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Abstract: Based on micro morphology, a thermo-mechan-
ical coupling model of shape memory graphene oxide/
epoxy resin (SMGO/EP) was proposed. The heat transfer
capability, mechanical property and shape memory ability
of shape memory polymer (SMP) were further investigated.
The reliability of the modeling was verified by comparing
the heat transfer and shape fixation rate of the experi-
mental and simulation data. The results showed that the
maximum error of heat transfer was 6.04%, and shape
fixing rate error was 2.33%. When the volume fraction of
GO was 1.50 vol%, the maximum stress can reach 158.39
MPa, 46.52% higher than that of pure shape memory
EP. With the increase in the volume fraction of GO in the
SMGO/EP composites, the heat transfer enhancement and
recovery rate of SMGO/EP were directly affected by the
doping content of GO. The surface temperature of the com-
posites with GO doping content of 1.50 vol% was 20.26°C
higher than that of pure SMEP after heating for 300 s.
Under the coupling effect of heat transfer and stress
characteristics, the mechanism of shape memory effect of
SMGO/EP composites was revealed. The thermo-mechanical
coupling modeling of SMGO/EP can effectively predict the
shape memory characteristics of the SMGO/EP composites.
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1 Introduction

Shape memory material (SMM) plays an important role in
the field of intelligent materials. Its characteristic is that it
has a certain initial shape, after deformation and fixed
into another shape, it can sense the changes in specific
external conditions (such as temperature, chemical, mechan-
ical, optical, magnetic or electrical, and other external sti-
muli), so as to return to the initial state [1-4]. SMMs can be
divided into shape memory alloy (SMA) [5-9], shape memory
ceramic (SMC) [10-13], and shape memory polymer (SMP)
[14-20]. Compared with SMA and SMC, SMP has the advan-
tages of high shape recoverability (~100%), stable shape
fixity (more than 85%) and light weight (no more than
5g/ cm?®) [21,22], so they become the main research direction
of shape memory material in the future.

Many scholars have investigated the shape memory
properties of shape memory epoxy resin (SMEP) [23-25].
Liu et al. [26] prepared the SMEP samples, and the results
showed that the SMEP had high shape fixation rate
(99.50%) and shape recovery rate (~100%), and the glass
transition temperature measured by differential scanning
calorimetry was between 44.70 and 145.30°C. Wu et al.
[27] successfully synthesized a new type of SMEP whose
storage modulus ratio of the glassy state to the rubberized
state was up to 400. After 6 test cycles, the shape fixity
rate and shape recovery rate were maintained at about
99%. Sun et al. [28] prepared SMEP by two-stage curing
method, and found that the exceptional shape memory
properties of EP system can be maintained after the first
stage curing. The tensile strength of the material can be
effectively strengthened after the second stage curing.

However, the thermal stability, strength, and stiff-
ness of pure shape memory polymer materials are rela-
tively low, which greatly reduces the scope of its
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application [29-33]. For the sake of the better thermal
and mechanical properties, relevant scholars try to
enhance the mechanical strength and thermal stability
of raw materials by adding some reinforced fillers, such
as SiC [34], Fes0,4 [35], glass fiber [36,37], carbon fiber
[38], carbon nanotubes (CNTs) [39,40], and graphene
[41,42]. Compared with pure SMEP, the strength and
Young’s modulus of CNTs/EP composite films prepared
by Liu et al. were significantly improved [43]. Datta
et al. [44] incorporated CNT film into SMEP to enhance
shape memory CNT/SMEP composites. Compared with
SMEP, the Young’s modulus of the shape memory CNT/
SMEP composites increased by 52 and 514% at 25 and
50°C, respectively. The storage modulus also improved
significantly and the increase range was between 60 and
82% in the range of 30-90°C. Wang et al. [45] prepared a
novel ternary hybrid polymer shape memory composites
composed of GO, CNTs, and waterborne epoxy resin
(WEP). The data results indicated that GO and CNTs had
synergistic effect on improving the thermal response speed,
tensile strength, and thermal conductivity of the compo-
sites. It was the uniform dispersion of CNTs and the
strengthening effect of GO that created the synergistic
effect. Liu et al. [46] obtained SMEP composites (SMEPC)
with excellent mechanical properties by introducing
carbon fibers into pure SMEPC. The storage modulus of
SMEPC is as high as 37 GPa at ambient temperature, and
the maximum resilience is more than 4.40 GPa. Lu et al
studied the synergistic effect of self-assembled carboxylic
acid-functionalized carbon nanotube (CNT) and carbon
fiber [47], self-assembly multi-walled carbon nanotube
(MWCNT) nanopaper and sub-micro nickle nanostrand
(48] on the electrical properties and electro-active recovery
behavior respectively. The vertically aligned nickel nano-
strands will facilitate the heat transfer from the nanopaper
to the underlying SMP composite to accelerate the elec-
trical actuation. While the self-assembled carboxylic acid-
functionalized CNTs and carbon fibers enable the SMP
nanocomposites for Joule heating triggered shape recovery.

Graphene has exceptional properties in optics, elec-
tricity, and mechanics. It has important application pro-
spects in materials science, micro-nano processing, and
energy, because of which it is considered to be a revolu-
tionary material in the future [49,50]. Yu et al. [51] studied
the influence of GO content on epoxy polymer composites
by doping different amounts of GO to SMEP. The results
showed that when the mass fraction of GO was 0.80 wt%o,
the shape memory composites had extraordinary shape
memory performance. Chen et al. [52] discussed the effect
of thermally reduced graphite oxide (TrGO) content on the
mechanical and thermal properties and shape memory
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behavior of TrGO/EP. The static mechanical tests showed
that the addition of TrGO can significantly improve the
Young’s modulus, tensile strength, flexural modulus, and
flexural strength of EP. Comprehensively considering the
mechanical properties and shape memory effect of TrGO/
ESMP composite, the optimum TrGO content was 2 wt%.
Wang et al. [53] prepared a novel thermoelectric response
shape memory graphene/WEP composite. With the raise in the
graphene content and temperature, the thermal active shape
memory effect became better. The shape recovery rate of the
composites was still more than 95% and the number of fold-
unfold cycles had a small effect on the shape memory proper-
ties. Wang et al. [54] prepared a new type of rGO/EP/rGO
sandwich structure composite film. The thermal response
shape recovery process of the sample can be completed in
only 3s in hot water at 80°C. The above results show that
the addition of rGO can optimize the performance of SMEP.

Simulating the shape memory process of materials by
numerical simulation software has significant advantages
in the in-depth study of thermo-mechanical coupling
mechanism. Liu et al. [55] introduced in detail the integral
hinge manufactured from carbon-fiber-reinforced SMEP,
and obtained the elastic modulus of SMPC varying with
temperature through tensile test. The results showed that
the hinge had satisfactory shape memory recovery perfor-
mance, including a 100% shape recovery rate after 10 fold-
unfold cycles, and a shape recovery time of about 60s
from 180° to 0°. Based on the Neo-Hookean constitutive
equation considering the time-temperature effect, Fan
et al. established the tensile stress and strain expressions
of thermal shape memory process [56]. The shape memory
experiment was constructed by employing SMEP to cali-
brate the viscoelastic parameters, and the shape memory
process under bending and torsion was successfully simu-
lated to verify the reliability of the numerical method.
Diani et al. [57] measured the viscoelastic behavior of
SMEP and its correlation with time and temperature by
dynamic mechanical analysis (DMA). The generalized
Maxwell model was used to model the amorphous thermal
solid under study. The viscoelastic behavior of the amor-
phous thermal solid was described by DMA experimental
data and time-temperature superposition principle. The
simulation results were in good accordance with the experi-
mental data, which showed that the shape recovery time of
amorphous polymer was related to temperature.

At present, most of the work only studied the shape
memory properties of shape memory polymer composite,
but the mechanism of the effect of GO doping on the
thermal-mechanical coupling enhancement of SMEP has
not been clarified. What’s more, the influence of GO doping
on SMGO/EP’s heat transfer capability and mechanical
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property was also rarely mentioned. Therefore, based on the
micro morphology characterization, a thermal-mechanical
coupling numerical simulation model of SMGO/EP com-
posite was established. The influence of shape memory
performance of SMGO/EP composite with different volume
fractions of GO was analyzed by finite element method.
The relationship between shape memory effect and
thermal properties of SMGO/EP was studied. The relia-
bility of numerical simulation data was verified by experi-
ments. Through the simulation results, the promotion of
GO doping on heat transfer, mechanical properties and
shape memory properties was hope to see.

2 Experimental setup

In this section, the principle and method of SMGO/EP
composite preparation were introduced, and the cross
section of SMGO/EP composite was characterized by
scanning electron microscope (SEM). In addition, the ver-
ification experiment platform was set.

2.1 Materials

The materials used in this experiment included epoxy
resin (E-51), provided by Shanghai Autun Chemical
Technology Co., Ltd. GO was provided by Tanfeng Tech.
Inc., with a lamellar diameter of 0.20-10 pm, layer number
of 1-20, and a purity of ~98%. The curing agent was
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employed as 4,4-Diaminodiphenylmethane (C3H;4N>),
which was purchased from Shanghai Zhanyun Chemical
Co., Ltd. The dispersant was ethanol absolute (C,H¢O),
which was purchased from Wuxi Zhanwang Chemical
Co., Ltd.

2.2 Preparation of SMGO/EP composites

The SMGO/EP composite sample in the experiment was
composed of EP and GO. A certain quality of GO was
weighed and dispersed in ethanol absolute for 15 min.
The GO was mixed with preheated EP and then the mix-
ture was uniformly dispersed for 30 min to prevent GO
from agglomerating. The well-mixed mixture was put
into the blast drying box and vacuum oven for 2h,
respectively, to remove the bubbles in the mixture. In
this period, the carboxyl group of GO made the epoxy
group ring open. Finally, the curing agent was added to
the mixed liquids and stirred for about 10 min, and the
mixed liquids was poured into the mold with dimension
of 90 mm x 20 mm x 3 mm. The curing process was per-
formed in a vacuum oven for 2.50h at 80°C and 2h at
150°C. The whole reaction process was shown in Figure 1.
Red, blue and white spheres represented shape memory
EP, GO and curing agent respectively After GO was mixed
with shape memory EP, the oxygen-containing functional
groups on the surface of GO will react with the groups of
shape memory EP to form ester groups. Then the curing
agent made the EP group ring open.
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Figure 1: Schematic of reaction mechanism during preparation of SMGO/EP composites.
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2.3 Characterization

In order to characterize the microstructures of SMGO/EP
composites, SEM (Hitachi SU-8010) was adopted. As can
be seen in Figure 2, with the raise in GO doping content,
the fracture cross-section of SMGO/EP composites became
coarser, and the cross-linking between GO and EP became
more complex. The GO lamellae were evenly dispersed in
the EP matrix, and there was no fold or separation in the
contact between GO and EP, indicating that GO and EP had
good interfacial compatibility.

2.4 Shape memory and heat transfer
experiments

In order to verify the accuracy of the proposed simulation
model, a SMGO/EP composite sample with volume frac-
tion of 0.50 vol% of GO was prepared, and the experiment
shown in Figure 3(a) was designed. During the deforma-
tion experiment, one end of the sample was horizontally
fixed to the square table with a fixture, and the annular
heating sleeve was fixed outside the sample to keep the
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sample temperature constant above the glass transition
temperature (Figure 3[b]). The other end of the sample
was slowly stretched at the speed of 0.50 mm/s through
the electric push-pull meter to avoid breaking the sample
due to large deformation. The maximum displacement of
the push-pull meter was limited to 5mm. After tensile
deformation, the annular heating sleeve was removed to
cool the sample to room temperature. The length of the
sample was measured with a vernier caliper, and the
shape fixation rate was calculated according to equa-
tion (10).

During the recovery process, the sample was heated
above the glass transition temperature (Tg) to complete
the thermal response shape memory recovery. The length
of the sample was measured with a vernier caliper, whose
accuracy was +0.02mm. During the measurement pro-
cess, different positions of the sample were measured
three times and the average value was taken to reduce
the relative error of measurement. By comparing the
experimental data with the simulation data, the error of
the two groups of data was calculated to prove the relia-
bility of the proposed modeling.

As shown in Figure 3(c), the prepared SMGO/EP com-
posite sample was pasted on the heating pad with thermal

Figure 2: SEM images of SMGO/EP composites with the GO content of (a) 0 vol%, (b) 0.5 vol%, (c) 1.0 vol%, and (d) 1.5 vol%.
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Figure 3: Schematics of (a) shape memory process, (b) heat transfer experimental devices of shape memory process, (c) and (d) heat sensor

arrangement.

conductive adhesive without gap between them. The heat
flux of the heating pad was adjusted through the external
power supply, and the upper surface of the sample exchanged
heat with the air naturally. Three K-type thermocouples were
employed to measure the temperature data of fixed points on
the surface of the sample (Figure 3(d)). The average values
were compared with the numerical simulation data. The ther-
mocouple sensor had a temperature range of 200-400 K and
accuracy of +0.50K, including uncertainty caused by data
acquisition software. The thermocouple was pasted on the
outer surface of the experimental sample with a thermal con-
ductivity of 3.60 W/(mK) and a thickness of 0.15mm. The
heating pad was externally connected with DC power supply
(MS605dD) with rated voltage of 60 V to provide the heating
conditions required for the experiment. The maximum error
between the experimental temperature data and the simula-
tion data was calculated.

3 Micro finite element simulation

The calculation principle of finite element simulation pro-
cess was proposed. The three-dimensional model was
established according to the SEM characteristics. The para-
meter selection and boundary condition setting during
modeling process were performed.

3.1 Modeling

The shape memory process of SMGO/EP composites is
closely related to the constitutive model. Viscoelasticity

is the model form of shape recovery characteristics of
polymer materials. The shape memory behavior of shape
memory polymer materials is essentially the viscoelastic
behavior of polymers. It is assumed that GO is uniformly
distributed in SMEP, and SMGO/EP composite is regarded
as a kind of isotropic material.

The deformation behavior of SMEP was simulated by
employing the generalized Maxwell constitutive mode.
Considering the thermal expansion effect of the material,
the linear viscoelastic constitutive model and the time
temperature equivalent principle were used to calculate
the deformation behavior of SMEP. The stress response
of polymer viscoelasticity included viscosity and elasticity.
The elastic part responded immediately under the action of
force, while the viscous part appears slowly after relaxa-
tion time. For linear isotropic viscoelastic mechanics, the
constitutive relation formula equation (1) and the stress
function integral formula equation (2) of the foundation
are as follows [58,59]:

&=
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where E and 1 represent the elastic modulus and viscosity
of the material, respectively; é is the strain rate deviation of
shear deformation; ¢ denotes the volume strain rate of
volume deformation; K(f) is the bulk modulus relaxation
function, and G(t) is the shear modulus relaxation func-
tion. K(t) and G(t) are functions of relaxation time 7.
The relaxation time 7 establishes the relationship with
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the actual time t by the following integral equation (3)
and differential equation (4):

dt’
= | 3
' ) G
dr 1

a ~ aaoy “
where T is the temperature and Ar is the transfer function.
The Williams—Landel-Ferry (WLF) equation is a commonly
used form of transfer function, which is the instantaneous
temperature equivalent equation. When applied to poly-
mers, the glass transition temperature T, is usually used
as the reference temperature. The specific form of WLF equa-
tion is shown as equation (5)[60], and the fitting results of
relevant parameters in WLF equation are shown in Table 1.

CE(T-Ty

R G

(5)
where Cf and C5 are constants of WLF equation, which is
related to material. In the numerical simulation, the
material has elastic deformation under the condition
of T< T, - C5.

In the numerical simulation, the K(t) and G(t) para-
meters describing the viscoelastic integral function are
expressed in the form of Prony series. The values in
Prony series are fitted by relaxation experiment, and
the viscoelastic parameters are calculated by equations
(6)—(9), as shown in Table 2.

ng

G(t) = Goo + Y G/, 6)
i=1
ng X

K(t) = Koo + Y Kt/ )

i=1

Table 1: Fitting results of WLF parameters

Parameters Tg cs c

SMEP 100.00 17.44 51.60

Table 2: Fitting results of viscoelastic model parameters

SMEP g_i Prony tau_i Prony
1 0.86 0.1

2 0.07 1

3 0.05 10

4 0.005 100

5 0.003 1,000
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where K., and G,, denote the long-term bulk modulus
and long-term shear modulus, respectively; X and 7°
are the relaxation time of each Prony series. Usually, 7
and 77 are not equal, but it is assumed that ;; = X = 7° in
the numerical simulation; k_i and g i represent the rela-
tive bulk modulus and relative shear modulus, respec-
tively. In Prony series, the order of bulk modulus ng
and shear modulus n; may not be the same. In fact, it
can be assumed that nx = 0 in the simulation.

SMGO/EP composite is a two-phase material, in which
one is the homogeneous medium and the other represents
a finite number of reinforced fillers [61]. The governing
equation for the heat transfer analysis of the composite
can be expressed as follows:

(P,'Ci)% = V(kiVTi) in Qi (l =1, 2), (10)
where T; represents the average temperature, p; denotes
the material density, c; represents the specific-heat, 7 is
the heat transfer time, k; is the coefficient of heat transfer,
i = 1 refers to the GO, and i = 2 refers to the SMEP. For
the SMGO/EP composite, additional equation is needed
to define the temperature and heat flux at the interfaces
between GO and SMEP, which can be expressed as follows:

kiVT = (T, - TH)onTy, (i = 1, 2),
kVT = h(L - T) (i = 1,2).

(11)
(12)

where h denotes heat transfer coefficient indicating the
interface thermal resistance when the heat is transferred
from SMEP to GO.

The unit body taken from the SMGO/EP model can be
considered as a thermodynamic system dV, as can be seen
in Figure 4. The heat flow is transferred from bottom to top
along the z direction. The heat retained in the system per
unit time along the z direction is as follows [62]:

Q; = (QZ - qz+dz)dXdy’

where g, represents the input heat flux, g,.q, represents
the output heat flux.

The temperature field and heat flux are continuous in
the SMGO/EP composite, and the equation can be written
in the form of an expanded Taylor series at z, when the
system dV tends to zero:

(13)

aqz dZ.

% (14)

Qz+dz = 4z +
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Figure 4: Energy conservation of a unit.

The Fourier’s law is shown in equation (15). According
to the equations (12)—(14), the energy generated inside the
composite can be expressed as equation (16).

oT
q: = _A_)

0z (15)

o’T
Q,; = A—dzdxdy. (16)
0z?

In the dV system, the increase in thermal energy per
unit element is expressed as Q; and it can be calculated
by equation (17). The heat transfers along the x, y direc-
tion are ignored, thus the heat transfer process can be
approximated as one-dimensional heat conduction along
z direction. There is no internal heat source inside the
composite. Therefore, the heat conduction equation can
be simplified as equation (18).

Shape memory
EP

Figure 5: Micro modeling of SMGO/EP composites.

I GO sheets
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Q= pca—dedydz, 17)
aT
02T oT
A— = pc—. 18
dz2 p ot (18)

where A is the thermal conductivity, p denotes the den-
sity, ¢ represents the specific heat, t is the temperature,
and 1 is time.

For the natural convection heat transfer between the
surface of SMGO/EP composite and the air, it follows
Newton’s cooling formula, as can be seen in equation
(19). The surface heat transfer coefficient is affected
by many factors. In this example, the average surface
heat transfer coefficient is set as 20 W/(m? K) during the
calculation.

q = h(ty - to). (19)

where t,, denotes the surface temperature, and t; repre-
sents the air temperature.

3.2 Simulation process

The prepared samples of SMGO/EP composites were char-
acterized by micro electron microscope. According to the
characterization results, the three-dimensional geometric
model of EP matrix and randomly distributed GO were
generated by Python script file, as shown in Figure 5.
The length, width, and height of SMGO/EP composites
are 90 x 20 x 3pm3, respectively, and GO sheet with a
diameter of ~1 pm. Then the size of the model is enlarged
by 1000 times to compare with the experiment of the
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Table 3: Thermophysical parameters of SMEP

DE GRUYTER

Density (kg/m3) Specific heat (J/(kg K))

Conductivity (W/(m K)) Expansion coefficient (1/°C)

SMEP 1,500 530

0.363 6.470 x 10~

Table 4: Mechanical parameters of SMEP at different temperatures

Temperature (°C) Young’s modulus (MPa) Poisson’s ratio

40 1792.50 0.36
70 586.40 0.39
80 261.20 0.41
100 34.90 0.43

actual sample. According to the micromorphology rela-
tionship, the contact relationship between GO and EP
was established. Tie contact mode was selected under

Table 5: Thermophysical parameters of GO

the interaction module to transfer stress and heat through
nodes. According to the experimental measurement and
calculation, the material parameters of EP and GO were as
shown in Tables 3 -5 [50] (Figure 6).

The overall shape memory process of the SMGO/EP
composites was as shown in Figure 6. First, the sample
was heated to above the glass transition temperature (set
as 120°C) to make the composites in a high elastic state.
The sample was fixed one end and the other end was
stretched 5 mm with a speed of 0.05mm/s. Then, cooled
down to 30°C with a speed of 0.9°C/s and kept for a period
of time to fix the shape of the SMGO/EP composites. After

Young’s modulus (GPa) Poisson’s ratio

Density (kg/m3)

Specific heat (J/(kgK)) Conductivity (W/(m K))

GO 1,050 0.1866 1,500 700 4,840
Fixture
| 7 |
‘ @ Heating @ Stretchinn
7 L 1
@ Releasing @ Cooling D
> = .

Figure 6: Schematic of shape memory process: (1) stretch 5 mm above the glass transition temperature with a speed of 0.5 mm/s; (2) cool
down at a speed of 0.9°C/s and maintain a strain of 5 mm; (3) remove the displacement load; and (4) heat at a speed of 0.9°C/s.
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Heat transfer of natural convection

Heat flux: 5000 wW/m’

Figure 7: (a) Displacement boundary conditions and temperature
field, (b) heat transfer boundary conditions, and (c) meshing of
modeling.

the displacement load was removed, the sample was
heated above the glass transition temperature with a speed
of 0.9°C/s and returned to the initial state. The calculation
formula equation (10) of the shape fixation rate Ry and
shape recovery rate R, are as follows, where L; denotes
the initial length, L, represents the length after stretching,
L is the length after releasing, L{ is the length of the
SMGO/EP composites after shape recovery [63,64].

_Ls-1L
L, - L,

CL-L
L, -L

Rs (20)

T

3.3 Boundary condition and meshing

The stress—strain distribution of the shape memory pro-
cess of the established model was calculated by visco
analysis step. The setting of boundary conditions is shown
in Figure 7(a). The grid element type of this process was
eight node hexahedral linear reduction elements (C3D8R).
The approximate global size was ~1 mm, and the number
of grids was 5,400. The heat transfer analysis step was
employed to calculate the heat transfer of the model. By
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Figure 8: Comparison of experimental and simulation data.

applying an external heat source with the size of 5,000 W/m?
on one side of the model, the boundary condition of the other
side was heat transfer of natural convection. The boundary
conditions were set as shown in Figure 7(b). The heat transfer
analysis step was used to calculate the temperature field and
heat flux distribution of the composite shape memory process.
The grid element type adopted eight node heat transfer solid
elements (DC3D8), the approximate global size was ~1 mm,
and the number of grids is 5,400. The schematic of mesh
dividing is shown in Figure 7(c).

4 Results and discussion

In this article, the correctness of the simulation results was
verified by the experimental results. The shape memory
performances, and thermal and mechanical properties of
the SMGO/EP composites were studied by extracting the
simulation data results.

4.1 Experimental validation
To verify the correctness of the simulation results, the

SMGO/EP composite sample with a volume fraction of
0.50 vol% GO was prepared. The experiments shown in

Table 6: Simulation and experimental comparison of shape memory characteristics

Retraction distance (mm)

Shape fixation rate (%) Shape recovery rate (%)

0.71
0.61

Experimental
Simulation

86.00
87.80

100
99.99




2358 —— Long Chenetal DE GRUYTER

Figure 3 were performed, and the results were measured the relative error was only 2.33%. It was considered that
and shown in Table 6. After the displacement load was the experimental results were reliable within the allowable
removed, the sample retracted 0.71 mm, the shape fixation error range. After reheating, it was observed and measured
rate of the composite was 85.80%, which was close to the that the SMGO/EP composites basically returned to the
shape fixation rate obtained by simulation (87.80%), and initial state, and the shape recovery rate was 100%.
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Figure 9: Three-dimensional curve of stress-strain-temperature and (a) to (d) stress distribution at state (a) to (d) of stress-strain-tem-
perature curve.
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Similarly, the prepared SMGO/EP composite samples
with 0.50 vol% GO doping were tested for heat transfer
characteristics. The experimental results are shown in
Figure 8. The heating trend was consistent. The max rela-
tive error between the experimental and simulation values
was the largest when heated to 15 s, and the max error was
only 6.04%. The comparative data showed that the simu-
lation error was within the allowable range, so that the
simulation result was considered to be reliable.

4.2 Shape memory performance

The mechanical properties of shape memory epoxy resin
are closely related to temperature, thus the coupling rela-
tionship between stress, strain, and temperature must be
considered in order to accurately and completely reflect
the shape memory process of SMGO/EP composites.

An investigation on thermo-mechanical performance of graphene oxide reinforced SMP = 2359

As shown in Figure 9, the three-dimensional sche-
matic diagram of the stress-strain-temperature relation-
ship of shape memory epoxy resin was obtained through
numerical simulation calculation. It can be seen that above
the glass transition temperature (Tg), the SMGO/EP com-
posites were in a high elastic state. At this time, the elastic
modulus was small, and the stress and strain in the tensile
process were directly proportional, but the changes were not
obvious. In state (a), the maximum difference of Mises stress
was 0.90 MPa and the average stress was 1.66 MPa regardless
of the stress concentration, as shown in Figure 9(a).

As the temperature decreased below the glass transi-
tion temperature (Tg), the stress increased significantly
due to the increase in elastic modulus. In state (b) of the
cooling period, the maximum difference of Mises stress
increased to 25.82 MPa and the average stress was 38.10 MPa
regardless of the stress concentration, as shown in Figure 9(b).
At the moment after the displacement load was removed, the
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Figure 10: Displacement-time relationship: (a) 0-300 s, (b) 180-220's, and (c) 270-295s.
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Figure 11: Stress distribution of SMGO/EP with different GO
contents.

SMGO/EP composites rebounded and contracted with small
displacement. During this period, the stress existed only where
the stress was concentrated and the maximum Mises stress
was only 1.45 MPa in state (c), as shown in Figure 9(c). In the
subsequent heating process, the SMGO/EP composites were
expanded by heating. When the sample was heated above the
glass transition temperature, the composite quickly recovered
its original shape. And the stress of the material was close to O
in this period, as can be seen in Figure 9(d).

As can be seen from Figure 10(a), due to the same
displacement load, the displacement changes in SMGO/
EP composites with different graphene oxide contents
were the same in the first 200s. As can be seen from
Figure 10(b), after 200 s, with the removal of displacement
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load, SMGO/EP composites with different GO contents had
different degrees of displacement retraction (0.40-0.60 mm),
and the size of retraction displacement determined the
shape fixation rate of composites.

After calculation, with the increase in GO volume
fraction, the shape fixation rate of SMGO/EP composites
increased from 87.80 to 90.56%. Only when the volume
fraction of GO exceeded 1.50 vol%, the shape fixation rate
of SMGO/EP composites was slightly higher than that of
pure shape memory EP (90.34%). In addition, as can be
seen from Figure 9 and (a) and 10(c), after 210 s, with the
increase in temperature, the composite expanded by
about 0.30 mm. After 280 s, it was heated above the glass
state transition temperature, and the composite begins to
recover its shape. The shape recovery rate gradually
increased with the increase in GO content, and can finally
return to the initial state. The shape recovery rates were
close to 100%, which did not change with the change in
GO content.

4.3 Mechanical property

In order to study the effect of GO doping on the mechan-
ical properties of the SMGO/EP composites, the stress
changes in shape memory process were obtained and
explained.

Comparing the stress changes in the SMGO/EP com-
posites with different volume fractions of GO in Figure 11,
it can be seen that when the temperature was higher than
Ts, the doping content of GO did not reveal significant
effect on the stress with the increase in strain. When no

GO
Shape memory EP

Figure 12: Comparison of temperature distribution of SMEP and SMGO/EP composites.
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Figure 13: Middle section temperature distribution of SMGO/EP composites with 0vol%, 0.5vol%, 1.0 vol%, and 1.5 vol% GO contents.

GO was added, the stress increased from O to 1.90 MPa,
while the stress increased from 0 to 2.51 MPa under the
condition of 1.50 vol% GO doping content.

As the temperature gradually decreased below the
glass transition temperature, the stress increased faster
with the increase in the volume fraction of GO. When the
temperature dropped to 30°C, the stress of pure shape
memory EP was only 108.10 MPa. However, the stress of the
sample with 0.50 vol% GO doping content was 133.18 MPa,
which was increased by 23.20%. Compared with the samples
with GO volume fraction of 1.00 vol% and 1.50 vol%, the
stress of the samples was 144.60 MPa (increased by 33.77%)
and 158.39 MPa (increased by 46.52%), respectively.

In the process of deformation, after removing the
displacement load, the stress decreased instantaneously,
but there was still a certain residual stress in the samples.
As shown in Figure 11, the internal stress of SMEP was
3.63 Pa, while the internal stress generated by SMGO/EP
composites was large. The internal stress of the sample
with 0.50 vol% GO content was 24.60 MPa after removing

the displacement load. The residual internal stress of
the sample with GO volume fraction of 1.00 vol% was
35.48 MPa. When the volume fraction of GO was 1.50 vol%,
the internal stress was 54.21 MPa. The above analysis
showed that the internal stress of SMGO/EP composites
increased with the increase in GO content after removing
the displacement load. Then, in the recovery process, with
the increase in temperature, the internal stress of SMGO/
EP composites decreased linearly until the stress was com-
pletely eliminated. Furthermore, it can be obviously seen
from Figure 10 that the attenuation rate of internal stress of
SMGO/EP composite increased with the increase in the O
content.

4.4 Heat transfer performance

In order to study the effect of GO doping on heat
transfer process, the heat transfer process and results
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Figure 14: Temperature-rising curves with different GO contents: (a) 0-300 s, and (b) 0-60s.
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were analyzed. The contribution of GO to heat transfer
enhancement was investigated.

Figure 12 shows the temperature distribution of SMGO/
EP composites with 1.50 vol% GO content under the condi-
tion of heating for 60 s and heat source of 5,000 W/m? As
can be seen from Figure 12, the temperature of SMEP gradu-
ally decreased along the z-axis direction. The bottom tem-
perature can reach 142.61°C, and the surface temperature
was 114.74°C. It can be seen from the figure that the surface
temperature of GO doping areas was high, and the max-
imum temperature can reach 125.58°C with remarkable
heat transfer effect. The temperature without GO doping
was only 114.32°C. The average surface temperature of
SMGO/EP composites was 123.77°C after heating for 60s,
which was 9.03°C higher than that of pure SMEP.

Figure 13 shows the section temperature distribution
of SMGO/EP with different GO contents. The tagging posi-
tions in the cross section were randomly dispersed GO. It
can be seen that the internal isotherms of the SMGO/EP
composite were distributed in a curved shape, indicating
that the temperature transfer was not uniform. The iso-
therm was obviously bent where the GO was distributed,
accelerating the speed of heat transfer.

As can be seen from Figure 14(a), under the condition
of initial temperature (25°C) and the external heat source
(5,000 W/m?), the surface temperature of the SMGO/EP
composite increased linearly and then the temperature
rise rate decreased gradually. After heating for 300s,
the heat transfer performance of the samples without
GO doping was worst, and the average surface tempera-
ture was only 249.71°C. When the GO doping content was
0.50 vol%, 1.00 vol% and 1.50 vol%, the average surface
temperature of the SMGO/EP composites corresponded to
259.42°C, 264.12°C and 269.97°C respectively.

Furthermore, it can be seen from Figure 14(b) that
after heating for 60s, when the doping content of GO
was less than 0.50 vol%, the heat transfer speed did not
increase significantly. With the further increase of GO
doping, the heat transfer rate of SMGO/EP composite
increased from 1.91 to 2.16°C/s, which the heat transfer
capacity increased by 13.09%. This is due to the GO has
an ideal structure suitable for heat transfer, and all carbon
atoms are fixed on one layer by covalent bonds. When some
atoms in GO contact with the heat source and begin to
vibrate, the vibration will be quickly transferred to the sur-
rounding atoms through the strong force of covalent bonds.
The heat is transferred from one position of GO to another
[65]. In addition, graphene relies on a special phonon mode
for heat conduction. Graphene has a strong covalent bond
between carbon and carbon, a small mass of carbon atoms,
a high phonon velocity, and the thermal conductivity is
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directly proportional to the phonon velocity, so the thermal
conductivity is high. The existence of a large number of
high-density polymers in GO/EP nanocomposites is also
the reason for the enhancement of thermal properties [66].

5 Conclusion

In this article, the shape memory properties, heat transfer
characteristics, and mechanical properties of GO-doped
SMEP were investigated by numerical simulation. Based
on the micromorphology, the thermo-mechanical cou-
pling model of SMGO/EP composites was established.
The reliability of the simulation results was verified by
experiments. Through data comparison, the shape fixing
rate error was 2.33%, and the shape recovery rate was
close to 100%. In the process of heat transfer, the tem-
perature rise trend of simulation and experiment was
consistent, and the maximum error was 6.04%. By ana-
lyzing the simulation data, the following experimental
conclusions were obtained:

1) With the raising of the volume fraction of GO in the
SMGO/EP composites, the maximum stress in the
shape memory process increases accordingly. When
the volume fraction of GO increases from O to 1.50 vol%,
the maximum stress ranges from 108.10 MPa to
158.39 MPa; moreover, the stress of the SMGO/EP com-
posites will not drop to 0 immediately after the displa-
cement load was removed. The internal stress of the
composites increases from 24.60 to 54.21 MPa with the
GO doping from 0.50 to 1.50 vol% after the displace-
ment load was removed. Moreover, the shape fixation
rate of the SMGO/EP composites was directly propor-
tional to the doping content of GO. When the volume
fraction of GO was greater than 1.50 vol%, the shape
fixation rate was greater than that of pure SMEP
(90.34%). The doping of GO has small effect on the
final shape recovery rate, which basically maintains
100% recovery. While, the shape recovery speed
increased with the increase in the GO content.

2) The doping of GO in SMGO/EP composites signifi-
cantly improves the heat transfer efficiency of the
composites and forms a local high heat conduction
region in the materials. Furthermore, the surface tem-
perature of the composites with GO doping content of
1.50 vol% was 20.26°C higher than that of pure SMEP
after heating for 300s, increasing from 249.71°C to
269.97°C. The heat transfer rate of the SMGO/EP com-
posites was 13.09% higher than that of pure SMEP
after heating for 60s, increasing from 1.91°C/s to
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2.16°C/s. The addition of GO optimized the heat transfer
performance of the SMGO/EP composites. Due to the
excellent heat transfer performance of GO, the shape
fixation rate and shape memory recovery rate of
SMGO/EP composites were improved.
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