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Abstract

In this paper, an atomistic investigation was performed to reveal the dependence of the graphene
content on the shape memory effect of the multilayer graphene reinforced poly
(L-lactide-co-c-caprolactone). Uniaxial compression deformation was carried out to show the
shape memory effect of the graphene composites. The temperature response of the composites
was obtained during shape recovery. It is observed that the composites with higher graphene
content exhibit larger recovery ratio and are more sensitive to temperature during a gradual
warming recovery. The graphene composites show good reusable properties and the shape of
composites is able to fully recover by constant temperature recovery tests. Especially, the
graphene of the composite was subjected to a separate heating test to check the role of the
graphene in shape recovery of the composite, where electro-induced indirect heating was
qualitatively simulated. It is shown that the recovery first appeared in composites with the most
content of graphene. The polymer will have a temperature hysteresis compared with graphene in
composites. The shape recovery trajectory of graphene and the evolution of the interaction
between graphene and polymers during the process of shape memory were clearly presented to
reveal the mechanism how graphene promotes the performance of shape memory. This research
can provide a guidance for obtaining composite materials with ideal shape memory effect.

Keywords: polymer composites, graphene content, layered structures, shape memory effect,
atomistic simulation

(Some figures may appear in colour only in the online journal)

1. Introduction external conditions such as light [1, 2], temperature [3], pH
[4, 5], electricity [6] and magnetic field [7]. There exist many
Among smart materials, stimulus responsive shape memory  attractive features such as large elastic range, large recovery
polymers (SMPs) have good application prospects. They can  strain, light weight, easy processing and low cost on SMPs
change their shape and characteristics through changes in  [8]. Some of them have good transparency, strong chemical
stability, and biocompatibility which can adjust the degrada-
tion rate [9]. Furthermore, SMPs respond to a wide range of
* Author to whom any correspondence should be addressed. stimuli. Direct heating is the most common method to trigger
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SMPs. The shape memory function is mainly derived from the
two-phase structure existing in the material. A stationary phase
(covalent or physical cross-linking) that maintains the shape
at temperature below transition temperature (glass transition
temperature 7', or melting temperature T'y,). A reversible phase
(crystallization, chemical cross-linking) that changes revers-
ibly with environmental changes above transition temperature
[10]. These heating methods may not be suitable for all situ-
ations, such as in vivo and aerospace devices. A direct method
of indirect heating is electric heating. When conductive fillers
are added to SMPs, the internal joule heat can indirectly drive
the shape memory effect.

Graphene nanoplatelets with excellent electrical conduct-
ivity, ultra-high elasticity modulus, high specific surface area
and aspect ratio [11] make graphene an ideal filler for poly-
mer composites. They cause significant thermal and elec-
trical activation of the shape memory response to the matrix
[12, 13]. Dynamic mechanical analysis showed that the inclu-
sion of graphene significantly improves both glassy and rub-
bery moduli of the matrix. Furthermore, the prepared nano-
composites demonstrated a marked electrical conductivity and
thereby surprisingly rapid electrical actuation behavior exhib-
iting a 100% recovery ratio in 2.5 s [14]. With the increment
of graphene nanosheets content, the modulus is increased. The
calculation of shape memory properties showed that shape
fixity and shape recovery ratios also increased with increas-
ing of incorporating of graphene nanosheets [15]. Graphene
content is a very important factor to the mechanical proper-
ties and shape memory properties of polymers. Addition of
graphene also can improved thermal stability of the polymer
nanocomposites. The results of multiple thermal cycles show
that a larger viscous plastic deformation was observed when
neat polyimide is under stress at high temperature compared
to graphene nanocomposites. The recovery rate of graphene
nanocomposites is higher than that of pure polymers [16].
However, the underlying mechanism of graphene properties
in SMP composites remains mystical. It is difficult to determ-
ine the interaction between graphene and polymer in experi-
ments. Analysis should be performed to determine the effect
of graphene content on overall shape memory performance,
and to evaluate the thermo mechanical properties and micro-
structure of the resulting nanocomposites.

The molecular dynamics (MD) method is a promising
tool to predict the thermodynamic properties of compos-
ites. Sarangapani et al [17] simulated specific volume of dif-
ferent amorphous polymeric models to exhibit a character-
istic change when amorphous systems change from glassy
to rubbery state by MD simulations. Choi [18] discussed the
effect of filler size on the glass transition and thermoelastic
behavior of epoxy-based nanocomposites. Wang [19] stud-
ied the glass transition behavior and mechanical properties
of poly(ethyleneterephthalate) (PET) and its nanocompos-
ites through MD simulation. Li investigated miscibility, glass
transition temperature and mechanical properties of poly-
methyl methacrylate (PMMA) and dibutyl phthalate (DBP)
binary system by MD simulation [20]. The Young’s mod-
ulus and shear modulus of the composites with different
graphene volume fractions under different temperatures are

simulated and discussed by Lin [21]. The results show that
the Young’s and shear moduli increase with the increase of
graphene volume fraction and have temperature dependence.
MD simulation can reliably study the physical and mechan-
ical properties of polymers and their nanocomposites. Diani
[22] studied the shape memory behavior of polyisoprene under
uniaxial tension loading using full atom simulations. The res-
ults of strain storage and energy evolution show that shape
memory behavior is driven by entropy. Ghobadi et al [23]
established an atomic model of poly(L-lactide) to predict the
uniaxial stretch shape memory behavior, and described two
simulations using Parinello-Rahman stretch and geometric
stretch simulation methods. Aberton [24] proved the influ-
ence of phase fraction and temperature on the shape recovery
of the copolymer system by using a coarse-grained molecu-
lar model. The dependence of shape memory on molecular
weight of polymer was studied by Zhang [25]. The results
show that repeated stretching can improve the recovery rate
of the polymer. Moon [26] investigated the effect of initial
strain on the thermo elasticity and shape recovery behavior of
oriented polystyrene. It was found that the anisotropy of lin-
ear thermal expansion coefficient and elastic modulus mainly
increased with the increase of pre-stretching. However, the
above comprehensive researches mainly focused on the effect
of deformation loading conditions on SMPs. Zhang [27] stud-
ied the strength and shape memory properties of polymer com-
posites consisting of graphene sheets in different directions,
and there are covalent bonds between graphene and polymers.
The interaction between filler and polymer on shape memory
composites is complex. The content of graphene has a great
influence on the properties of SMPs. Few studies have repor-
ted the action mechanism of graphene in SMP composites at
microscopic scale and it is very necessary to study this issue.

In this paper, the properties of SMPs and their multi-layer
graphene reinforced composites have been studied from the
microscopic point of view by MD method. Uniaxial com-
pression of composites including different content of continu-
ous graphene has been investigated. The effect of graphene
addition on the properties of SMPs was revealed. The shape
memory effect of materials was demonstrated to observe
shape response of SMP to temperature by different heat meth-
ods during shape recovery. The shape recovery trajectory of
graphene was clearly presented. The evolution of the inter-
action between graphene and polymers during the process
of shape memory contributed to explore the mechanism how
graphene promotes the performance of shape memory from an
energy perspective.

2. MD models and simulation processes

Initial amorphous cells of poly (L-lactide-co-e-caprolactone),
PCLA, were established referenced the former research [27].
The MD simulations were employed with the LAMMPS pro-
gram developed by Sandia National Laboratory [28]. The
PCFF force field [29] was used to describe the covalent and
non-bonding interactions between atoms. The non-bonding
interactions were neglected when the distance is larger
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Figure 1. Chemical formula of poly(L-lactide) and
poly(e-caprolactone).

Figure 2. Graphene sheet model.

than 12.5 A. All the simulations are performed under peri-
odic boundary conditions. The models were conducted to
optimized structures by relaxation processes. The parameters
for each simulation are given below.

2.1. Establishment of PCLA composites

The chemical formulas of poly(L-lactide) and poly
(e-caprolactone) are shown in figures 1(a) and (b). Each
chain consists of 50 repeating units, including poly
(L-lactide) and poly(e-caprolactone). The ratio of repeating
unit poly(L-lactide) to poly(e-caprolactone) is 6:4. Each model
contains 44 PCLA chains. The side length of pure polymer box
is 68.83 A. The size of the graphene sheet is 68.87 x 68.16 A
as shown in figure 2, and the thickness of single sheet is 3.40 A.
The height of the composite model with single layer graphene
is 69.96 A, the height of the bilayer graphene composite model
is 73.36 A, and the height of the tri-layer graphene composite
model is 76.76 A. The volume fraction is determined by the
thickness of the graphene sheets relative to the overall height
of the model. The volume fraction of graphene in the poly-
mer composites are 4.86 vol.%, 9.27 vol.% and 13.29 vol.%,
respectively. Figure 3 shows composite models with graphene
in the center of the model. The three models are called Com#1,
Com#2, and Com#3. The initial density is 1.0 g cm™>. The
model is subjected to energy minimization and relaxation for
1 nsat 410 K, 0.1 MPa under NPT ensemble.

2.2. Glassy state and rubber state for materials

Glass transition temperature 7, is a physical characteristics
of the amorphous polymer translating from a glassy state
to a rubber state. Since the viscoelasticity of the polymer
is greatly sensitive to temperature near T, T, is popularly

used as the reference standard. Differential scanning calori-
metry is often used in experiments to determine T, of nano-
composites. The glass transition temperature range of PCLA
obtained by copolymerization of poly(L-lactide) and poly
(e-caprolactone) in different proportions was different, and the
T, of poly(L-lactide)/poly(e-caprolactone) 6:4 copolymer is
287 K by experiments [30]. It is stated that the glass transition
temperature of pure polymer moved toward a higher temper-
ature after graphene oxide filling is increased [31]. In our pre-
vious study, the glass conversion temperature of pure PCLA
was 280-290 K, and T, of polymer added graphene was about
10-20 K higher than that in the pure polymer [27]. Since MD
simulation can only predict the glass conversion temperature
within a certain range, models with different graphene con-
tent may have similar temperatures. Instead of predicting the
transformation temperature, glass state and rubber state were
chosen for comparison in this part.

The mean square displacement (MSD) was used to show
activation of atoms. The MSD curves of the PCLA chains can
be obtained

MSD_XN:<|r,~(t) —ri(0)|2> (H
i=1

where, 7;(¢) is the position of the atom i at time ¢, and N is the
number of atoms in the system.

The high temperature of 7, = 410 K and the low tem-
perature of T} = 250 K were selected as the representative
temperatures of glass state and rubber state, and the MSD
was calculated to observe the atomic activities. The relaxed
structure is set to the representative temperatures and 0.1 MPa
at NPT ensemble for 500 ps. It can be seen from figure 4
that the MSD value of composite material at 7}, is much
lower than that of pure polymer, indicating that graphene
has an inhibitory effect on polymer chain activity. At low
temperature, there is little difference between pure polymers
and composites, and Com#3 has slightly more activity than
others.

2.3. Shape memory process description

The thermo-mechanical cycle was simulated to explore the
shape memory effect of composites. Uniaxial compression
parallel to the graphene direction was performed on compos-
ites. The simulation process of the shape memory cycle for
composite is shown in figure 5. The thermo-mechanical cycle
includes four steps: (a) uniaxial compression of the material
above T; (b) maintaining the deformation and cooling below
Tg; (c) unloading at low temperature; (d) the temperature rises
above T, again to observe the shape recovery.

First step, compress the relaxed materials at standard atmo-
spheric pressure and high temperature of 7, = 410 K (above
T;) under the NPT ensemble to the strain of e; = 50%; in the
cooling step, NVT ensemble was used to keep the material in
deformed state, and then cool it at 77 = 250 K (below T}).
Since the pressure in the system cannot be released at low
temperatures, we use an NPT ensemble to release the internal
stress of the material, the strain is ¢, after unloading. Finally,
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Figure 3. The models of graphene enforced PCLA composite. (a) Com#1; (2) Com#2, and (c) Com#3.
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Figure 4. The MSD curves of pure PCLA and graphene enforced
PCLA composite.
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Figure 5. The thermo mechnical cycle of graphene composites.

increase the system temperature 7}" above T, under the NPT
ensemble, and the final strain was ;. In the follow-up test,
three ways of heating to recover the shape were used. T, was
set to 450 K in the constant temperature recovery method, and
Ty’ was in range of 250 K to 450 K in the gradual heating
recovery method and individual heating of graphene method.
When the graphene in the composite was heated separately, the
NVE ensemble was used to refresh the velocity and location of

polymer atoms, and the graphene sheets were controlled under
the NPT ensemble.

lx (l) — l()

A 2

ex(t) =
where, [y is the original length of the simulation box for the
deform direction and [/,(f) represents the length of the simula-
tion box for the deform direction at time ¢.
The virial stress is commonly used to connect the mac-
roscopic (continuum) stress [32, 33]. The components of the
MAacroscopic stress tensor, oy;, in a volume £ is

1 1
L E _a(a), (@) (a) 7} : (@) (b)\p(ab)
% Q aeQ e 2 besz((ri "y )F] )

3

which generates the six components of the symmetric stress
volume tensor Sj. m@ is the mass of particle ‘a’, v;® and
vj(“) are velocities for the ith and jth vector component basis,
@ — r;®) represents the distance between particle ‘a’ and
atom ‘b’ along the ith vector component, and F, ,-(“b) represents
the force on particle ‘a’ exerted by particle ‘b’ along the jth
vector component, and €2 is the volume. The total stress can
be expressed as

o = S0 @)

where () is the volume of materials at the periodic boundary
condition.

3. Results and discussion

3.1 Response to temperature during recovering

The response of thermo-sensitive SMPs to temperature is the
key to ensuring their shape memory performance. Shape fix-
ing ratio Ry and recovery ratio R, are important indexes to
measure shape memory effect, which can be obtained from
equation (5).

_&u &l —&r

Rf_ >
€1 €1

®)
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Figure 6. The relationship between temperature and strain of pure
polymer and composites.

Figure 6 shows the stress state when the temperature of poly-
mer and its composite changes during shape memory. Gradu-
ally heat up all the materials in the recovery step. All materials
were compressed at a temperature of 410 K and deformed 50%
from the strain of 0, then kept deformed at a cooling temperat-
ure of 250 K. The curves of all the materials in these two steps
coincide perfectly. When unloading is carried out at 250 K,
the curves of each material show obvious differences. With
the increase of graphene content, the unloading line segment
becomes longer, which means that the recovery of strain in
unloading changed more greatly. It is calculated that the fix-
ing ratio of pure polymer is 98.42%, and the fixing ratio of
composite material is 95.22%, 86.36%, 68.96%, respectively.
As the graphene content increases, the fixing ratio becomes
worse. It can be found the recovery of each material shows
an upward trend with the increase of recovery temperature.
Among them, Com#3 has the fastest recovery speed, and
the recovery is completed first. The shape of Com#1 and
Pure have not fully recovered. By comparison, it can be con-
cluded that the graphene composites have a rapid response to
temperature.

The stress—strain relationship of each material under ther-
modynamic cycles is shown in figure 7. At the initial moment,
all material stresses are zero. Here the minus signs for stress
and strain indicate deforming direction rather than magnitude.
As loading was beginning, the stress values of the three com-
posite materials increased rapidly, and the stress values of
Com#2 and Com#3 reached more than 200 MPa, and Com#3’s
stress was slightly larger than that of Com#2. Then the stress
of composites drops until the strain exceeds 5%. Then the
decreasing stress begins to increase with the strain the deform-
ation. The stress of the pure polymer model increases with
the deformation all the way. The increasing of modulus and
strength leads to the increased area under the curve which is
the elastic strain energy stored in samples and acts as shape
recovery driving force in shape memory cycles [34]. Here, the

200 - Pure
unloading Coml
100 Com#2
recovering Com#3
0k P—

Stress(MPa)

en
-100 £
o
o
Q

-200

deforming

_300 L | L | L | L | L | L |
-03  -02 -0.1 0.0

Strain

Figure 7. Stress—strain relationship of pure polymer and composites.

material is compressed, and the recovery driving force is the
area bounded by the 0 axis and the curve below it. Com#3 has
the greatest elastic strain energy and shape recovery driving
force in all material.

3.2. Reusable property

Graphene composite has been reported to have high recovery
ratio and superior reusability [16]. Three thermo-mechanical
cycle tests were carried out to the material where shape recov-
ery took place at the constant temperature. In order to com-
pare with the result of section 3.1, the constant temperat-
ure was 450 K. The fixed strain ratios and recovery ratios of
materials in three cycles are shown in table 1. Three cycles
of each material have stable performance. The fixing ratio
of pure polymer is above 98.00%. Com#1 has the best fix-
ing ratio among the composite materials, which is above
95.00% all three times. As the content of graphene increases,
the fixing performance of the composite material is greatly
reduced. While the recovery ratio of the three graphene com-
posite materials is over 99% each time from the recovery
performance.

Figure 8 shows in detail the corresponding relationship of
strain and temperature at each step of the first cycle. Figures 9
and 10 show the strain and stress changes in the three cycles,
respectively. And the duration of each step in each cycle is
the same as in figure 8. At the same recovery temperature,
the composites recovered their deformation in a short time.
The recovery rate is getting slow at a small strain. The addi-
tion of graphene not only improves the material recovery ratio,
but also greatly improves the recovery rate. The change trend
of stress and strain in the three cycles were consistent, which
reflect the stability of the compressive shape recovery.

3.3. Research on individual heating of graphene in polymer

A method of indirect heating for shape memory material
is electric heating. When graphene is added to SMPs, the
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Table 1. Shape memory properties of polymers and their composites.

Cycle 1 Cycle 2 Cycle 3
% Fix ratio Recovery ratio Fix ratio Recovery ratio Fix ratio Recovery ratio
Pure 98.42 72.44 99.24 78.24 99.76 69.12
Com#l 95.22 99.86 96.80 99.84 97.48 100.00
Com#2 86.36 99.80 85.50 99.90 91.18 99.90
Com#3 68.96 99.94 65.26 99.96 69.18 99.96
defOI‘IIliIlg | |uri|10ading 600 200 cycle 1 : cycle 2 : cycle 3
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Figure 8. Temperature and strain change on thermo mechanical
cycle.
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Figure 9. Strain change on three times of thermo mechanical cycle.

internal joule heat generated can indirectly drive the shape
memory effect. The graphene content in the polymer exceeds
a certain percolation threshold and starts to conduct electri-
city. The heat generation for one material is determined by
the applied voltage and time. While for different materials,
the resistance affects the rate of heat generation. Different
amounts of graphene correspond to different electrical resist-
ance. The increase of graphene content will decrease the resist-
ance. Therefore, graphene of composites is individually heated
to simulate the situation of electric heating. The graphene is
heated separately from 250 K to 450 K at 50 K ns~'. The heat-
ing rates of the three composites were set to be the same as
applying the same voltage and time. So the heat of graphene

Figure 10. Stress change on three times of thermo mechanical
cycle.
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Figure 11. Temperature strain relationship of composites.

depends on its content, the shape of the material with high
graphene content will recover quickly. Figure 11 shows the
temperature of the composite in the recovery step, and the
same strain corresponds to the same time. It can be seen
that the polymer temperature rises accordingly, and there is a
hysteresis section relative to graphene. The lower the graphene
content, the more obvious the temperature hysteresis.

It is calculated that the recovery ratio of composite material
s 47.52%, 99.20%, 100.10% with graphene content increase,
respectively. Looking at the deformation diagrams at import-
ant steps of the thermodynamic cycle in figures 12-14, it
can be found that graphene bent during the deformation
process. Buckling of graphene occurs. Based on table 2 and
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Figure 12. Shape memory and graphene recovery trajectory of the
single-layer graphene model.

figures 12—14, the shape of graphene also recovers when the
shape of the composite recovers. So the buckling deforma-
tion of graphene in all composites can recover completely
with sufficient time and temperature, since all composites
recover completely during the thermo-mechanical cycles in
section 3.2. It can be found that the elastic buckling deform-
ation of graphene hinders the shape fixation of SMP, and
provides a certain driving force for the shape recovery of
SMP. The change of the graphene bending angle indicates the
degree of recovery. A schematic diagram of the deformation
angle of graphene in the polymer is shown in figure 15. Dur-
ing the whole thermo-mechanical cycle, the highest and low-
est position atoms at the moment of maximum deformation
were record. The choice of representative layers is the lamel-
lae in contact with the polymer. The highest and lowest posi-
tion atoms were chosen at the second layer of graphene for the
Com#2. The represented atoms were marked at the third layer
of graphene for Com-#3. The angle change of the highest atom
in the subsequent recovery process is obtained, and the calcu-
lation is as follows:

Zmax(t) - Zmin(t)
Xmax(t) - Xmin(t)

tanf () = (6)

where 6 is the angle between x direction and the line connect-
ing the highest and the lowest atom, Zy,,x(f) and Zy,(f) are
the location of the highest and lowest atoms in the z direction,
respectively. Xpax (f) and Xy (7) are the location of the highest
and lowest atoms in x direction, respectively.

Table 2 lists the anglef of the graphene sheet from the
moment of maximum deformation to the recovery step. When
T =1 ns, the graphene sheet is at the moment of maximum
deformation; when 7' = 2 ns, it is the shape after unloading;
when T = 3-6 ns, it is in the process of recovery. The shape
change trajectory diagram shows the process of graphene from
maximum deformation to completion of recovery in each
material, and the orange trajectory is the shape from maximum
deformation to completion of unloading. The shape change in

=0 81=—50% €, €

Original shape  Step 1 Step 3 Step 4

Figure 13. Shape memory and graphene recovery trajectory of the
double-layer graphene model.

=0 81:-5 0% 8u fed
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Figure 14. Shape memory and graphene recovery trajectory of the
three-layer graphene model.

the recovery trajectory is marked as the light blue trajectory.
The dark particles are graphene sheets.

It can be seen in table 2 that at the maximum deforma-
tion, as the graphene content increases, the deformation angle
increases. Combined with figures 12-14, it is found that the
polymer around graphene decreases with increasing content.
When the load is removed, the tri-layer graphene in Com#3
rebounds quickly, the deformation angle decreases, and the
shape recovery intensifies. Comparing the rate of angle change
in the recovery step, it can also be intuitively felt that the tri-
layer graphene responds more quickly to temperature. The tra-
jectory map shows that monolayer graphene deformed and
recovered most smoothly. Tri-layer graphene experienced a
shape fluctuation from maximum deformation to recovery.
The possible reason is that the elastic energy of different
graphene layers is different, which leads to the inconsistency
of deformation.

In order to clarify the interfacial binding properties vary at
different steps of the shape memory cycle for the same mater-
ial, we evaluated the interaction energy between the graphene
and PCLA as follows
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Table 2. Changes of graphene morphology, angle and motion trajectory.

Model t (ns) tand Shape change trajectory
Com#l 1 1.39
2 1.26
3 1.17
4 1.20
5 1.02
6 0.75
Com#2 1 1.61
2 1.45
3 1.36
4 1.21
5 0.69
6 0.09
Com#3 1 1.65
2 1.09
3 0.80
4 0.40
5 0.12
6 —0.02
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Figure 15. Schematic diagram of graphene angle calculation.

AE = Etotal - Epoly - Egra (7)

where AFE is the interaction energy, Eyy is the total poten-
tial energy of the graphene/PCLA system, E,, is the poten-
tial energy of the graphene without the polymer, and Epqy
is the potential energy of the PCLA without the graphene.
Figure 16 shows the interaction energy between polymer and
graphene during thermo mechanical cycle. The interaction
energy is negative during each step of thermo mechanical
cycle showing the existence of attractive interaction between
polymer and reinforcement. The absolute value of the inter-
action energy determines the strength of the interaction. A
large absolute value represents a strong interaction. During
compression deformation, the interactions of the three com-
posites are all decreasing. The more graphene content, the
more significant the weakening interaction. By comparing
figures 1214, graphene divides the polymer into two parts.
The formation of deformation increases the lamellar spacing
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Figure 16. Interaction energy between graphene and polymer.

of multilayer graphene in Step 1. The deformation angle of
the composite increases with the increase of graphene con-
tent, and the area of the polymer wrapped under the curve
decreases. These may cause the interaction to decrease with
the graphene content. As the temperature decreases, the inter-
action is increased. Because the shape of cooling step is fixed,
the interaction energy remains unchanged. Due to the release
of internal force during the unloading step, part of the shape is
restored and the interaction energy is increased. There are two
situations in the final recovery step. The energy in Com#1 and
Com#2 remain unchanged at the beginning. Then the temper-
ature rises, the absolute value of energy decreases and finally
reaches the value of the undeformed moment. At the beginning
of the recovery step, the absolute value of energy for Com#3
first increases and then decreases that finally reaches the unde-
formed moment. The possible reason is that the elasticity of
the tri-layer graphene is too large, and it is difficult to fix it at



Smart Mater. Struct. 30 (2021) 055005

X-J Zhang et al

high temperature where polymer is active. So this is also the
reason for its poor fixing ratio.

4. Conclusion

In this paper, shape memory properties of multilayer graphene
reinforced PCLA were investigated by MD method. The
dependence of the shape memory and mechanical properties
of the composites on the graphene content was studied by
the uniaxial compression thermo-mechanical test. The whole
shape memory process was demonstrated and discussed in
detail. For the fixing properties, the shape memory fixing ratio
decreases as the graphene content increases. For the recovery
stage, different heating methods are adopted, which shows the
superiority of composite materials on temperature response
comparing to pure polymer. In the gradual heating recovery
test, the final recovery ratio of composite has obvious differ-
ence. The recovery ratio becomes higher and the shape recov-
ery is accelerated with graphene content increasing because
composite with higher graphene content is more sensitive to
temperature. When recovering at a constant high temperature,
all composites containing graphene can recover completely,
and the shape recovery rates of the material increased with
the graphene content. The stiffness of composites are much
higher than that of pure polymer from the relation of stress and
strain, which means composites possess larger driving forces.
Moreover, graphene was heated alone, which was regarded as
a method to observe materials performance similar to elec-
tric heating recovery. The temperature of the polymer has a
hysteresis compared to graphene. The hysteresis of the com-
posites with various graphene content is different. The hys-
teresis is serious in composite with single layer graphene.
While composites containing two or three layers graphene
can be completely recovered by heating graphene only. The
graphene deforming trajectory clearly demonstrates the fixing
and recovery characteristics of composites containing differ-
ent contents of graphene. Interactions between graphene and
polymer also contribute to explain the mechanism of compos-
ites shape memory. In conclusion, the results show that the
two-layer graphene composites have better fixed and recovery
properties, and respond well to various reheating methods. For
shape memory composite materials, the amount of graphene
should be moderate, not more is better.

The paper proposed a successful simulation strategy of the
shape memory properties of multilayer graphene reinforced
polymers. From the aspects of deformation and energy, the
shape memory mechanism of graphene composites is intuit-
ively analyzed. This method provides us with new ideas, and
the subsequent simulations before experiments will be helpful
to guide the experiment.
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