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HIGHLIGHTS

« The role of graphene in the graphene-
filled carbon nanotube foam under
compression is elucidated.

« The carbon nanotubes in the foam
become more dispersed due to the
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« The graphene flakes act as fixed
support to improve the bending
ability of carbon nanotubes.

« The modulus improves significantly
with the number of graphene flakes
but is hardly sensitive to the
thickness of graphene.
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ABSTRACT

Graphene-filling significantly improves the compressive properties of carbon nanotube (CNT) foam (CF).
However, the role of graphene in the graphene-filled CNT foam (GFCF) and the corresponding micro-
scopic deformation mechanism, are still unclear. Here, coarse-grained numerical models of pure CF
and GFCF are constructed based on molecular dynamics, and the role of graphene in GFCF and corre-
sponding microscopic deformation mechanisms under compression are investigated. It is found that
the compressive modulus of GFCF (5.3 MPa) is much larger than that of pure CF (0.7 MPa). The filling
of graphene inhibits the aggregation of CNTs, enhances the dispersion of CNTs, impedes the rearrange-
ment of CNTs, and ultimately improves the compressive modulus of the whole material by improving
the bending ability of CNTs. It is further found that the compressive modulus of GFCF can be increased
to a maximum of 7.4 MPa as the number of graphene flakes increases to 300, but remains almost the
same as the graphene thickness increases. The results in this paper deepen the understanding of the
microscopic mechanisms of GFCF and provide scientific guidance for the application of CNT and

graphene-based materials.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As the most typical one-dimensional (1D) and two-dimensional
(2D) nanomaterials, carbon nanotubes [1] (CNT) and graphenes [2]
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have attracted extensive attention due to their unique mechanical,
electrical, and thermal properties, enable it a wide range of appli-
cation prospects [3], and the corresponding preparation method is
also getting a lot of attention [4]. To extend their excellent proper-
ties to the macroscopic world, three-dimensional (3D) foam mate-
rials composed of CNT or graphene are constructed, both of which
exhibit low density [5,6], large surface area [7], high porosity [8],
excellent electrical conductivity [9], high thermal conductivity
[10], etc., enabling wide potential applications in energy conver-
sion and storage devices [11], flexible electronics [12], supercapac-
itors [13], sensors [14], and so on. The applicability of pure CNT
foam (CF) or graphene foam (GrF) remains questionable due to
its poor mechanical characteristics [15], which will be significantly
improved by combining CNTs and graphene to form graphene/CNT
composite foam. For instance, the graphene/CNT composite foams
possess ultralow densities as low as 0.16 mg/cm® [16], enable
superb stretchability up to 200% elongation [17], and support
3150 times the foam’s weight with reversible height change [18],
further extending their application prospects. Therefore, the
underlying mechanism by which graphene/CNT composite foams
possess outstanding properties and the strategies to improve their
mechanical properties have attracted extensive attention.

One strategy to improve the mechanical properties of graphene/
CNT composite foams is to enhance the intrinsic properties of their
internal components. For example, Vinod et al. [19] pointed out
that the mechanical failure of foam materials is related to the ver-
tical graphene cell walls, and therefore can be strengthened by
replacing the soft graphene with stiffer CNTs. In addition, some
researchers introduced CNTs onto the graphene surface to form
CNT-coated graphene flakes, Sun et al. [16] point out that the
CNT-coated graphene flakes have a higher recovery capacity com-
pared to flexible graphene cell walls, so the resulting composite
foam material has higher compressive elasticity; Wang et al. [20]
numerically confirmed that the bending stiffness of CNT-coated
graphene flakes is also higher, leading to a larger compressive
modulus. Furthermore, Yan et al. [21]| and Hacopian et al. [22]
developed CNT-coated graphene with covalently bonded CNTs
and graphene, where CNTs act as reinforcing bars toughening gra-
phene and hence term it “rebar graphene”. Based on this, Sha et al.
[18] further synthesized 3D rebar GrF with higher structural stabil-
ity, strength, and storage modulus.

Another strategy is to connect CNTs and graphene into contin-
uous structures to fully exploit the intrinsic properties of CNTs
and graphene. Typical examples are the graphene/CNT composite
foams with vertically aligned structures [23,24], in which CNTs
are vertically attached to graphene sheets through covalent bonds,
resulting in super-elasticity [25], outstanding electronic transport
properties [26], and excellent hydrogen storage capacity [27] due
to their theoretically perfect structure. In addition, Guo et al. [17]
obtained a highly stretchable graphene/CNT composite foam with
a retractable 200% elongation by bonding CNTs with graphene
sheets to prevent crack propagation and brittle breakage. Kuang
et al. [28] fabricated the composite foam with higher specific
strength, elasticity and mechanical stability, and they attribute
the excellent performance to the continuous structure formed as
long and entangled CNTs weave graphene together. Kim et al.
[29] fabricated graphene-coated CNT foams, in which graphene
accumulated at the nodes between the CNTs, strengthening the
nodes and thus generating an approximately sixfold increase in
both Young’s modulus and the storage modulus. Wang et al. [30]
investigated the microscopic deformation mechanism of CNT-
bonded graphene foam interconnected by long CNT and short
crosslinkers.

Besides, CNTs and graphene could largely prevent the aggrega-
tion of each other, resulting in the improvement of their structural
stability and mechanical robustness [31,32]. For example, Yang
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et al. [33] stated that the long and tortuous CNTs can bridge adja-
cent graphene and inhibit their aggregation, resulting in a high
contact area in the foams; Kabiri et al. [34] incorporated CNTs into
GrFs to effectively avoid the aggregation of graphene sheets and
increase the robustness of the resulting composite; Bagotia et al.
[35] proposed that CNTs bridge the gaps between the graphene
and inhibit the face to face aggregation of graphene, leading to a
synergetic improvement in composite properties; Ye et al. [36]
prepared the graphene-winged CNTs by a well-controlled outer-
wall peeling process of multiwalled CNTs, in which the outer gra-
phene could suppress the aggregation of CNTs, and the CNT could
bridge the graphene to enhance the mechanical robustness.

The existing mechanisms mainly focus on the intrinsic proper-
ties of the internal components [20] and the connections between
them [28], although many researchers realized that the aggrega-
tion of CNT and graphene seriously limits their practical applica-
tions [37], the role of graphene in the structural dispersity and
mechanical properties of the composite foam, and corresponding
microscopic deformation mechanism under compression, are still
unclear. In this paper, we established a mesoscopic numerical
model of pure CF and graphene-filled CNT foam (GFCF) and
revealed the underlying mechanism by investigating the effect of
graphene-filling on the aggregation and deformation of CNTs.

2. Coarse-grained models of pure CF and GFCF

To simulate the mesoscale physical processes and cost-
effectively retain the microscale details, coarse-grained models
are adopted, where atoms are clustered into beads that interact
through effective force fields. The coarse-grained graphene
[38,39] and CNT [40,41] models are combined to describe the
deformation of their respective deformation and the interaction
among them. The validity of coarse-grained models of graphene
foam [42-44], CNT network [45,46], and their combined systems
[20,30] have been verified in previous works.

To describe the bending and stretching deformation of CNTs,
two harmonic potential functions, i.e., Ec, = ke, (0c - 6c0)%/2 and
Ect = ket (1 - T)?/2, are adopted, in which the variable parameters
0. and r¢ are the current bending angle and the current bond length
in CNT; the constant parameters K, 0co, Ket» Tco, are the bending
stiffness, the equilibrium bending angle, the stretching stiffness,
and the equilibrium bond length in CNT, respectively. To character-
ize the stretching, bending and shearing deformation of graphene,
three harmonic potential functions Eg¢ = kg (1g - rg0)2/2, Egp, = kg (0g
— 0g0)%/2, and Egs = kgs (9 — 9g0)?/2 are adopted, where the variable
parameters rg, 0, and ¢g are the current bond length, the current
bending angle and the current shearing angle in graphene, respec-
tively. The constant parameters Kgy, I'g0, Kgb, 050, Kgs, and @gg are the
tensile stiffness, the equilibrium bond length, the bending stiffness,
the equilibrium bending angle, the shearing stiffness, and the equi-
librium shearing angle in graphene, respectively.

In experiments, Van der Waals forces, hydrogen bonding [47],
functional groups [48,49], ions [50], and even covalent bonding
[22] may exist, which are usually described by bonded and non-
bonded interactions in coarse-grained molecular dynamics simula-
tion. The bonded and non-bonded interactions are usually simu-
lated by crosslinkers and Van der Walls interaction, respectively.
The crosslinkers have a significant effect on the tensile properties
of CNT/graphene composite foams [30], but have less effect in
our compression model as discussed in Fig. ST of Supplemental
Materials. Therefore, the Van der Waals interaction is mainly con-
sidered, which is depicted by a Lennard-Jones (LJ) potential func-
tion Evqw = 4¢ ((a/r)'? - (¢/r)®). The parameters ¢ and ¢ and are
the zero-energy distance and the energy well depth, which varies
depending on the type of beads, and the effect of interaction
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strength of graphene flakes and CNTs are discussed in Fig. S1 of
Supplemental Materials. The main force-field parameters of
single-walled CNT and single-layer graphene are listed in Table 1.

The CNT and graphene-based foam can be prepared by a variety
of synthesis methods [28,51,52], resulting in various microstruc-
tures. The formatting process can be simulated to investigate the
topological structures [53], and the relationship between the
microstructures and corresponding mechanical properties can be
clarified by developing numerical models with various initial
structures, such as entangled CNT foam [54], the CNT foam con-
taining binders [45], randomly oriented graphene foam [43],
honeycomb-like graphene foam [55], CNT-coated graphene foam
[20], and CNT-bonded graphene foam [30]. In this paper, a typical
numerical model of the GFCF is constructed to further explore the
role of graphene when it is introduced into CNT foam.

As shown in Fig. 1a, the GFCF consists of 100 CNT chains with an
average length of ~100 nm and 100 square graphene flakes with an
average side length of ~ 25 nm. A coarse-grained CNT chain con-
tains 100 CNT beads as shown in Fig. 1b-I; to show its local struc-
ture clearly, an enlarged configuration of the CNT chain is
illustrated in Fig. 1b-II, where every CNT bead denotes a single-
walled CNT with a length of 1 nm shown in Fig. 1b-IIl. Correspond-
ingly, every graphene flake in the coarse-grained model contains
100 graphene beads as illustrated in Fig. 1b-IV, where every gra-
phene bead denotes single-layer graphene with a side length of
2.5 nm shown in Fig. 1b-V. Note that the size of graphene and
CNT in our simulation is much smaller than that in real experi-
ments, which makes it difficult to compare quantitatively with
experiments. However, the microscopic structures observed in
the experiment can be qualitatively simulated, and the microscopic
deformation mechanism can be revealed. This method has been
used in a series of studies by Wang et al.[25,53,56], Xie et al.
[57], Xiao et al. [58,59], and our group [42-44].

To evaluate the effect of the number of graphene flakes, the ini-
tial models of GFCF containing 100, 50, and 10 graphene flakes are
established, as shown in Fig. 1c-I, -II, and -III, respectively, where
the number and the initial structure of the CNT chains are set to
be the same, with graphene merely added into the pores. Since gra-
phene is smaller than the CNT, the graphene filled in the pores
tends to be unconnected, even for a GFCF with the same amount
of CNT and graphene beads as shown in Fig. 1c-I, the graphene is
still not completely connected. Instead, the CNTs are fully con-
nected and wound together as a whole to act as the main skeleton
in GFCF, whose structure is also the same as the initial model of
pure CF shown in Fig. 1c-IV.

To achieve a steady state, the system is firstly relaxed at a con-
stant temperature of 300 K and pressure of 1 atmosphere using the
isothermal-isobaric ensemble (NPT) technique. During the relax-
ation, the periodic boundary conditions are applied in all three
directions. The steady state after relaxation is shown in Fig. 1d,
where the structure of CNT in GFCF containing 100 CNT chains
and 100 graphene flakes (Fig. 1d-I) is still almost the same as its
initial structure shown in Fig. 1c-1. However, as the number of
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graphene flakes decreases, the initially dispersed CNTs gradually
tend to form CNT bundles as shown in Fig. 1c-1I and -III, especially
for the pure CF that is shown in Fig. 1c-IV, where most CNT exist as
bundles. This means the dispersed CNTs are quite capable of form-
ing bundles, but are possible to maintain the form of dispersed
CNTs due to the filling of graphene. The phenomenon that the
aggregation of CNT and graphene are inhibited is quite common
in experiments[31-33,36], however, the corresponding mecha-
nism and its effect on the mechanical property of the whole
materials are still unclear, which are investigated in the
following. The density of the relaxed simulation model is about
12 ~ 22 mg/cm?, which is in accord with the density range of
0.16 ~ 64 mg/cm® measured in experiments [16,29,60].

After the relaxation, uniaxial compressive loading with a strain
rate of ~107 s7! is applied in the x-direction, the Langevin ther-
mostat 300 K is still adopted during the compression, but the
Berendsen barostat 1 Pa is only adopted in the y and z-directions.
In all simulations, the time step and cutoff distance are set as
10 fs and 3 nm. All simulations are implemented by an open-
source software Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [61], and all the figures are illustrated by
using the open-source software Ovito [62].

3. Results and discussion
3.1. Stress—strain relationship of pure CF and GFCF

The compressive stress-strain curve of GFCF composed of 100
graphene flakes and 100 CNT chains is shown in Fig. 2a, and the
curve of a pure CF with the same number of CNT chains is also
shown for comparison, both of which can be divided into three
stages according to the slope of stress, i.e., initial, platform, and
compaction stage, this trend is consistent with the stress-strain
curves of graphene foams [43] and graphene/CNT composite foams
[20,30]. The corresponding secant modulus as a function of strain
is also calculated and shown in Fig. S2 of Supplemental Materials
to investigate the change in stress, which shows that the modulus
in the platform stage is smaller than that in the initial and com-
paction stages.

In the initial stage, i.e., when the strain is lower than 0.02, the
stress of both pure CF and GFCF increases sharply. Amplification
of the curves in this stage is shown in the inset of Fig. 2a, which
shows that the stress of GFCF is slightly larger than that of pure
CF. The moduli in this stage are named initial moduli and are mea-
sured as 21.1 and 25.8 MPa (Fig. S2), respectively, indicating that
the introduction of graphene flakes slightly enhances the stiffness
of GFCF compared to pure CF. As the strain increases to the plat-
form stage, the stress of pure CF increases slowly, the average mod-
ulus obtained by linear fitting in the whole platform stage is about
0.7 MPa, much smaller than its initial modulus, and is named inter-
mediate modulus. The intermediate modulus of GFCF is measured
as 5.3 MPa, also smaller than its initial modulus but much larger

Table 1

The parameters of the main force field [38-41].
Parameters Values Parameters Values
Treo (A) 10 ket (kcal mol~' A~2) 1000
fco (rad) 180 ke (kcal mol~! rad—2) 14,300
rg0 (A) 25 kg (kcal mol ! A~2) 470
00 (rad) 180 kg (kcal mol~! rad~2) 144.9
pgo (rad) 90 kgs (kcal mol~! rad—2) 16,870
Parameters Types of beads Values Parameters Description Values
& Gra-Gra 473.0 a Gra-Gra 23.84
(kcal/mol) Gra-CNT 473.0 (A) Gra-CNT 23.84

CNT-CNT 15.1 CNT-CNT 9.35
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Fig. 1. The numerical models of GFCF and pure CF. (a) The 3D numerical model of GFCF consists of 100 graphene flakes and 100 CNT chains. (b) I: The coarse-grained model of
a CNT chain; II: the partial enlarged drawing of the CNT chain; III: the full-atomic CNT with a length of 1 nm and chirality of (5, 5); IV: the coarse-grained model of a single-
layer graphene flake; V: the full-atomic graphene with a side length of 2.5 nm. (c) The initial models of GFCF containing (I) 100, (II) 50, and (III) 10 graphene flakes and (IV)
pure CF. (d) The relaxed models of GFCF containing (I) 100, (II) 50, and (II) 10 graphene flakes and (IV) pure CF.

than the intermediate modulus of pure CF. In other words, the
introduction of graphene markedly enhances the stiffness of GFCF
compared to pure CF in the platform stage. This is consistent with
previous results [16,28] that the CNT/graphene composite foams
have stronger compression performance than pure CF. As the strain
increases further, more CNTs and graphene touch each other as the
foam compresses, leading to more graphene and CNTs deforming,
as well as an increase in the overall stress.

To completely show the stress-strain relationship in the com-
paction stage, the stress-strain curves of GFCF and pure CF with
larger stress are shown in Fig. 2b, which shows that the stress
increases significantly in this stage, and the moduli of both GFCF
and pure CF exceed 100 MPa as shown in Fig. S2 of Supplemental
Materials, much larger than the initial and intermediate modulus.
However, the stress of GFCF increases with an increasing slope
when the strain is between ~ 0.6 and ~ 0.8, after that, the stress

increases significantly. As for pure CF, the transition from the plat-
form stage to the compaction stage is more complicated: before
compaction, there is a drop in stress when the strain is
between ~ 0.9 and ~ 0.95.

The drop in stress of pure CF can be explained by the insets in
Fig. 2b, which is colored by the local stress in the x direction. The
snapshots color-coded by different color bar ranges are also shown
in Fig. S3. Under a strain of 0.8, the part of the CNT along the x direc-
tion is buckling, supporting the compressive loading. However, the
buckling part of the CNT gradually rotates, under a strain of 0.95,
the CNT is almost perpendicular to the compression direction,
and the CNT is no longer subjected to compressive stress, resulting
in a sudden drop in stress.

It should be noted that the strain of pure CF (0.9 to 0.95) after
which the stress increase significantly is larger than that of GFCF
(0.6 to 0.8), the difference can be explained in terms of the overall
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Fig. 2. Constitutive relation and typical snapshots of pure CF and GFCF under compression. (a) The compressive stress-strain curves of pure CF and GFCF, the inset is the
amplification of the curves in the initial stage. (b) The compressive stress—strain curves of pure CF and GFCF with larger stress, the insets are the typical snapshots of CNT,
color-coded by the normal stress in the x direction. (c) Typical snapshots of pure CF under the compressive strains of 0, 0.3, 0.5, and 0.9. (d) Typical snapshots of GFCF under

the compressive strains of 0, 0.3, 0.5, and 0.7.

configurational evolution shown in Fig. 2¢ and d. The structure of
pure CF is similar to dispersive spaghetti, and the structure of GFCF
is similar to spaghetti filled with dressing, both structures become
tighter as the foams are compressed. Typical structures show that
the GFCF is almost compacted at a strain near 0.7, but the entire
structure of pure CF is not compacted until the strain exceeds 0.9.

3.2. The deformation energy of pure CF and GFCF

The deformation energy of pure CF and GFCF under compres-
sion is further calculated to find the main deformation form. Under
compression, the external work is converted into energy stored in
the material, and the energy stored inside the material through
deformation is called deformation energy. The deformation energy
of graphene includes the stretching, bending, and shearing energy,
while the deformation energy of CNTs only includes the stretching
and bending energy due to the neglection of shearing energy in the
coarse-grained model of CNT [41].

The deformation energy of pure CF and GFCF as a function of
strain are shown in Fig. 3a, and the snapshots colored-coded by
the deformation energy under a typical strain of 0.5 are illustrated
in Fig. S4 of Supplemental Materials. As shown in Fig. 3a-I, the
stretching energy of CNT in pure CF increases from 3216.6 eV to
9684.5 eV as the strain increase to about 0.95, the final stretching
energy is about 3.01 times the initial stretching energy, while the
shearing energy changes are almost negligible. This is consistent
with the snapshots shown in Fig. S4a, even under a larger strain
of 0.5, the CNT stretching energy is almost negligible compared
to the CNT bending energy in pure CF, indicating that the compres-
sion properties of pure CF are mainly determined by the bending
resistance of CNTs.

The deformation energy of graphene and CNT in GFCF is shown
in Fig. 3a-1I, where the bending energy of CNT is 1.98 to 2.87 times
as much as the bending energy of graphene, and the bending
energy of CNT is about 2.27 to 5.33 times as much as the shearing
energy of graphene; not to mention the negligible stretching

energy of CNT and graphene. Even at larger strains over 0.5, the
stretching energy of graphene slightly increases, but is still signif-
icantly less than all the shearing and bending energy; the shearing
energy of graphene increases to a value close to the bending energy
of graphene, but is still much smaller than CNT bending energy.
The conclusions are consistent with the visualized snapshots
shown in Fig. S4 b and ¢ of Supplemental Materials, indicating that
the bending energy, especially the bending energy of CNT, domi-
nates the compression of GFCF. Therefore, the CNT bending energy
in pure CF and GFCF is extracted from Fig. 3a-I and II respectively
and is uniformly plotted in Fig. 3a-III for comparison. Interestingly,
the bending energy of CNT in GFCF is always larger than that in
pure CF.

The comparison of deformation energy in Fig. 3a indicates that
the larger intermediate modulus of GFCF compared with pure CF
may be contributed by three aspects: (i) the significant increased
CNT bending energy in GFCF compared with that in pure CF as
shown in Fig. 3a-III, which should be dominated; (ii) the consider-
able graphene bending energy that is not present in pure CF, which
may be the second reason; (iii) the small shearing and stretching
energy of graphene, which only contributes at larger strain surpass
0.7.

The latter two contributions are easy to understand, compared
with a pure CF containing CNTs only, the extra graphene in GFCF
can also bear some compressing force. As depicted by the snap-
shots of the typical graphene flake shown in Fig. 3b-I to III, the gra-
phene flake rolls into a mass like a piece of gauze scarf as strain
increases. The snapshots of the graphene color-coded by its
stretching, shearing, and bending energy at the strains of 0.5 and
0.8 are shown in Fig. 3c and d, respectively. The snapshots color-
coded by different color bar ranges are also shown in Fig. S5. It
shows that the red and green beads in Fig. 3c-III are more than that
in Fig. 3c-I and II, while the number of red and green beads in Fig. 3-
d-II and -III is about the same, but more than that in Fig. 3d-I,
which is also consistent with the conclusion verified in Fig. 3a-II
that the bending energy is dominant in graphene deformation
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Fig. 3. The deformation energy of pure CF and GFCF. (a) The deformation energy of pure CF and GFCF as a function of strain; I: the deformation energy of CNT in pure CF; II:
the deformation energy of graphene and CNT in GFCF; III: the bending energy of CNT in GFCF and pure CF. (b) The microscopic deformation of a graphene flake at strains of (I)
0, (I1) 0.5, and (III) 0.8. (c) The snapshots of the graphene flake at the strain of 0.5 that color-coded by (I) stretching, (II) shearing, and (III) bending energy. (d) The snapshots of
the graphene flake at the strain of 0.8 that color-coded by (I) stretching, (II) shearing, and (III) bending energy. The graphene beads in (c¢) and (d) are colored according to their

bending energy.

energy at a small strain of 0.5, while both the bending and shearing
energies appreciably contribute to the graphene deformation
energy at a large strain of 0.8.

3.3. The structural dispersity of pure CF and GFCF

The snapshot of GFCF color-coded by bending energy at the
strain of 0.5 is illustrated in Fig. 4a-I, where red and green are
mostly found on CNT beads, while graphene beads are predomi-
nantly blue, further confirming that the CNTs bear the main bend-
ing energy. To show the bending energy distribution on CNT more
clearly and completely, the snapshot of the CNT in GFCF color-
coded by bending energy is shown separately in Fig. 4a-II, and a
pure CF color-coded by bending energy is illustrated in Fig. 4a-III
as a contrast, both of which include 100 CNT chains, while the
CNTs in GFCF is thicker than that in pure CF. The red and green
CNT beads in GFCF shown in Fig. 4a-Il seem to be more than that
in pure CF shown in Fig. 4a-IIl, indicating that the CNT in GFCF
has higher bending energy, consistent with the quantitative statis-
tics in Fig. 3a-IIL.

In addition, it can also be concluded from Fig. 4a-II and -III that
the CNTs in GFCF mainly exist in the form of dispersed CNTs, while
CNT bundles consisting of several CNTs are widespread in pure
CNT. The strong aggregation of CNT in pure CF and the hindering
effect of graphene on the aggregation behavior of CNT in gra-
phene/CNT composite foams have also been observed in the previ-
ous literature [16], while the corresponding mechanism of how
graphene increases the dispersion of CNT has not been revealed
in detail.

By observing the relaxation process of the foams, two mecha-
nisms by which graphene increases the dispersity of CNT are dis-
covered, i.e., the adhesion and separation mechanisms. The
adhesion mechanism is shown in Fig. 4b and c. Initially, two CNTs
in pure CF intersect with each other, then they converge into a
bundle after relaxation, as shown in Fig. 4b. While in GFCF as
shown in Fig. 4c, the CNT labeled C, adheres to the graphene sur-
face initially, after the relaxation, the CNT labeled C; also gradually
adheres to the graphene surface due the attraction from graphene.
The two CNTs will not be able to converge together due to the
adhesive attraction from graphene, even if they are close to each
other. To explore why graphene can hinder the aggregation of
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Fig. 4. The role of graphene in the dispersity of CNT and its mechanism. (a) The snapshots of pure CF and GFCF under the strain of 0.5, I: the graphene and CNT in GFCF; II: the
CNTs in GFCF, graphene is not shown; IIl: the CNT in pure CF. The graphene and CNTs are colored according to their bending energy. (b-c) The adhesion mechanism of CNT
dispersion, (b) typical CNT bundle in pure CF; (c¢) dispersed CNTs in GFCF due to the adhesive attraction from graphene. (d) The interaction force between graphene-CNT and
CNT-CNT in pure CF and GFCF, the force in the x direction is defined as positive, C;-G represents the interaction force exerted by graphene on the CNT labeled C;. (e-f) The
separation mechanism of CNT dispersion by graphene, (e) another typical CNT bundle in pure CF; (f) dispersed CNTs in GFCF due to the separation effect from graphene.

CNTs, the interaction forces between the graphene and the two
CNTs are calculated, as shown in Fig. 4d, the force in the x direction
is defined as positive. After the relaxation, the force exerted by C,
on C; (labeled as C;-C;) is directed towards C,, which means the
two CNTs are attracted to each other. The graphene exerts a force
on C; towards -x directions (labeled as C;-G). Besides, C; is also
affected by other neighboring graphene and CNTs as shown in
Fig. S6 of Supplemental Materials, and the resultant force from
the rest of the graphene and CNT are labeled as C;-Rest. The C; is
approximately balanced under the affection of C;-C,, C;-G, and
Cq-Rest. Similarly, C; is also balanced under the forces of C,-C;,
C,-G, and C,-Rest. Therefore, the two CNTs will not converge
together.

The separation mechanism is shown in Fig. 4e and f. Fig. 4e
shows another example of CNT aggregating into a bundle in pure
CF, while in GFCF, graphene flakes sandwiched between the CNTs
prevent them from aggregating as shown in Fig. 4f. In summary,
whether the CNTs are adhered to the same surface of graphene
or separated on two sides of graphene, graphene can effectively
prevent CNTs from agglomerating, and thus increases their
dispersity.

3.4. The microscopic deformation mechanisms of pure CF and GFCF

To find out the relationship between the dispersity of CNT and
their bearing capacity in GFCF, the snapshots of typical CNT net-
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Fig. 5. Microscopic deformation of typical structure in pure CF and GFCF. (a) The
deformation of a vertical structure under different strains of 0, 0.5, and 0.8; (I) the
graphene and CNTs in GFCF; the CNT network in (II) GFCF and (III) pure CF. (b) The
deformation of a horizontal structure under different strains of 0, 0.5, and 0.8; (I)
the graphene and CNT in GFCF; the CNT network in (II) GFCF and (III) pure CF. All
graphene flakes GFCF are not shown. All CNT networks are colored according to
their bending energy with the unit of eV.
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works color-coded by their bending energy in GFCF and pure CF
under compression are investigated. A nearly vertical structure of
GFCF is shown in Fig. 5a-1, which are color-coded by their bending
energy. To clearly show the structure of the CNT network and the
bending energy distribution on it, the CNT network in GFCF is sep-
arately shown in Fig. 5a-II, as a contrast, the CNT network in pure
CF is shown in Fig. 5a-Ill. Many CNTs in GFCF adhere to and are
separated by graphene as shown in Fig. 5a-1, making the CNT net-
work in GFCF (Fig. 5a-II) more dispersive compared with that in
pure CF (Fig. 5a-III). The CNT bundles in GFCF are rare and usually
consist of only two or three CNTs as indicated in the black rectan-
gles, which rotate to a more vertical direction as indicated by the
arrows.

Meanwhile, more green and red appear on the dispersed CNTs
at larger strain, as labeled in the red ellipse in Fig. 5a-II, indicating
an increasing bending deformation on the dispersed CNTs with
increasing strain. However, CNTs in pure CF tend to aggregate into
CNT bundles as verified in Fig. 4, which leads to obvious rotation
behavior in pure CF. As shown in Fig. 5a-Ill, the main bundle
labeled in the black rectangle is composed of more than five CNTs,
which is initially about 21° from the z-axis. As the pure CF com-
presses in the x-direction, more CNTs adhere to the main bundle.
The main bundle gradually rotates to an angle of 8.5° with the z-
axis at a strain of 0.5 and becomes almost along the z-axis at a
strain of 0.8.

A similar phenomenon has also been observed on a horizontal
CNT network. As shown in Fig. 5a-I, the CNTs in GFCF are adhered
to and separated by graphene, hence the horizontal CNT network
in GFCF (as shown in Fig. 5b-II) is also more dispersive than that
in pure CF (as shown in Fig. 5b-III). As the GFCF compresses, green
and red gradually appear on the dispersed CNTs as labeled in the
ellipses of Fig. 5b-Il, indicating that the bending deformation on
CNT is gradually increasing, which is the main factor in transmit-
ting and supporting the compressive loading. On the contrary,
the CNT network tends to agglomerate into one CNT bundle as
shown in Fig. 5b-III. As the pure CF compresses, both ends of the
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CNT bundle gradually rotate along the direction indicated by the
arrows, and finally rotate into a nearly vertical direction as labeled
in the two rectangles with almost negligible bending energy. The
only remaining bending energy appears in the middle of the CNT
bundle as labeled in the ellipse.

To understand the role of graphene in GFCF, the rearrangement
of the CNT bundle in pure CF and the deformation of graphene-
fixed CNTs are illustrated in Fig. 6. As shown in Fig. 6a-I, the CNTs
labeled “1” and “2” are approximately parallel, and the linear con-
tact caused by Van der Waals forces between them forces them to
aggregate into a CNT bundle. The CNT bundle intersects with CNT
“3”, the point contact formed by their intersection limits the dis-
placement of the CNT bundle, which can be simplified as hinge
support. As the strain increases to 0.5, the CNT bundle will be
extruded by other CNTs. However, due to the hinge support formed
by CNT “3”, it will rotate as shown in Fig. 6a-II. The rotation could
be simplified as the schematic diagram shown in Fig. 6b, where the
beam constrained by hinge support can rotate freely under the
action of an external force.

However, the CNTs in GFCF become more dispersed and can
withstand more bending energy as discussed in Figs. 3-5. As
shown in Fig. 6¢-1, although the line contact (marked in the rectan-
gle) makes the CNT “1” and “2” tend to form a CNT bundle, they
remain dispersed due to the adhesion of graphene “3” and “4”.
On the one hand, the dispersed structure allows the CNTSs to be dis-
tributed in more different directions, especially along the x-
direction marked in the ellipse. On the other hand, graphene may
act as fixed support to limit the movement and rotation of CNT,
such as the graphene “3”, “4”, and “5”. When the GFCF is com-
pressed along the x-direction, the graphene-fixed CNT composed
of CNT “1” and graphene “3” can be simplified as a cantilever beam
as shown in Fig. 6d, which is subjected to a load parallel to its axis,
resulting in buckling deformation; the graphene-fixed CNT com-
posed of CNT “2”, graphene “4” and “5” can be regarded as a stat-
ically indeterminate beam fixed at both ends as shown in Fig. 6Ge,
which is subjected to a force perpendicular to its axis, leading to
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Fig. 6. The role of graphene on the rearrangement and deformation of CNT. (a) The rearrangement of CNT in pure CF; the snapshots of the CNT bundle at strains of (I) 0 and (II)
0.5, respectively. (b) The (I) initial and (II) final schematic diagram of the rearrangement of the CNT bundle in pure CF. (c) The deformation of CNT in GFCF; the snapshots of
graphene-fixed CNTs in GFCF at strains of (I) 0 and (II) 0.5, respectively. (d-e) The initial and final schematic diagram of the buckling and bending of graphene-fixed CNTs in
GFCF. The graphene and CNTs in (a) and (c) are colored according to their bending energy with the unit of eV.
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bending deformation of the CNT. Both buckling and bending defor-
mation lead to increasing CNT bending energy as shown in Fig. 6¢-
L.

In pure CF, the line contact between CNTs makes them form
CNT bundles, and the point contacts form many hinge supports.
As the pure CF is compressed, the CNT bundles rearrange them-
selves in the form of rotating, hence the external work is rarely
stored in the materials as deformation energy, leading to a smaller
intermediate modulus. In GFCF, CNTs mainly exist in the form of
dispersed CNTs, whose bending stiffness is smaller than CNT bun-
dles and is easier to store external work through deformation. In
addition, the graphene act as fixed support limiting both move-
ment and rotation of CNTs, making CNTs more inclined to store
bending energy through bending and buckling deformation, thus
increasing the compressive properties of the whole materials.

3.5. The effects of graphene number on the structural dispersity and
mechanical property

The influence of the number of graphene flakes on the disper-
sity and compressive modulus of foams is further investigated.
As shown in Fig. 7a, the stress of the GFCF is always higher than
the foam without graphene (i.e., pure CF). When the number of
graphene flakes is less than 100, the stress of GFCF increases with
the number of graphene flakes; but when the number of graphene
flakes exceeds 100, the stress does not increase anymore. The ini-
tial and intermediate modulus of foams in the initial and platform
stage is calculated based on the stress—strain curves, respectively.
As shown in Fig. 7b, the initial modulus did not change signifi-
cantly with the increase of the number of graphene flakes, but
the intermediate modulus increases more than sixfold as the num-
ber of graphene flakes increases to 100, then does not change sig-
nificantly with increasing graphene number. Therefore, 100 is the
optimal filling number of graphene in the GFCF containing 100
CNT chains.

Materials & Design 231 (2023) 112043

Under a smaller strain of less than 0.02, i.e., in the initial stage,
no microstructural evolution and rearrangement occur [43], and
the stiffness of foam is mainly derived from the intrinsic properties
of its components [18-20], including the main component CNTs
that act as a skeleton and the minor component graphene that
act as fillers. An increase in the number of graphene flakes, as a
minor component, would of course have little effect on the initial
modulus.

To reveal the influencing mechanism of the number of graphene
flakes on the intermediate modulus, the relationship between the
CNT dispersity and the number of graphene flakes should be con-
firmed first. The amount of the CNT bundles and the contact area
between the CNTs are positively correlated, therefore, the contact
area between CNTs, as well as the contact area between graphene
flakes, and between CNTs and graphene flakes are calculated and
denoted as C-C, G-G, and C-G, respectively. As shown in Fig. 7c,
when the number of graphene flakes is less than 100, the contact
area between graphene flakes, and between CNTs and graphene
flakes both increase with increasing numbers of graphene flakes.
What's more, the contact area between CNTs decreases with an
increasing number of graphene flakes, indicating that the CNTSs in
GFCF become more dispersed with increasing graphene number.
Furthermore, both contact area between CNTs and between gra-
phene and CNTs approaches a constant when the number of gra-
phene flakes exceeds 100, while the contact area between
graphene still continuously increases.

The underlying mechanism is easy to understand, as shown in
Fig. 7d-I, The CNTs in pure CF exist in the form of bundles, but
when 50 graphene flakes are introduced, as shown in Fig. 7d-II,
the top two CNTs marked 1 and 2 are separated from the bundle
due to the adhesion of the two yellow graphene. As the number
of graphene flakes increases to 100, the bottom two CNT marked
3 and 4 are separated by the additional red graphene as shown
in Fig. 7d-IIl. Thus, CNTs become more dispersed as the number
of graphene flakes increases. In the meantime, the CNTs are con-
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Fig. 7. The effect of the number of graphene flakes. (a) The stress-strain relationship of pure CF and GFCF containing varying numbers of graphene flakes. (b) The initial and
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strained by more fixed ends of graphene with increasing graphene
number, resulting in increasing buckling and bending deformation
of CNT and intermediate modulus of GFCF. However, as the num-
ber of graphene flakes increases further, the additional graphene
will aggregate with graphene, but will not make CNT more dis-
persed, and will not form more fixed ends to limit the movement
and rotation of CNTSs, so the stress does not increase further.

3.6. The effects of graphene thickness on the structural dispersity and
mechanical property

Unlike the significant effect of the number of graphene flakes on
the dispersity and mechanical properties, we found that the thick-
ness of graphene has a very limited effect on dispersity and
mechanical properties. As shown in Fig. 8a, the GFCFs are all com-
posed of 100 CNTs and 30 graphene flakes, the difference comes
from the thickness of graphene, which contains 1-, 2-, 4-, and 8-
layer graphene. The corresponding parameters of the coarse-
grained model of 2-, 4-, and 8-layer graphene can be acquired in
our previous works [20,43]. The four curves are close to almost
coincidental in the platform stage, while the initial modulus in
the initial stage slightly increases with the graphene thickness.
Even for GFCF with more graphene flakes, such as the stress-strain
curves of GFCF containing 100 CNTs and 100 graphene flakes
shown in Fig. 8b, the stress of GFCF only slightly increases with
the thickness of graphene.

The phenomenon is consistent with previous results conducted
in Figs. 3-5 that the initial modulus is determined by the intrinsic
properties of both CNT and graphene, while the intermediate mod-
ulus is mainly determined by the bending energy of CNTs and
partly affected by other deformation energy. In the initial stage,
the intrinsic resistance to the deformation of graphene increases
as the thickness of graphene increases, hence the corresponding
initial modulus increases. In the platform stage, the bending
energy of graphene also contributes a little, thus the stress tends
to slightly increase with graphene thickness. In summary, gra-
phene affects the foams mainly by increasing the dispersity of
CNT and impeding the rearrangement of dispersed CNTs, while
its intrinsic properties have limited influence on the whole mate-
rial, hence the effect on the foam is more pronounced by the num-
ber of graphene flakes rather than the thickness.

In this paper, the GFCF is composed of longer 1D CNTs and
smaller 2D graphene, in which graphene improves the compressive
properties of the foam by hindering the agglomeration of CNTs and
limiting the rotation and deformation of CNTs. We further demon-
strate that this phenomenon and conclusion still hold when gra-
phene is replaced by hold-graphene or rectangular graphene, see
Fig. S7 of Supplemental Materials for a detailed discussion. There-
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fore, we believe the microscopic deformation mechanism obtained
in this paper can be extended to other foam materials consisting of
longer 1D nanowires and smaller 2D flakes.

4. Conclusions

In this paper, we constructed coarse-grained numerical models
of GFCF to investigate the role of graphene in GFCF under compres-
sion and the corresponding deformation mechanism. It shows that
graphene enhances the compressive properties of the GFCF mainly
by changing the dispersity and deformation of CNTs so that the
buckling and bending rigidity of CNTs can be fully exploited, but
partly by the graphene’s ability to transfer loading through defor-
mation. The CNTs in pure CF tend to form bundles due to the large
Van der Waals force between CNT in line contact, and the point
contacts between them act as the hinge supports constraining
the movement of CNT bundles. Under compression, the CNT bun-
dles rearrange freely in the form of rotation around the hinge sup-
ports, resulting in lower compressive stress. When graphene is
introduced into composite foams, CNTs tend to exist in the form
of dispersed CNTs due to the adhesion or separation effect of gra-
phene, hence more CNTs are loaded by buckling deformation along
the compression direction; and graphene also limits the rotation of
CNTs, allowing it to carry the load through bending deformation,
both buckling and bending deformation stores bending energy in
CNT, leading to a larger intermediate modulus of the whole mate-
rials. As the number of graphene flakes increases, the CNTs become
more dispersed due to the adhesion and separation of more gra-
phene and are constrained by more fixed ends of graphene, leading
to increasing buckling and bending deformation of CNT and inter-
mediate modulus of GFCF. However, as the thickness of graphene
increases, the microstructure form of CNTs hardly changes, gra-
phene can only affect the compressive modulus by transferring
loads through its deformation, resulting in a very limited improve-
ment in the compressive performance. The results in this paper
provide a numerical paradigm for the compressive properties of
3D foam materials composed of 1D and 2D materials, and the
microscopic deformation mechanism obtained in this paper can
be extended to other foam materials consisting of longer 1D nano-
wires and smaller 2D flakes.

5. Methods
5.1. The contact area

Two graphene beads are defined as touching graphene beads if
they are close to each other and belong to different graphene
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Fig. 8. The effect of the thickness of graphene. (a) The stress-strain curves of GFCF containing 100 CNT chains and 30 graphene flakes; (b) The stress-strain curves of GFCF
containing 100 CNT chains and 100 graphene flakes. Four different thicknesses of graphene flakes, i.e., 1-, 2-, 4-, and 8-layer graphene, are considered.
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flakes, the area of the graphene flakes occupied by the touching
graphene bead is the contact area of the touching graphene bead.
The contact area between graphene flakes is the sum of the contact
area of the touching graphene beads. Similarly, The contact area
between CNTs as well as the contact area between CNTs and gra-
phene flakes are the sum of the contact area of corresponding
touching beads. To simplify the calculation, the contact area of a
touching CNT bead is defined as the axial cross-section of a
single-walled CNT, rather than the lateral area of the actual
contact.

5.2. The normal stress

The virial stress is viewed as a measure of the stress on the
micro/mesoscale, the virial stress on the atom i can be calculated

according to oxx = 7 B PO (R’X - R;)F;J( +m v&vg(], in which v
is the volume of one atom, R} and R} denote the positions of atoms
o and g in X-axis. Fy’ is the force acted on atom i induced by atom j

in the X direction, m' is the mass of atoms i, 2} is the velocity of
atom i in the X-axis, V is the volume of atoms i.
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