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Low mechanical strength and low thermal stability of pristine epoxy-based shape memory polymer
(ESMP) hinder its practical applications, and the usually used reinforcing fillers are expensive. In this
study, thermally reduced graphite oxide (TrGO) was used as a low-cost but efficient reinforcement phase
for ESMP. Compared with pristine ESMP, an increase of 41%—71% for Young's modulus and 44%—64% for
tensile strength were observed for the TrGO/ESMP composites containing only 1—3 wt.% TrGO. Ther-

mogravimetric analysis (TGA) showed that 2 wt% TrGO can improve the thermal stability of ESMP
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significantly. The thermal conductivity of TrGO/ESMP composites increased almost linearly with
increasing TrGO content. Moreover, The TrGO/ESMP composite containing 2 wt.% TrGO can decrease the
shape recovery time of ESMP down to 1 min as a result of enhanced thermal conductivity. The TrGO/
ESMP composites with such improved properties may have great potential in smart systems.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Shape-memory polymers (SMPs) have the ability to recover
their original shape from a temporary shape with stimulus such as
heat, light, magnetism, moisture, change in pH, or electricity [1].
The shape memory mechanism is based on reversible energy
conversion in polymer chain movement. Typically, when SMP is
subject to heat and deformation and then cooled below its switch
transition temperature, large internal stress can be stored in the
cross-linking structure; by heating the SMP above its switch tran-
sition temperature, the SMP recovers its permanent shape by
releasing the internal stress [2]. SMPs have several advantages over
shape memory alloys, such as light weight, low cost, high shape
deformability and recoverability, and tailor-able switch tempera-
tures [3]. Based on these advantages, SMPs have many potential
applications including clothing manufacturing, automobile engi-
neering, and medical treatment [4]. However, pristine SMP mate-
rials suffer from relatively low thermal stability, low strength and
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stiffness, which hinder their applications as functional and struc-
tural materials [5,6]. At room temperature, epoxy-based SMP
(ESMP) shows an elastic modulus of about 1 GPa [7], styrene-based
SMP (SSMP) has an elastic modulus of less than 1 GPa [8], while the
elastic modulus of shape-memory polyurethane (SMPU) is only
around 200 MPa [9,10].

Therefore, some reinforcing fillers are tried to improve the
mechanical strength and thermal stability, while maintaining
shape memory properties of pristine SMPs. These fillers include
particles (such as SiC[11] and Fe304 [12]), fibers (such as glass fibers
[13], carbon fibers [6] and carbon nanotubes [14]), and sheets (such
as graphene [15]). However, some of these fillers are expensive
which limits their use in SMP composites (such as carbon nano-
tubes and graphene); while some additives need high weight
fractions in the composites, but the improvements in some key
properties of the SMP are not significant. For example, the recovery
force of ESMP was increased by only 50% with 20 wt.% SiC [7], and
that of SMPU was increased by only 20% with 1 wt.% nanoclay [10].
The mechanical, thermal and shape memory properties of SMP
composites are determined by dispersion states of fillers and fill-
er—polymer interactions [14]. Uniform dispersion of fillers and
strong filler—polymer interactions result in improved thermal
stabilization, mechanical and shape memory properties of the SMP
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composites [14]. For ESMP, SMPU and shape-memory polyvinyl
alcohol based composites, some polar groups (such as hydroxyl,
carbonyl, and epoxy) on fillers can enhance the filler-matrix
interfacial bonding, leading to significant improvements in me-
chanical properties [16,17], glass transition temperatures [18], and
shape memory performances [19,20] of the SMP composites.

Thermally reduced graphite oxide (TrGO) is a kind of porous
graphite material, which is synthesized by heating graphite oxide
(GO) to 200—1100 °C [21,22] or treating GO with microwave [18].
Due to its high specific surface area (>100 m?/g) and large pore
volume (>0.5 cm?®/g) [23], high thermal [24] and electrical con-
ductivity [25], strong mechanical property [26], polar surface [27]
and fine compatibility with many polymers [28], TrGO has been
widely used as reinforcement phase for high-performance polymer
nanocomposites. The TrGO can significantly enhance the mechan-
ical properties (such as tensile strength, Young's modulus, storage
modulus, and hardness) of polyethylene [29], poly (methyl meth-
acrylate) [30], polyvinyl alcohol [31], thermoplastic polyurethane
[32], poly (ethylene oxide) [33], natural rubber [34], and many
others [28]. Moreover, TrGO can improve thermal stability [32] and
thermal conductivity [35] of polymers.

Because of the enormous surface area and surface polarity of
TrGO, TrGO is believed to improve mechanical and thermal prop-
erties of ESMP. And some studies show that exfoliated GO mate-
rials, which have abundant oxygen-containing groups, show a good
interfacial bonding with ESMP matrix [36,37]. In our previous study
[38], 1 wt.% TrGO was incorporated into ESMP by three-roll mill
(TRM), and the obtained TrGO/ESMP composite exhibited better
mechanical property, higher thermal stability, and improved re-
covery force, compared with unfilled ESMP. Herein, different
weight fractions of TrGO (1—3 wt.%) is incorporated into ESMP by
TRM. The micro-structure, static mechanical property, glass tran-
sition, thermal stability and conductivity, and shape memory
behavior of the TrGO/ESMP composites are systematically investi-
gated as a function of TrGO content, and the optimized TrGO weight
fraction in the TrGO/ESMP composites is discovered.

2. Experimental details
2.1. Materials

The graphite supplied by Sigma Aldrich had a particle size less
than 20 pm. Concentrated sulfuric acid (H,SO4), sodium nitrate
(NaNOs3), potassium permanganate (KMnOg4), hydrogen peroxide
(H203), and hydrochloric acid (HCl) were of analytical grade and
purchased from Sinopharm Chemical Reagent (Shanghai, China).
ESMP resin in this study is a thermoset crosslinked network, con-
sisting of epoxy resin, hardener, and linear epoxy monomer [39].
For curing, the resin was cast into a flat glass mold and cured at
80 °C for 1 h, then 150 °C for 6 h.

2.2. Preparation of TrGO/ESMP composites

The synthesis of TrGO can refer to [38]. TrGO/ESMP mixture
pastes with different TrGO contents (1 wt%, 2 wt.% and 3 wt.%,
respectively) were prepared by a TRM device (EXAKT 80E, EXAKT
Advanced Technologies GmbH, Germany) with gradually smaller
gaps (from 100 um down to 5 pm) between the rollers. After the
combination of TrGO and ESMP resin, the paste was cast into a flat
glass mold and cured at 80 °C for 1 h, followed by 150 °C for 6 h.

2.3. Characterization methods

Scanning electron microscope (SEM) analyses were performed
with an environmental microscope (FEI-Quanta 200F). Before SEM

analysis, the samples were vacuum coated with a thin gold layer
using a precision etching coating system (Model 682, Gatan, USA)
and the duration was 10 min. X-ray diffraction (XRD) experiments
were performed in a D/max-rb rotating anode X-ray diffractometer
(Japan). Samples were scanned in the reflection mode using the Cu
Ko 1 radiation (wavelength: 1.5405 A). The tensile properties of the
materials at 25 °C were measured according to the ASTM D638 test
method using a materials testing machine (Z050, Zwick/Roell) with
the following conditions: gage length, 25 mm; crosshead speed,
5 mm/min; load cell, 50 kN; and preload, 8 N. For flexural tests at
25 °C, the specimens with a dimension of
65 mm x 12.7 mm x 3 mm (according to ASTM-D790) were loaded
in three-point bending until 25 mm at a rate of 1 mm/min with a
support span of 48 mm on a universal testing machine (Zwick/
Z010). For both tensile and flexural tests, more than five specimens
were tested for each material. A dynamic mechanical analyzer
(DMA/SDTA861, Mettler Toledo) in tension mode was used to
measure the dynamic mechanical properties of pure ESMP and
TrGO/ESMP composites. Scanning measurements were performed
between 25 °C and 180 °C with 1 Hz at a heating rate of 10 °C/min.
Thermogravimetric analysis (TGA) was conducted from 25 °C to
600 °C at a rate of 10 °C/min under 50 ml/min air flow (TGA/DSC 1,
Mettler Toledo). Thermal conductivity tests were carried out by
DRL-1II heat conduction modulus testing instrument (Xiangke).

Shape memory test included five steps [38]. First step, cured
samples were cut into strips (dimension: 50 mm x 3 mm x 3 mm),
and five strips were prepared for each material. Second step, these
strips were heated to 130 °C using a hot plate (MODELKW-4AH,
CHEMAT TECHNOLOGY, INC.) and kept for 5 min. Third step, the
heated samples were bent into U shapes around a mandrel with a
radius of 5 mm. The maximum bending angle (6nax) was 180°.
Fourth step, the U-shaped samples were cooled down to 18 °C
under external force. Then this force was removed and the
deformed specimens were stored at 18 °C for 24 h. Last step, the
fixed bending angles (6f) of the specimens were measured and then
they were put onto the hot plate at 130 °C. The bending angle (6;)
was recorded as a function of time since the beginning of heating.
Shape fixity ratio (Rf) was calculated by the equation:

0
f o
Ry = o5 < 100% (1)

Shape recovery ratio (R;) was calculated by the equation:

1800 — ¢; .
erwx 100% (2)

3. Results and discussion
3.1. Micro-structure characterization

The micro-structures of TrGO, pure ESMP and TrGO/ESMP
composites were characterized using SEM and XRD methods,
respectively. Fig. 1a shows SEM image of TrGO. The TrGO are layered
(indicated by arrows 1 and 2) and porous (indicated by arrow 3) as a
result of GO exfoliation [40]. This unique structure gives the TrGO a
high Brunauer—Emmett—Teller (BET) specific surface area of about
300 m?/g, much higher than graphite [38]. The fracture surface of
unfilled ESMP is very flat, as shown in Fig. 1b, which indicates a
brittle fracture [41]. The particle on the fracture surface in Fig. 1b
may come from specimen breakage, which reflects the smoothness
of the fracture surface of pure ESMP. The fracture surfaces of TrGO/
ESMP composites are rather rough (see Fig. 1c, d, and e) and the
direction of crack propagation varies due to the existence of TrGO.
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Fig. 1. SEM images of TrGO (a), pure ESMP (b), TrGO/ESMP composites with different TrGO contents: 1 wt.% (c), 2 wt.% (d), and 3 wt.% (e and f).

The roughness of the fracture surfaces might be an indication of
crack distortion and hence, absorb more energy during fracture
[42]. Furthermore, in all the TrGO/ESMP composites, the TrGO
particles (indicated by black arrows) have an intimate contact with
the matrix, which denotes a good interfacial adhesion between
TrGO and ESMP. This results from the polar groups in TrGO (such as
C=0, C—O0H and COOH) which can promote the bonding between
TrGO and ESMP [36,37]. Good compatibility due to the strong
bonding can effectively prevent aggregation of TrGO in ESMP at low
filler contents (1 wt.% and 2 wt.%). The uniform dispersion and good
compatibility of TrGO in the ESMP may cause TrGO an efficient
reinforcement to the ESMP. From a low-magnification SEM image of

the 3 wt% TrGO/ESMP composite (Fig. 1f), a very dense TrGO
network in the matrix is observed, and a few aggregations of TrGO
are also found, as indicated by green circles. These aggregations
would be negative for some properties of the composite, as will
discussed later.

Fig. 2 shows the XRD patterns of TrGO, pure ESMP and TrGO/
ESMP composites. Pure ESMP shows a wide peak at 26 = 18° cor-
responding to the scattering of cured epoxy molecules [43,44],
which does not change after loading of TrGO. For the XRD pattern of
TrGO, the wide and weak diffraction peak around 23.5° corre-
sponds to the (002) graphitic plane of the graphite nanosheets in
TrGO [43,44|. The low intensity of the (002) peak implies the
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Fig. 2. XRD patterns for TrGO, pure ESMP and TrGO/ESMP composites with different
TrGO contents.

graphite nanosheets have a very low number of graphitic layers
[43]. After incorporation into ESMP, this diffraction peak disappears
in all the TrGO/ESMP composites. This indicates the use of TRM
during mixing TrGO and ESMP resin induced exfoliation of the
graphite nanosheets in TrGO, leaving only very thin nanosheets
which were unable to diffract [43,45].

3.2. Static mechanical properties

The static mechanical properties of pure ESMP and TrGO/ESMP
composites were tested in terms of stress-strain and three-point
bending behaviors at 25 °C. The representative tensile stress-
strain curves are presented in Fig. 3a. For each case, the stress
increased almost linearly with strain in the early stage. As shown in
Fig. 3b, an increase of Young's modulus by 41%, 49% and 71% was
obtained for the composite containing 1 wt.%, 2 wt.% and 3 wt.%
TrGO, respectively. Similar to the Young's modulus, the tensile
strength of the TrGO/ESMP composites were enhanced remarkably
with the increasing TrGO content, as shown in Fig. 3¢. An increase
of tensile strength by 44%, 52% and 64% was observed for the
composite containing 1 wt.%, 2 wt.% and 3 wt.% TrGO, respectively.
A uniform dispersion of the TrGO and good interfacial interactions
between TrGO and ESMP, as shown in Fig. 1, resulted in the
improvement of Young's modulus and tensile strength of the
composites [30,46]. However, the incorporation of TrGO lowered
significantly the fracture elongation of ESMP, and the fracture
elongation decreased with the increasing TrGO content, as shown
in Fig. 3d. This was due to the strong molecular interactions be-
tween ESMP matrix and TrGO particles which reduced the ductility
of the composites [47].

Fig. 4 displays the effect of TrGO content on the three-point
bending properties of TrGO/ESMP composites. The typical load-
deflection of midpoint curves are shown in Fig. 4a. The deflection
of midpoint where fracture occurred decreased with increasing
TrGO content. This indicates the TrGO in the ESMP prevents the
polymer chains from free motions thus increasing the brittleness
[48]. The bending modulus and bending strength are presented in
Fig. 4b and c, respectively. Compared with pure ESMP, an increase
of 20%, 60% and 123% in bending modulus and an improvement of
31%, 71% and 40% in bending strength were achieved for the
composite containing 1 wt.%, 2 wt.% and 3 wt.% TrGO, respectively.
The above results indicate the fine interfacial bonding between

TrGO and ESMP matrix is able to efficiently transmit stress from the
matrix to the fillers.

3.3. Dynamic mechanical analysis (DMA)

Fig. 5a shows the storage modulus and tan ¢ of pure ESMP and
TrGO/ESMP composites as a function of temperature. The overall
storage modulus is higher for the composites compared with pure
ESMP due to the reinforcement of TrGO [46,49]. The tan ¢ peak
temperatures correspond to glass transition temperatures (Tg) [50],
which are compared in Fig. 5b. The T, of pure ESMP is 98.2 °C, while
the T, for ESMP composites with 1 wt.% and 2 wt.% TrGO are 108.1
and 113.2 °C, respectively, indicating the TrGO can reduce the
polymer chains freedom moving [51]. The ESMP composite with
3 wt.% TrGO has a T, at 100.9 °C, which is lower than other TrGO/
ESMP composites and is only 2.7 °C higher than pure ESMP. In the
3 wt.% TrGO/ESMP composite, the TrGO has a weak restriction on
the polymer segments due to partial aggregation of TrGO, and so
this composite has a Tg near pure ESMP [51,52].

3.4. Thermogravimetric analysis (TGA) and thermal conductivity
measurements

The thermal degradation of pure ESMP and TrGO/ESMP com-
posites were examined via TGA, as shown in Fig. 6a. For compari-
son, the degradation temperatures for 5% weight loss (Ts%) and the
maximum weight loss rate (Thax) were compared in Fig. 6b and c,
respectively. The enhanced thermal stability of TrGO/ESMP com-
posites (with 1 wt.% or 2 wt.% TrGO) originates from the barrier
effect of TrGO to oxygen molecules [53]. The TrGO with a high
specific surface area (about 300 m?/g [38]) can provide a barrier
that prevents the movement of broken polymer chains, hinders the
diffusion of volatile decomposition products and enhances char
formation [54,55]. However, 3 wt.% TrGO adversely affects the
thermal stability of ESMP. There may be two reasons. Firstly,
because of partial aggregation of TrGO in the 3 wt.% TrGO/ESMP
composite (see Fig. 1f), the TrGO in the ESMP matrix has a relatively
weak barrier effect to oxygen. Secondly, because of high TrGO
loading, the composite containing 3 wt.% TrGO has a higher thermal
conductivity than pristine ESMP [56], as shown in Fig. 6d. The
enhanced thermal conduction promoted thermal degradation of
the composite, and thus this composite has a lower thermal sta-
bility than pure ESMP [57]. Fig. 6d also indicates the thermal con-
ductivity of the TrGO/ESMP composite increases almost linearly
with increasing TrGO contents, which will be beneficial for heat-
triggered shape memory of the composites, as discussed in the
next section.

3.5. Shape memory test of TrGO/ESMP composites

The most essential properties of SMPs and their composites are
shape memory behaviors under external stimuli, such as heat
[6,7,58]. The relationships between R; and heating time during
shape recovery of pure ESMP and TrGO/ESMP composite specimens
are presented in Fig. 7, and the R and shape recovery times are
summarized in Fig. 8. Fig. 7 shows all the specimens can recover
totally (R; = 100%) in 3 min. As shown in Fig. 8a, the TrGO-filled
ESMP have higher R than pure ESMP, as a result of restricting ef-
fect of the TrGO on the polymer chain movements. Moreover,
among the TrGO/ESMP composites, the composite containing
2 wt.% TrGO has the highest Ry, indicating the strongest restricting
effect. As shown in Fig. 8b, both 1 wt.% and 3 wt.% TrGO increase the
shape recovery time of ESMP, while 2 wt.% TrGO induces a shorter
shape recovery time than unfilled ESMP. The shape recovery time is
a result of competition between two main factors: filler-matrix
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interaction and thermal conductivity. In the case of the composite significantly the polymer chains from freedom moving; therefore,
containing 1 wt.% TrGO that has a similar thermal conductivity to compared with pure ESMP, the polymer chains in this composite
pristine ESMP, the uniformly dispersed TrGO particles can restrict need a much longer time to reach their original positions when
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heated above its T, temperature [38]. For the composite containing
2 wt% TrGO, the uniformly dispersed TrGO particles can also
restrict the freedom moving of polymer chains; however, it has a
higher thermal conductivity than both pure ESMP and the com-
posite with 1 wt.% TrGO (see Fig. 6d) which makes the composite's
temperature to increase very quickly upon being heated on the hot
plate. Thus the polymer chains move more faster than pure ESMP
and the composite with 1 wt.% TrGO, leading to a shorter shape
recovery time for the composite containing 2 wt.% TrGO. For the
composite with 3 wt.% TrGO, although it has the highest thermal
conductivity among the materials, the partial aggregation of TrGO
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Fig. 6. (a) TGA curves, (b) Tsy, () Tmax and (d) thermal conductivities of pure ESMP and TrGO/ESMP composites with different TrGO contents.
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particles may lead to a waste of internal stored elastic strain energy
during shape recovery [59], leading to a slower strain recovery and
a longer shape recovery time compared with pure ESMP.

4. Conclusions

In this study, porous and low-cost TrGO was used as reinforce-
ment filler for ESMP. The micro-structures, mechanical and thermal
properties, and shape memory behaviors of the TrGO/ESMP com-
posites were examined as a function of TrGO contents. SEM pho-
tographs demonstrated that the TrGO particles were dispersed
uniformly in the ESMP matrix, though a few aggregations were
observed at 3 wt.% TrGO loading. Static mechanical tests indicated
the Young's modulus, tensile strength, bending modulus and
bending strength of ESMP were improved significantly by adding
TrGO. The thermal stability of ESMP was improved by 1 wt.% or
2 wt.% TrGO, whereas 3 wt.% TrGO lowered its thermal stability in
air condition. The Rf of ESMP was increased slightly by adding TrGO,
and 2 wt.% TrGO was proven to give a faster shape recovery than
unfilled ESMP. Considering the mechanical property, thermal sta-
bility and shape memory behavior (including shape recovery time

and Ry) of the TrGO/ESMP composites, the optimum TrGO content
should be 2 wt.%.
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