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10
11 Abstract: Shape memory GO/EP composites with different fractions of
12 GO were prepared by thermal curing. The glass transition temperature
13 was measured and the shape memory performance experiments were
14 performed. The experimental results shows that with the increasing of
15 GO contents, the shape retention ratio of the shape memory GO/EP
16 composites with 1.25 wt% GO content decreased by 8.40%, while the
17 shape recovery ratio increased by 16.26%. The experimental data were
18 analyzed by molecular dynamics (MD) simulation that the chemical bond
19  between the GO layer and the EP molecule is the reason for improving
20 the shape memory performance. In addition, it was found through MD
21 simulation that the agglomeration of GO reduces the recovery
22 performance of the shape memory GO/EP composites. When GO content
23 was 10 wt%, the recovery performance of GO agglomerated composites

24 was 14.38% lower than that of GO uniformly dispersed, and 3.30% lower
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than that of pure shape memory EP. Through the combination of
experiment and calculation, a new idea for the design of shape memory

GO/EP composites was provided.

Key words: Shape memory, Graphene oxide, Polymer, Thermodynamic,

Molecular dynamics simulation

1. Introduction

Shape memory material is a special material that can produce shape
recovery by external stimulus [1]. Common stimuli are heat [2-3], electric
field [4-5], magnetic field [6-7], acid-base [8], and other external stimulus
[9-10]. As an emerging polymer material, shape memory polymer has a
wide range of applications in aerospace [11], medical [12-13], and
industrial manufacturing [14]. Common shape memory polymers include
polycaprolactone diol [15], epoxy resin [16], polyurethane [17], etc.
These polymers have high glassy-rubbery modulus, thereby producing
shape memory effects. Therefore, the shape memory epoxy resin material
can be used for the anti-/deicing of the aircraft.

However, pure shape memory polymers also have certain
shortcomings and limitations [18], including lower recovery speed and
lower recovery ratio [19]. Therefore, different types of carbon
nanoparticles, such as carbon nanotubes [20-21], graphene [22], nanoclay
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[23], and metals or metal oxides [24] have been employed to improve
shape memory performance [25].

GO is a compound composed of graphene and functional groups
(such as hydroxyl and carboxyl), and has physical properties similar to
graphene [26-27], including high Young's modulus (1.0 TPa) [28] and
high thermal conductivity (~5000 /W(m-K)) [29]. GO is widely added as
a filler in polymers [30-31]. A tremendous amount of research have
shown that introducing GO to polyurethane can significantly increase the
elastic modulus and shape recovery rate [32,33,35]. In addition, adding
GO filler can effectively improve the thermal response recovery rate of
shape memory epoxy resin [34]. Kim et al. [32] introduced 1.5 wt% of
GO to acrylate-terminated polyurethane isocyanate and found that the
shape memory performance was improved by 1%. Luo et al. [33] added
GO to polyurethane and kept it at 80<C for 4 hours to obtain a
Polyurethane/GO composite with self-healing properties and shape
memory properties. The modulus was increased by 147.2%, and the
shape recovery ratio reached 88.6%. Xu et al. [34] indicated that adding
VGCF-GO filler can effectively improve the thermal response recovery
ratio of EP with less than about 10% strain during the stretching process.
Under the pre-strain was 10%, the maximum thermal response recovery
ratio of the GO doped composite increased by 22%. Hhosh et al. [35]
added reduced graphene oxide (RGO) to the polyurethane-polystyrene
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material, and the samples show that the shape recovery ratio reaches
265~308 % within 33~44 s under microwave stimulation.

In recent years, molecular dynamics simulation has been widely
employed to investigate the performance improvement mechanism of
shape memory polymers. Molecular dynamics simulation can analyze the
effect of GO doping on the shape memory performance of shape memory
epoxy resin from the perspective of molecular stretching, intermolecular
energy and bonding [36-39]. Wick et al. [36] conducted molecular
dynamics simulations on isophorone diamine shape memory EP and the
results show that the higher the cross-linking percentage, the higher the
bond energy stored by the epoxy resin molecules under the stretching of
50 %. Yang et al. [37] combined a covalent adaptive network with a shape
memory polymer for molecular dynamics simulation and found that as
the end-to-end distance of the polymer chain decreases, the Diels-Alder
network exhibits higher flexibility, which greatly improves the
mechanical and shape memory performance. Zhang et al. [38] found that
the molecular bonding between GO and EP is the key to enhancing the
shape memory performance through molecular dynamics simulation of
shape memory GO/EP composites. The reinforcing effect of graphene on
the shape memory epoxy from the perspective of molecular entropy and
energy was explained by Amini et al. [39]. With the addition of GO, the
energy stored in the shape memory epoxy increases, which improves the
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recovery performance.

In this paper, the shape memory GO/EP composites with different
graphene oxide mass fractions were successfully prepared. The glass
transition temperature, shape fixation ratio, and shape recovery ratio were
determined. The recovery process curve of shape memory GO/EP
material was presented, and the effect of GO on enhancing the shape
memory performance was explained. Moreover, the molecular dynamics
simulation was established to investigate the influence of the molecular
interaction between GO and EP on the shape memory performance, and
the influence of the distribution of GO on the shape memory performance
of the composites from a microscopic point of view.

2. Experimental section
2.1 Preparation of shape memory GO/EP composites
2.1.1 Materials

The multilayer GO with a purity of 95% and thickness of 3.4~7 nm
was provided by Suzhou Henggiu Technology Co., Ltd., Suzhou, China.
The GO has the properties with a layer diameter of 10~50 pm, number of
layers 5~10, a specific surface area of 100~300 m?/g, and a sulfur content
of <5 wt%. The manufacturer of epoxy resin E-51 was Shanghai Aotun
Chemical Technology Co., Ltd., Shanghai, China. The epoxy value is
184~195 g/mol, the viscosity is 10000~16000 mPa s, the color degree is
less than 40 Pt-Co, and the degree of hydrolysis is less than 0.5%. The
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curing agent DDM was purchased from Shanghai Zhanyun Chemical Co.,
Ltd., Shanghai, China, with a molecular weight of 198.26, a melting point
range of 89.0~93.2 °C.
2.1.2 Preparation process

As shown in Figure 1, 6ml ethanol was added to the beaker, and the
multilayer GO powder was weighed according to the percentage of the
mass of EP as shown in Table 1. The mixture was dispersed ultrasonically
for 15 minutes. 30g of epoxy resin was add to another beaker and put into
the water bath preheat to 80 °C for 10 min, then pour the dispersed GO
into the preheated EP. The mixed beaker was placed in an ultrasonic
disperser for ultrasonic dispersion for 30 min. The beaker was heated at
90 °C for 2 hours in the blast drying oven. After the process, the beaker
was moved in a magnetic water bath heating stirrer, which has been
preheated to 90 °C, and the epoxy resin mixture is evenly stirred. In order
to have shape memory function after molding, it should not be completely
cured that 5.1g curing agent DDM was used. The curing agent was
introduced into the beaker containing EP step by step and stirred for 10
minutes until the bubbles disappeared. Finally, the evenly stirred mixtures
were poured into the mold, and put it into the blast oven. The curing was

at 80 °C for 2.5 hours and then 150 °C for 2.0 hours.
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Fig. 1. Preparation of shape memory GO/EP composites.
Table 1. The content of each material in the composite material

EP (g) GO (g) DDM (g)
Shape memory EP 30 0 5.1
GO/EP-0.10 wt% 30 0.03 51
GO/EP-0.25 wt% 30 0.075 51
GO/EP-0.50 wt% 30 0.150 51
GO/EP-1.00 wt% 30 0.300 5.1
GO/EP-1.25 wt% 30 0.375 5.1

2.2 Characterization and measurements
2.2.1 Scanning electron microscope (SEM)

SEM characterization (FEI-QUANTA FEG 250) was performed on
the prepared shape memory GO/EP composite samples. The dispersion of
GO in EP matrix was observed according to the cross-sectional images of
the shape memory GO/EP composites by SEM scanning. Furthermore,
SEM images show that there are no visible holes or cracks in the samples,
which reflects the adhesion between GO and EP.

2.2.2 Glass transition temperature measurement

The DSC (TA Instrument-DSC 2500) with power compensation was
used for the glass transition temperature (Ty) measurement. The supporter
of the sample and the reference are independent components. There is a

platinum thermistor for heating and a platinum sensor for temperature
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measurement at the bottom of the sample and the reference. According to
the principle of dynamic zero balance, the temperature of the sample and
the reference material should be kept in the dynamic zero balance state
whether the sample is endothermic or exothermic. Therefore, the DSC
curve was obtained by heating the sample to 200 °C and then cooling it at
the ratio of 10 °C/min. The DSC measures the energy difference
(AW=dH/dt) required to maintain the sample and the reference at the
same temperature, which reflects the change of the sample enthalpy.
From the point of view of molecular motion, the glass transition is related
to the micro-Brownian motion of the molecular segments in the
amorphous part of amorphous polymer or crystalline polymer. Below the
Tg, the movement of the shape memory EP is basically frozen. After
reaching the T,, the active wave heat capacity of the shape memory EP
increases, and the baseline moves to the endothermic side.
2.3 Shape fixity ratio and shape recovery ratio

The prepared shape memory GO/EP composites sample (Size
90>20>4 mm) was placed in a blast drying oven at 150 °C for 10 minutes.
The sample was taken out and bent in the mold, and kept until the sample
cooled to room temperature to record the bending angle. As shown in
Figure 2(a), the sample was placed in a water bath heater and heated at
90 °C. Then the sample was photographed and the bending angle was
recorded every 10 s. Figure 2(b) shows the angle change process of the
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experimental sample. After the sample was bent and fixed in the mold,
the mold was removed and the sample was cooled to room temperature.
The sample had a small recovery angle, which was set as 6,. This state
was regarded as the initial state of the experiment. When the sample was
placed in the water bath heater, the angle will continue to recover, but it
will not recover completely in the end. The sample angle of the final state
was set as #,. Figure 2(c) shows the recovery process of the shape

memory GO/EP composites.
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Figure 2. Schematic of (a) experimental device, (b) thermal cycle, and (c) recovery process.

The shape fixity ratio refers to the shape retention of the shape
memory material at room temperature after it is heated and deformed.

The shape fixity ratio Rgis calculated by Equation (1) [39].

_180° -4,
F o 180°

1)

The shape recovery ratio represents the deformation recovery of the
shape memory GO/EP composites after deformed and cooled. The shape

recovery ratio Ry can be expressed as Equation (2).
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3. Molecular dynamics analysis
3.1 Simulation parameters

In the molecular dynamic simulation, the E-51 polymer chain is
synthesized from bisphenol A and epichlorohydrin (see Figure 3(a) and
(b)). As shown in Figure 3(c), the model unit cell contains 200 polymer
chains and 60 DDM molecules, which is represented as N-link. The
connection ratio is 25% and the outermost carbon atoms of GO are
partially oxidized to hydroxyl groups by passivating hydrogen (as shown
in Figure 3(d)). Van der Waals force exists between the GO sheet and the
EP, and there is a chemical bond between the GO functional group and
the EP molecule. As shown in Figure 3(e), the bonding ratio is 100 %.
The initial density is 1.5 g/cm®. The model size is 49.79>49.79>49.79 A,
Before the simulation, the model uses the Forceite module to minimize
the energy under the NPT condition, and the force field is set as

CAMPASS II to minimize the potential energy of the unit cell.
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Figure 3. Schematic diagram of (a) E-51 molecular formula, (b) E-51 molecular model, (c) shape
memory GO/EP model, (d) cross-linking between EP and DDM, and (e) EP and GO bonding.

3.2 Validation of molecular dynamics model

The T4 was calculated by molecular dynamics and the correctness of
molecular dynamics simulation was verified by comparing the
experimental data with the simulation results [38]. In molecular dynamics
simulation, the relaxed structure of the shape memory EP unit cell was
heated to 500 K under NPT conditions, and balanced for 50 ps under the
pressure of 0.1 MPa. Then the heated structure was cooled to 300 K at a
cooling ratio of 2 K/ps under NPT conditions. The thermal expansion

formula is as follows [39].

ov ov

=Po =~ (3)

1
3=
v, o et

Where V, and p, denote the volume and density of the unit cell, «
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denote the linear thermal expansion coefficient.

According to Equation (3), the specific volume change of shape
memory GO/EP composites can be represented by a regression line. As
shown in Figure 4, it can be seen that the specific volume-temperature
curve has an obvious discontinuity. This discontinuity is due to the fact
that the shape memory GO/EP composites are a glassy solid before
reaching the glass transition temperature. After heating, the molecular
fluidity is small, so the volume changes slowly and the specific volume
changes quickly. While, when the temperature is higher than the glass
transition temperature of shape memory GO/EP composites, the material
presents rubber colloidal state and the fluidity increases greatly, so the
volume changes rapidly and the specific volume changes slowly.
Therefore, the intersection of the two regression lines is the glass
transition temperature. The glass transition temperature of the SMP
material shown in Figure 4 is 331 K and the error of the DSC experiment
result is 3.33 %, which is within the allowable range of error, indicating

that the molecular dynamics simulation results of the model are credible.
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Figure 4. Specific volume-temperature diagram.

3.3 Shape recovery ratio

As shown in Figure 5, GO was embedded in the shape memory EP in
a random distribution form in the unit cell. Thermal mechanical cycle
simulation of unit cell was performed. The first step was to apply a stress
of 1 GPa to the unit cell under the NPT conditions. The force field was
set as CAMPASS 11, and the Souza-Martins condition. The temperature
was set as 423 K, and the duration is 5000 fs. During the process, the unit
cell was stretched. The second part is to maintain the stress. The cell is
cooled at 290 K for 5000 fs under NVT condition, and the cell length
remains unchanged during the process. The third step is to remove the
external force of NPT process, the temperature is 290 K for 5000 fs. In
this process, the cell length will return to a small section. The last step is

the reheat process. The temperature was set as 423 K for 30000 fs under
13/32
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Figure 5. Thermo-mechanical simulation process.

4. Results and discussion
4.1 Characterization
4.1.1 SEM analysis

The SEM results were as shown in Figure 6. The yellow circle shows
the GO layer. It can be seen that GO is evenly distributed in the EP matrix
and there are no defects such as pores inside the sample, which indicating
that the sample is well prepared. The use of ethanol can uniformly
disperse GO in the EP matrix as much as possible, and the dispersibility
of GO has a direct effect on the shape memory performance of the shape

memory GO/EP composites.
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261
262 Figure 6. SEM micrographs of the liquid nitrogen cryogenic fractured surfaces of the specimens.

263 (al) and (a2) pure shape memory EP; (b1) and (b2) 0.25 wt% GO; (c1) and (c2) 0.50 wt% GO;
264 (d1) and (d2) 0.75 wt% GO; (el) and (e2) 1.00 wt% GO; (f1) and (f2) 1.25 wt% GO.

265  4.1.2 Glass transition temperature analysis

266 Figure 7 shows the DSC curves of shape memory GO/EP composites
267  with different GO contents. The determination of the glass transition
268  temperature is based on the deviation of the baseline on the DSC curve.
269  According to the standard committee of ICTA, the intersection of the
270  tangent line of the front edge of the curve and the front baseline is the
271 glass transition temperature. Thus the results of glass transition

272 temperature are shown in Table 2.

273 Table 2. Glass transition temperature values
GO contents (wt% ) Tg ('C)
0 60.00
0.25 43.20
0.50 45.60
0.75 47.10
1.00 48.20
1.25 49.05
274 For pure shape memory EP, the glass transition temperature is 60 °C.
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The glass transition temperature of the shape memory materials with GO
is lower than 60 °C, and the glass transition temperature increases with
the increase of GO content. The glass transition temperature of the shape
memory GO/EP composites with 1.25 wt% is 10.95 °C lower than that of
pure shape memory EP. However, compared that of shape memory
GO/EP composites with 0.25 wt% GO doping, the glass transition
temperature with 1.25 wt% was increased by 5.85 °C. The DSC results

show that GO can reduce the glass transition temperature.
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Figure 7. The DSC curves with different GO contents.

4.3 Shape fixity ratio and shape recovery ratio analysis

It can be seen from Figure 8(a) that with the increase of GO content,
the shape fixity ratio of shape memory GO/EP composites decreased. The
shape fixity ratio of the shape memory material with GO content of 1.25
wt% is 91.60%, which is 8.40% lower than that of the pure shape
memory EP. With the increase of GO content, the shape recovery ratio of
shape memory GO/EP composites shows an upward trend. The shape
recovery ratio of the shape memory composites with GO content of 1.25
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wt% is 99.40%, while the shape recovery ratio of the pure shape memory
EP is only 85.50%. Figure 8(b) shows the angle change of the shape
memory material with time. It can be seen from the figure that the shape
memory material with GO content of 1.25 wt% has recovered 79.60%
(reaching 133.00 9 in the first 30 s, while the shape recovery of the pure
shape recovery EP did not return to 131.00<until 160 s.

From Figure 8(b), it can be seen that with the increase of GO content,
the shape recovery speed of shape memory GO/EP composites increases
first and then decreases. The fast recovery interval of shape memory
GO/EP composites is ahead of time, and slow recovery area in the early
stage is shortened rapidly. When the GO content is 1.25 wt%, the rapid
recovery starts from the initial recovery time, which is 30 s earlier than

the pure shape memory EP.
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Figure 8. (a) Glass transition temperature/shape fixity ratio/shape recovery ratio with GO contents,
and (b) Angle graph with time.

As shown in Figure 9, as the GO content increases, the angle of the
shape memory GO/EP composites at the end of the rapid recovery also

increases, and the angle of the shape memory GO/EP composites with the
17/32
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GO content of 1.25wt% at the end of the rapid recovery is 162.00<
Moreover, the recovery completion time of shape memory GO/EP
composites also decreases rapidly with the increase of GO contents.
When the GO content is 1.25 wt%, it only takes 70 s to complete the
entire recovery process, while pure shape memory EP requires 204 s. It
shows that the addition of GO can promote the recovery of the shape
memory GO/EP composites, which shorting the total recovery time and

accelerating the recovery speed.
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Figure 9. Quick reply interval and reply time.

4.4 Molecular dynamics analysis
4.4.1 Shape recovery ratio analysis

The shape recovery ratio refers to the ratio of the difference between
the strain after stretching (&,) and the strain after recovery is completed

(). Thus, the shape recovery ratio shown in Figure 5 can be expressed
18/32
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by Equation (4) [39]:

=7 (4)
Converting the unit cell strain € into the length L, the shape recovery

ratio can be written as Equation (5) by the length after stretching (L, ) and

the length after recovery is completed (L,):

_|_r
L= L1|_1 ®)

As shown in Figure 10(a), during the stretching process, since the GO
sheets cannot be stretched and deformed. Under the action of the
intermolecular force between the GO and EP around the GO, the
molecular distance of EP around GO will not be enlarged. The red circle
in Figure 10(b) shows the EP molecules with recovery deformation
around GO, and the blue circle shows the EP molecules without recovery
deformation. It can be seen that the EP around the GO recovers faster,
which is due to the intermolecular force generatiod between the GO sheet
and the surrounding EP. The intermolecular force will promote the
contraction of the molecular chain of the EP. This also explains the reason
why the shape retention ratio decreases after GO doping.

In addition, the thermal conductivity of the GO sheet is much higher
than that of the shape memory EP. When the temperature of the epoxy
resin near the GO sheet inside the composite is higher than other

positions, this also promotes the shrinkage of the epoxy resin molecular
19/32
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chain near the GO sheet. This also explains why the shape retention ratio

of the material decreases after GO is introduced into the shape memory

EP.

Epoxy resin that does not
interact with GO

Near the GO

Near the GO Epoxy resin that does not
interact with GO

Figure 10. (a) The stretching process and (b) recovery process of the unit cell.

According to the calculation of Equation (5), the recovery data were
drawn in Figure 11(a). During the stretching process of the unit cell, the
GO sheet will not be stretched and deformed under the action of
intermolecular force between the GO and the EP around the GO. The
molecular distance of EP around GO will not be excessively enlarged.
Therefore, the strain of GO-EP is smaller than that of pure shape memory
EP under the same stress. In the recovery process of unit cell, it can be
seen that the unit cell with GO takes less time to reach the same strain
than the unit cell of pure shape memory EP, and the rapid recovery
interval is achieved earlier than that of pure shape memory EP, which is

in accordance with the experimental results shown in Fig. 11(b).
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Figure 11. (a) Stress-strain graph during stretching, and (b) strain versus time graph during
recovery.

4.4.2 Influence of GO agglomeration

The uneven distribution or agglomeration of GO in shape memory EP
will directly affect the shape memory characteristics. Compared with the
uniformly dispersed unit cell (Figure 12(a)) and the agglomerated unit
cell (Figure 12(b)), it can be seen that when GO is uniformly dispersed,
the oxygen-containing functional groups at the edge and inside of GO
lamellae are fully combined with EP molecules. As shown in the red
circle in Figure 12(a), when GO agglomerations, the distance between
GO lamellae is significantly reduced, and the functional groups that GO
interact with EP molecules only exist at the edge of GO sheets. The
oxygen-containing functional groups in GO and part of the edge are
blocked, resulting in less EP molecules combined with GO than that of
GO is uniformly dispersed with the same mass fraction. Thus, the shape
recovery performance of the shape memory GO/EP composites is

reduced.
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Figure 12. Unit cell of (a) GO uniform dispersion, and (b) GO agglomeration.

It can be seen from Figure 13 that for shape memory GOJ/EP
composites with 10 wt% GO content, the shape recovery effect of GO
agglomeration is 14.38% lower than that of the GO uniformly dispersed
material. Moreover, compared with pure shape memory EP, the shape
recovery ratio is 3.30% lower and the recovery speed in the early stage is
slower than that of GO uniformly dispersed composites. With the increase
of GO mass fraction, the distribution of GO in the cell becomes denser
and the GO lamellar spacing is smaller, which is similar to agglomeration
and affects the shape recovery performance. For the material with GO
content of 15 wt%, the shape recovery ratio is further reduced to 20.34%,
which is 3.25% lower than that of the pure EP, and the initial recovery

ratio is also lower than that of the pure EP.
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Fig. 13. The effect of GO agglomeration on shape recovery property.

4.4.3 The influence of the direction of the GO sheets

As shown in Figure 14(a), a unit cell with one GO sheet was analyzed,
and the shape recovery molecular dynamics simulation was performed in
the X and Y directions. The simulation results show that the shape
recovery effect of the unit cell along the X direction is better (see Figure
14(b)). The simulation results show that the shape recovery ratio is 33.67%
at 30000 fs, which is 28.5% higher than that of pure shape memory EP. In
the Y direction, the recovery ratio is 27.61%, which is 3.57% lower than
that of pure shape memory EP. In addition, the shape recovery curves
along X direction and Y direction coincide completely at the initial stage
of shape recovery, which indicating that different directions do not affect

the shape recovery speed of materials in the initial shape recovery stage.
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Figurel4. Schematic of (a) shape recovery, and (b) recovery effect in different directions.

5. Conclusions

In this paper, the shape recovery properties of shape memory GO/EP
composites were studied by preparing shape memory GO/EP composites
and establishing molecular dynamics simulation model. The results show
that the glass transition temperature of shape memory GO/EP composites
increases with the increase of GO content, and the shape memory
properties of shape memory GO/EP composites are improved. The main
conclusions are as follows:

(1) With the increasing of GO content, the shape retention ratio of
shape memory GO/EP composites decreases, while the shape recovery
ratio rises. The fast recovery interval is advanced, and the slow recovery
interval of initial recovery is shortened rapidly. The fast recovery interval
of shape memory GO/EP composites with 1.25 wt% GO is 30 s earlier
than that of pure shape memory EP.

(2) Through molecular dynamics simulation, it is found that the

aggregation of GO in the shape memory GO/EP composites reduces the
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recovery performance. The shape recovery effect of shape memory
GO/EP composites with 10 wt% GO content is 14.38% lower than that of
uniform dispersion and 3.2% lower than that of pure shape memory EP.
(3) The simulation results indicate that the tensile recovery ratio
perpendicular to the GO direction is 21.73% higher than that along the
GO direction, while recovery in different directions does not affect the

recovery ratio of the material in the initial shape recovery stage.
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Highlights (for review)

HIGHLIGHTS:

® A shape memory GO/EP composite was prepared by introducing GO sheets into
shape memory EP and the molecular dynamics model was established.

® The anti-icing time of the shape memory GO/EP composites was shortened by
18.84s, and the anti-icing efficiency was increased by 49.90%.

® The deicing time of samples with shape memory function decreased from 136 s to
45 s, and the deicing efficiency increased by 66.91%.

® The GO doping content has a direct effect on the anti-/deicing performance of the

shape memory GO/EP composites.
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