microstructures evolve continuously through the interaction between particles and graphene sheets. The ‘spacer effect’ and ‘aggregation effect’
have been well reproduced in the simulations, consistent with
experimental observations.
With the increase of nanoparticle size, the particle-sizedependent evolution process changes from particles adhering
to the sheet, sliding on the sheet, to aggregating locally. As a

corresponding two types of microstructures are observed as
well in experiments [57] as given in ﬁgures 6(b), (d) for
comparison.

4. Conclusions
In this paper, the mechanical property and its microscopic
deformation mechanism of nanoparticle-ﬁlled graphene foam
materials under uniaxial compression are systematically
investigated with CGMD simulation method, in which effects
of the size and volume fraction of nanoparticles on the stress–
strain relation and microstructural evolution are considered.
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The results in this study should be helpful not only to
understand the microscopic deformation mechanism of such a
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