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Mechanical properties of polymer near
graphite sheet

Jing-Suei Gao, Sung-Chiun Shiu and Jia-Lin Tsai

Abstract

This study aims to investigate the local mechanical properties of polyimide near graphite sheet in the graphite/polyimide
nanocomposites. In order to understand the influence of graphite on the molecular configuration, the corresponding
density and order parameter of the polyimide near the graphite/polyimide interface were evaluated using molecular
dynamics simulation. In addition, the local mechanical properties of polyimide polymer were characterized through the
calculation of the local stress distribution of the polyimide subjected to a uniform strain deformation. Results illustrated
that in the vicinity of the graphite sheet, the polyimide chains are not only adsorbed compactly toward the graphite sheet
but they are also oriented along the graphite surface. Moreover, it is found that the modulus of polyimide near the
graphite/polyimide interface is higher than that in other regions. The phenomena clearly illustrated that the mechanical

properties of polyimide close to the interface are affected dramatically by the graphite sheet.
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Introduction

Because of high strength and stiffness, graphite sheets
were employed as reinforcements to enhance the
mechanical and thermal properties of composites.
Experimental results illustrated that with the addition
of a small amount of graphite (around 5%), the mech-
anical properties of nanocomposites can be improved
remarkably.? In conventional micromechanics model,
the nanocomposites were treated as a continuum solid,
consisting of a reinforcement phase (graphite) and a
matrix phase (polymer), and the corresponding
improvement in mechanical properties were attributed
to the introduction of the stiff reinforcement. In add-
ition, during the modeling, the mechanical properties
of the matrix are usually assumed to be homogeneous
and not affected by the presence of reinforcement. In
general, the mechanical properties of the matrix near
the interface may not be noteworthy in traditional
composites. Nevertheless, for the nanocomposites,
because of the high specific surface area of the nano-
reinforcement, the interfacial area between the nano-
reinforcement and surrounding matrix is becoming
relatively large. The mechanical properties of the poly-
mer matrix in the interfacial area would play an

important role in the responses of nanocomposites.
As a result, understanding the local mechanical prop-
erties of the polymer may facilitate the characteriza-
tion of the nanocomposites’ mechanical properties
with accuracy. Recently, a micromechanical model
with an effective interface was proposed to model
the properties of the particulate nanocomposites.’ >
In their modeling, the local mechanical properties of
matrix as well as the interfacial adhesion were lumped
together and represented by an effective interface with
assumed material properties. In fact, the material
properties of effective interface should be presumable
if the morphology as well as the mechanical properties
of polymer in terms of different intra-molecular inter-
actions near the interface can be fully elucidated.
Based on the effective-interface micromechanical
model, it is revealed that as the particle size decreases,
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the corresponding moduli of nanocomposites increase,
which is coincided with the experimental observation.®
Without taking interface effect into account, the phe-
nomena cannot be characterized properly by microme-
chanical model.

The local configurations of polymer near the inter-
face have been explored by several researchers.” ' Wei
et al.” scrutinized the local structure of polyethylene
(PE) in nanotubes reinforced composites using MD
simulation. Results depicted that the PE molecular
structures near the nanotube/PE interface are very dif-
ferent from the bulk PE in both density and chain
orientation. They indicated that the well-oriented
molecular chains and dense molecular structure
enhance the load transfer efficiency between the
carbon nanotube (CNT) and polymer matrix, resulting
in the improved modulus of CNT composites.
However, such improvement in modulus is lessening
at high temperatures, which could be due to the
increased thermal fluctuation making the interfacial
structures less organized.® Cho and Sun’ investigated
the elastic behavior of particulate nanocomposites,
indicating that there is a higher density polymer layer
formed around the nanoparticles, which may induce a
higher elastic modulus of the nanocomposites. A high
density layer of polymer was also observed near the
surface of nanoparticles by Yu et al.,'” who character-
ized the mechanical properties of alumina/epoxy nano-
composites. This highly adsorption layer was regarded
as a different phase from the bulk polymer in their
modeling. Papakonstantopoulos et al.!' examined the
mechanical properties of particulate nanocomposites
with three different atomistic interactions between the
particle and polymer, that is, neutral, attractive, and
repulsive. It was found that for neutral and attractive
fillers, an interface layer of polymer near the particle
was formed, but no obvious interface layer was
observed in the repulsive interaction. In light of the
foregoing investigations, it seems that there is an inter-
face layer existing near the nano-reinforcement, how-
ever, the detail configuration as well as the mechanical
properties of the interface layer is not well elucidated.
In this study, the local mechanical properties of poly-
imide in the vicinity of graphite were examined from
MD simulation by evaluating the order parameter of
molecular chains as well as the density distribution.
Moreover, by applying a constant-strain deformation
on the graphite/polyimide molecular model, the differ-
entiation of the local mechanical properties of the poly-
imide can be extracted directly from the calculation of
local stress distribution. The qualitative estimation of
the local mechanical properties of polyimide will be
useful in developing micromechanics model of nano-
composites with the consideration of interface as func-
tionally graded layer.

Figure 1. Graphite stacked in the form of A-B sequence.

L,=137.3

A,

(Unit:A)

Figure 2. Molecular structure of graphite/polyimide
nanocomposite.

Construction of graphite/polyimide
nanocomposite model

In order to explore the mechanical properties and
morphologies of polyimide near reinforcement, the
molecular model of nanocomposites were constructed
at the beginning. The molecular model basically con-
sists of a S5-layer graphite sheet (stacked along the z
direction in A-B sequence; see Figure 1) and 12 polymer
chains exposed randomly on each side of the graphite
sheet as shown in Figure 2. Each polyimide chain con-
sists of 50 monomer units, and the total atom number
in 1 polymer chain is 3002. Figure 3 illustrates the poly-
imide monomer unit. The reason to build up the simu-
lation cell of graphite/polyimide nanocomposites in
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Figure 3. Polyimide monomer unit.

(2) , (b)

Figure 4. Schematic of bond potential: (a) bond stretching,
(b) bond angle bending, (c) dihedral angle torsion, and (d) inversion.

such an arrangement is that graphite sheet is a plan
structure and the morphology and mechanical proper-
ties of polymer near the interface can be easily exam-
ined through uniform strain loading condition. This is
also the reason why we adopted graphite sheet as
reinforcement in nanocomposites instead of other
reinforcements, such as nanoparticles, carbon nano-
tubes. Because of the periodicity, this model can also
be regarded as the nanocomposites that contain a
graphite sheet extended infinitely in both x and y dir-
ections. Only the mechanical properties of poly-
imide varied along the z axis would be examined in
this study.

Potential function

In the MD simulations, the atomistic interactions
between the atoms are described using potential func-
tion. In general, there are two kinds of potential func-
tions considered for the  graphite/polyimide
nanocomposites system: one is the bonded potential,
such as the covalent bond, and the other is the non-
bonded potential such as van der Waals force. Among
the atomistic interactions, the covalent bond between
two neighboring carbon atoms that provides the build-
ing block of the primary structure of the graphite may
play an essential role in the mechanical responses. Such
bonded interaction can be described using the potential
energy that consists of bond stretching, bond angle
bending, torsion, and inversion as illustrated in
Figure 4.'2 Therefore, the total potential energy of the

O o

graphite contributed from the covalent bond can be
given as

Ugraphite:ZUr+ZU8+ZU¢+ZUw (1)

where U, is a bond stretching potential; Uy is a bond
angle bending potential; U, is a dihedral angle torsional
potential; and U, is an inversion potential. The explicit
form for the bond stretching and bond angle bending
can be approximated in terms of elastic springs as'>

Ur = ghitr = oy @)
Uy = SKof6 — 00’ @

where k, and ky are the bond stretching force constant
and angle bending force constant, respectively. The
constants  k, = 93800l and &, = 126&%
selected from the AMBER force field for carbon—
carbon atomic interaction'® was employed in our
molecular simulation. The parameters ry and 6, repre-
sent bond length and bond angle in equilibrium pos-
ition, which are assumed to be 1.42A and 120°,
respectively, for the graphite atomistic structures. The
explicit form for the dihedral torsional potential
together with the inversion potential is expressed as'”

U, =Uy,+ U, = A[l — cos(m(p — 3))] 4)

where o represents the dihedral torsion angle, which is
equal to 180°, and the parameter 4 and m in equation
(4) are equal to 2.505 kcal/mole and 2, respectively. In
addition to the bonded interaction, the non-bonded
interaction between the carbon atoms was regarded as
the van der Waals force, which can be characterized
using the Lennard-Jones (L-J) potential as

T 2 0\

where r; is the distance between the non-bonded pair
of atoms. For the hexagonal graphite, the parameters
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u = 0.0556 kcal/mole and r0=3.401& suggested in the
literature'® were adopted in the modeling. Moreover,
the cutoff distance for the van der Waals force is
assigned to be 10 A, which means that beyond this dis-
tance, there are no more van der Waals interactions
taking place.

For the polyimide polymer, the Dreiding force field'”
was employed to describe the covalent bonding as well
as the non-bonding interaction among the molecular
chains. In addition, the atomistic interaction between
the polyimide molecular and the graphite were modeled
using the L-J potential in which the corresponding par-
ameters were obtained directly from the combining
rule.'® Three different intensities of the atomistic inter-
actions between the graphite and the surrounding poly-
imide, that is, normal, strong and weak, are
individually considered in the L-J potential. The
strong interaction assumed the strength to be five
times of the normal one while the weak interaction is
only 0.2 times of the normal interaction. It is noted that
the strong or weak interactions are used to differentiate
from the normal one, and thus these should be regarded
as relative interactions with respect to the normal
interaction.

Molecular dynamics (MD) simulation

The MD simulations for graphite/polyimide nanocom-
posites were conducted using a DL-POLY package.'” A
five-layer graphite sheet was positioned in the middle of
simulation cell at the beginning and 12 polyimide
chains were placed randomly on each side of the graph-
ite sheet. Afterward, the polymer chains naturally dif-
fused in NVT ensemble at 1000 K for 600 ps as shown
in Figure 5 where the polymer chains naturally adhered
to the graphite interface. In this stage, the large volume
size of simulation cell and high temperature were spe-
cified in order that the molecular can have enough
space and kinetic energy for free diffusion and inter-
action. In addition, the graphite atoms were frozen,
which designates that the carbon atoms on graphite
were fixed at their original position during the simula-
tion. The equilibrated molecular structure with mini-
mized energy was then accomplished by sequentially
performing the NPT ensembles in the MD simulation.
It is noted that NVT ensemble stands for the volume
and temperature being fixed during the simulation, and
the NPT ensemble represents that the pressure and tem-
perature remain constant during the simulation.
Subsequently, the NPT ensemble was performed at
Oatm in order to achieve the stress-free state, and at
the same time, the corresponding temperature was
gradually cooled down from 1000K to 0K. In fact,
there were three sub-steps introduced during the cool-
ing process. In the first sub-step, the temperature was

L,=370

(Unit:A) v

L,=86.1

L,=85.2

Figure 5. Molecular structure of graphite/polyimide nanocom-
posite in NVT ensemble at 1000 K.

designated at 600K, and the simulation time was
400 ps. During this sub-step, the atoms of the graphite
layer remained frozen at their original positions. In the
second and third sub-steps, the target temperatures
were 300K and 0K, respectively, and the simulation
time in each sub-step was 400 ps. It is noted that the
frozen atoms of graphite were released during the last
two sub-steps so that the entire nanocomposites system
could be equilibrated at 0 K under a stress-free condi-
tion. During the simulation, the total potential energy
variation was examined, and when the quantity fluctu-
ated around a certain mean value for a while, the
system was considered to be in equilibrium. Figures 6
and 7 demonstrate the potential energy history of the
nanocomposites as well as the temperature variation
during the third sub-step in the NPT ensemble, respect-
ively. It is evident that the potential energy attains a
stable condition after 10 ps; concurrently, the tempera-
ture is approaching 0 K. Based on the observations, it
was suggested that the molecular structure of nanocom-
posites is in the equilibrium condition and suitable for
the characterization of the morphology as well as the
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Figure 6. Potential energy history in the third sub-step of NPT
ensemble.
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Figure 7. Temperature variation in the third sub-step of NPT
ensemble.

mechanical properties. The dimension of the simulation
cell under equilibrium condition along x, y, and z dir-
ections are L,=85.7 A, L,=86.6 A, and L,=137.3 A
as illustrated in Figure 2.

Examination of molecular configuration
of polyimide

In order to understand the effect of graphite on the
molecular configuration of polyimide, the variation of
density and the order parameter of polyimide chains
were examined from the graphite/polyimide interface.
This can be done by partitioning the polyimide from
z =z, along the z axis into several small regions as
shown in Figure 8. It is noted that the position z = z,
denotes the graphite/polyimide interface, and the

A

Zisl [5

t‘

¥, ‘ R

{:. sy

“ '
ﬁ?:,r

Figure 8. Partitioning the polyimide from z = z, along z axis
into several small regions.

24

08 PN T T A T . N N N A B I
—-60 —-40 -20 0 20 40 60

Z position (A)

Figure 9. Density distribution of polyimide with normal
graphite/polyimide interaction.

partition size Az = z;y| — z; is around 1 A for the thick-
ness of each small region. In each small region, the total
atom mass and the corresponding volume were calcu-
lated, and then the density was measured as the mass
divided by the associated volume. Thus, the density
distribution measured from the interface along the z
axis can be evaluated as shown in Figure 9. It can be
seen that the density near the graphite/polyimide inter-
face is higher and then rapidly decreases to the bulk
value as the location is little away from the interface.
Apparently, the district with higher density is restricted
within the range of 2A, and the maximum value of
density is around 2.5 g/cc, corresponding to the bulk
value of 1.27 g/cc. It is noted that the dash line shown
in the Figure 9 indicates the location where z = z,. In
addition, the density distributions on both sides of the
graphite are quite similar, demonstrating that the high
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polyimide density always occurs near the graphite sur-
faces. The density distribution influenced by the extent
of the atomistic interaction between the graphite and
polyimide are illustrated in Figure 10 where three dif-
ferent degrees of interaction were considered. When the
interaction is stronger, the polyimide density near the
interface is getting higher as compared to the other
cases. On the other hand, for the weaker interaction,
it can be seen that the polyimide density is basically not
influenced by the graphite.

The effect of graphite on the orientation of poly-
imide chains was also investigated by measuring the
directions of the sub-vectors connecting the carbon
atom and nitrogen atom defined in the monomer unit
of polyimide as shown in Figure 11. The reason to
choose the two sub-vectors as a measure index is that
the molecular backbones corresponding to the sub-
vectors are rigid so that during the formation of nano-
composite molecular structures, the relative bending
deformation can be prohibited. The order parameter
of the polyimide was calculated as*

1
— 24) —
f_2(3(cos #)—1) (6)
4 weak
C —aA—— normal
3.5:— T T ——=&—— strong
3f
~ 25F
g f r 1
2 C
= r
z 2°f
2 C
5} C
a C
15[
=
0.5:_
0:|||||||||||||||||||||||||||||||I|
—60 —40 -20 0 20 40 60

Z position (A)

Figure 10. Effect of graphite/polyimide interaction on the
density distribution of polyimide.

where ¢ is the angle of the sub-vectors with respect to
the reference vector, which is perpendicular to the inter-
face as shown in Figure 12, and () denotes the average
of all sub-vectors calculated within a designated small
region. It should be noted that when f'= 1, it means
that the orientation of polyimide chains are parallel
to the reference vector, and when f'= —0.5, it indicates
that the chains are perpendicular to the reference vector
while f'= 0 demonstrates that the chains are randomly
distributed. Figure 13 shows the order parameter dis-
tribution of the polyimide polymer along the z axis.
Apparently, the order parameter in the vicinity of the
graphite/polyimide interface is close to —0.5, which
implies most of the polyimide chains are flattened
down parallel to the graphite surface. As the location
is away from the interface, the corresponding value
approaches 0, and the polyimide chains begin to dis-
tribute randomly. The influence of the atomistic inter-
action between the graphite and polyimide on the order
parameter of polyimide chains is shown in Figure 14.
When the interaction is strong, the polyimide chains are
also aligned on the graphite surface. On the other hand,
when the atomistic interaction is weaker, no obvious
polymer alignment was observed near the interface.
According to the forgoing comparison, it is perceptible
that the presence of graphite sheet may have a signifi-
cant effect on the polymer density as well as the molecu-
lar orientation, especially in the immediate vicinity of
the interfacial region. Moreover, the effect of interface
layer is more appreciable, as the interaction is

Reference vector

C-N vector

X

Figure 12. The sub-vectors with respective to the graphite
surface normal vector (reference vector).

= S =

Figure 11. Schematic of the C-N sub-vectors defined in the polyimide monomer unit.
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getting stronger. Therefore, it is required to account for
the interface layer in the micromechanical model in
order to characterize the mechanical properties of
graphite/polyimide nanocomposites with accuracy.

Evaluation of local mechanical properties
of polyimide

In addition to the molecular morphology, the local
mechanical properties of polyimide in the immediate
vicinity of the interfacial region were investigated in
the following section. The design of the graphite/poly-
imide molecular structure shown in Figure 2 makes it
possible to explore the local mechanical properties of
polyimide directly from the calculation of the local
stress distribution of the nanocomposites under uni-
form strain deformation.

Local stress formulation
The local stress distribution of polyimide in the molecu-

lar model was determined based on the Hardy stress
formulation,?' the explicit form of which is written as

o(r,t) = — Zm

N N
Z > 1 @ FP B () (7)
a=1 o

V)W —VPI* —r)

l\.)\>—‘

where m®, v*, and r” represent the mass, velocity, and
position of atom «, respectively; v and ¥ stand for the
velocity field and localization function. In addition,
r? =r* —r”, r*, and r” represent the position of « and

| —&— Order parameter

Order parameter

T T T T T T Y
—60 -40 -20 0 20 40 60
Z position (A)

Figure 13. Order parameter of polyimide with normal
graphite/polyimide interaction.

B atoms, respectively. F*? denotes the force of between
o and B atoms, and B*/(r) is the bond function. When
the localization function v is selected as a Gaussian
function

(r —r)

SO RS R

0, [r* —r| >r,

Ya* —r) = ®)

the bond function B*’(r) in equation (7) can be
expressed as

B*(r) = /01 P +rf —r)da )

where £ is the smoothing length and r. is the cutoff
distance. In this study, the smoothing length is 3.2,
and the cutoff distance r. is equal to 10A. If the
deformation is simulated at a temperature of zero
degree, the first term of equation (7) can be neglected,
and the Hardy stress formulation can be further
deduced as

o) =—= Z Z 1 @ F*# B*F(r) (10)

a 1 B#a

Uniaxial loading on the simulation cell

By applying a uniaxial loading on the simulation cell
with a periodic boundary condition, a uniform strain
deformation can be generated in the simulation cell.
The deformation process in the z and x directions is
illustrated in Figures 15 and 16, respectively.
Subsequently, the corresponding mechanical properties
of the polyimide can be qualitatively evaluated by cal-
culating the local stress field of the polyimide associated
with the uniform deformation. In the MD simulation,
the uniaxial loading was applied on the simulation cell
by conducting the modified NPT ensemble®? with a
time increment of 1fs for 400ps, from which the
deformed configuration of molecular graphite/poly-
imide nanocomposites was obtained. Afterward, the
Hardy stress formulation given in equation (10) was
adopted to calculate the ‘local’ stress of polyimide.
The purpose of applying loading in z direction
(shown in Figure 15) is to validate if the Hardy formu-
lation is capable of evaluating the stress variation in the
nanocomposites. It is well known that when the nano-
composites are subjected to the loading in the z direc-
tion, as shown in Figure 15, because of equilibrium, the
stress component o, should be uniform all the way
through the z axis. The local stress distribution along
z direction with respect to the applied loading of
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2
[5%
£
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o
Figure 16. Deformed configuration of graphite/polyimide
nanocomposites subjected to axial loading in x direction.
_0'5||||||||||||||||||||||||||||||||
-60 40 20 0 20 40 60
Z position (A)

Figure 14. Effect of graphite/polyimide interactions on the
order parameter of polyimide.

zz

Figure 15. Deformed configuration of graphite/polyimide
nanocomposites subjected to axial loading in z direction.

10 MPa is shown in Figure 17. It is revealed that the
local stress o.. in both graphite and polyimide phases
are almost the same, which coincides with the applied
loading of 10 MPa. It is noted that the strain of the
simulation cell associated with the applied loading of
10 MPa is around 1.29 x 1073, According to the forego-
ing examination, it is validated that the Hardy stress
formulation is able to describe the local stress distribu-
tion of the nanocomposite molecular structure sub-
jected to uniaxial loading.

Basically, the differentiation of the mechanical prop-
erties for the polyimide in the nanocomposites cannot

el GZZ.

20 |-

Stress (MPa)
>
NG
? I

I TR RETRRTINTY I NS NS RS S
—60 =30 0 30 60

Z position (A)

Figure 17. Stress distribution of polyimide and graphite with
the applied loading of o,, = 10 MPa.

be distinguished by performing the uniaxial loading in
the z direction. Instead, it can be differentiated simply
by performing the loading in either x or y directions.
This concept originated from the micromechanical
model of laminated composite structures subjected to
constant strain loading in either the x or y direction.”
When ‘average’ tensile stress of 10 MPa was applied on
the simulation cell in the x direction, because of the
periodic boundary condition, the uniform strain is pre-
vailing in the x direction as shown in Figure 16, and the
difference of the material properties can be character-
ized directly from the calculation of the corresponding
stress component of o,,. The stress distribution of poly-
imide along the z axis is illustrated in Figure 18. It is
shown that the stress component o, demonstrates the
maximum value near the graphite/polyimide interface
and then decreases dramatically as the position is little
away from the interface. Because the simulation cell is
under uniform strain condition, the stress distribution
is used as an indication of the variation of material
properties. Thus, based on the stress distribution, we
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Figure 18. Stress distribution of polyimide with the applied
average loading of oy, = 10 MPa.
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Figure 19. Stress distribution of polyimide with the applied
average loading of o, = |0 MPa.

can infer that the stiffness of polyimide in the interface
layer is higher as compared to that in other regions. In
addition, since the simulation cell is subjected to the
deformation in x direction, it can be seen that the
stress components rather than oy, in Figure 18 are rela-
tively low. Similarly, when the deformation is applied in
the y direction, the local stress component o, of the
polyimide near the interface also raise dramatically as
shown in Figure 19. The existence of a interface layer
with higher modulus adsorbed in the vicinity of inter-
face can be deduced again by the stress distribution of
oy,. This adsorption layer of polyimide is responsible
for the improvement of mechanical behavior in nano-
composites either by the enhancement of the poly-
imide’s stiffness or by the feasibility of the load
transfer efficiency from polyimide matrix to the

graphite. The influence of the adsorption layer on the
load transfer efficiency as well as the mechanical prop-
erties of nanocomposites will be explored in the near
future.

Conclusions

The density distribution, order parameter, and mech-
anical properties of polyimide in terms of the distance
measured from the graphite/polyimide interface in
nanocomposites were investigated using MD simula-
tion. Observing the molecular configuration reveals
that in the vicinity of the interface, the polyimide dens-
ity is high (about twice of bulk value) and the molecular
chain are orderly stacked parallel to the graphite sur-
face. On the other hand, at the distance away from the
interface, the molecular chains are displaced randomly
and the corresponding density is the same as the bulk
value. Apparently, there is an interface layer of poly-
imide formed near the graphite/polyimide interface. In
addition, from the calculation of stress distribution in
the simulation cell under uniform-strain deformation, it
was depicted that this interface layer of polyimide also
exhibits higher moduli than bulk polyimide. The influ-
ence of the interface layer on the load transfer efficiency
between the polyimide and graphite sheet as well as the
mechanical properties of nanocomposites will be
explored in our further study.
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