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Abstract: A novel shape memory polymer composite was fabricated by introducing various amounts
of silicon carbide whiskers (SiCws) into a shape memory epoxy. The relationship between the
thermomechanical properties of the system and structural changes were investigated via dynamic
mechanical analysis, scanning electron microscopy, and bending tests. The results show that the
bend strength of composites can improve by 64.1% when SiCw content reaches 12 wt %. The shape
transition temperatures of SiCw/epoxy composites decreased slightly with the increase in SiCw
content, but it was noted that all of the composites showed excellent shape memory properties.
The shape fixity ratio increased as SiCw content increased (>99%), and the shape recovery ratio
slightly decreased as SiCw content increased (>95%). All of the composites nearly recovered to their
original shape within 2 min (not 100%), and the shape recovery speed significantly improved at a
higher temperature. It is anticipated that tagging products will be used in the aerospace industry.
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1. Introduction

Shape memory polymers (SMPs) are stimuli-responsive materials that can assume a temporary
shape and recover their original shape when triggered through an external stimulation such as thermal
stimulus, electric current, light, magnetic field, moisture, and pH value [1–8]. Thermally induced SMPs
are the most common type of SMP. Compared to shape memory alloys and shape memory ceramics,
SMPs have been widely researched due to their facile processability, low cost, appreciable shape
recovery, and broad range of shape recovery temperatures [9–12]. Therefore, they are ideal candidates
for potential applications in intelligent biomedical materials, heat shrinkable packaging, smart textile,
aeronautics, astronautics, sensors and actuators, information carriers, disassembly concepts, and
supervision technologies for cooling chains [13–21].

Though outstanding in some aspects compared with shape memory alloys and shape memory
ceremics, SMPs have obvious shortcomings: low mechanical strength and shape recovery stress.
The recovery stress of shape memory alloys can reach as high as 800 megapascals, but the recovery
stress of SMPs is usually from a few tenths of a megapascal to a few tens of megapascals. In order to
solve this problem, considerable efforts have been made. However, until today, the immediate method
has been using high modulus inorganic or organic fillers to reinforce the pristine SMPs. In the past few
years, carbon materials, including carbon black, carbon fiber, carbon nanotubes, and graphene, have
been widely applied in polymer composites. Ma et al. [22] filled shape memory polyethylene with
carbon black to prepare two-way reversible shape memory polymer composites. In the composites,
the additional of carbon black nanoparticles has had a beneficial effect on performance in the two-way
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shape memory effect, and carbon black increased the tensile modulus in the rubbery. Park et al. [23]
reinforced shape memory polyurethane with graphene and found that graphene effectively reinforced
polyurethane and improved the shape recovery of an SMP composite.

In general, there are two types of SMPs: thermoplastic and thermoset SMPs. Compared with
thermoplastic SMPs, thermoset SMPs exhibit a much higher stiffness and dimensional stability, and
have better environmental durability. Therefore, thermosetting SMPs have received much of the
attention among researchers and are commonly used as matrix materials in structural composites for
their high stiffness and shape recovery force. However, the studies have been mostly conducted in
tension mode. In the current work, silicon carbide whiskers (SiCws) were used to fill a hydro-epoxy
resin to prepare a shape memory polymer composite. SiCws usually act as reinforcement phases to
improve the property of a polymer-matrix due to their exceptional mechanical properties, low weight,
high aspect ratio, high elastic modulus, chemical stability, and high thermal shock resistance [24–26].
Moreover, epoxy resins have been associated with a high modulus and strength, and have been widely
studied and used in many kinds of structural composites [27]. Therefore, SiCws were chosen as the
reinforcing phase to fill the shape memory epoxy resin. The effect of the SiCws on the mechanical
properties, thermal properties, and shape memory performance of SiCw/hydro-epoxy composites
were investigated.

2. Experimental

2.1. Materials

The hydro-epoxy (AL3040, epoxy value is 0.43 eq/100g) was produced by Yantai Aolifu Chemical
Industry Co., Ltd. (Yantai, China). The curing agent methyl tetrahydro-phthalic anhydride (MeTHPA,
molecular weight is 166.181 Da) was purchased from Xi’an Hangang Chemical Co., Ltd. (Xi’an,
China). The accelerant agent 2,4,6-tris(dimethylaminomethyl) phenol (DMP-30, Molecular weight
is 265.4 Da) was provided by Guangzhou Kay Trade Co., Ltd. (Guangzhou, China). Silicon carbide
whiskers (SiCws, β-SiC whisker, 0.05–2.5 µm, length: diameter ≥20, purity ≥99%) were supplied
by Xuzhou Hong Wu Nanomaterials Co., Ltd. (Xuzhou, China). These materials were used without
further purification.

2.2. Preparation of Shape Memory SiCw/Hydro-Epoxy Composites

The samples were fabricated by incorporating different contents of high purity SiCws (4, 8, 12, and
16 wt %) into hydro-epoxy resin. Firstly, the SiCws were treated with a silane coupling agent KH-560
for surface treatment. Secondly, a certain proportion of hydro-epoxy and SiCws was stirred evenly at
80 ◦C, MeTHPA and DMP-30 (the weight ratio of hydro-epoxy/MeTHPA/DMP-30 = 100:80:0.8) were
mixed in, and the mixture was then stirred with a magnetic stirrer until the mixture was evenly mixed.
After that, the mixtures were sonicated by an ultrasonic dispersion instrument for 20 min. Finally, the
mixture was poured into a glass mold for curing, and the curing temperature process was 80 ◦C/1 h +
110 ◦C/3 h + 150 ◦C/2 h.

2.3. Experimental Methods

In order to investigate the influence of SiCw content on the mechanical properties of
SiCw/hydro-epoxy composites, blend tests at room temperature were performed with a SANS tester
(Shenzhen SANS Material Test Instrument Co. Ltd., Shenzhen, China) according to ASTM D7264.

The SiCw/hydro-epoxy composites were cut into pieces of 4 × 20 × 20 mm3 and tested with a
thermal constant analyzer (Hot-Disk, AB Company, Bern, Switzerland).

The SiCw/hydro-epoxy composites were cut into 5 × 10 × 30 mm3, and the samples were sanded
with 800 grit sandpaper (Shandong Lianjie Engineering Materials Co., Ltd., Jinan, China). DMA was
performed in a single cantilever clamping fixture and carried out using a Q800 (TA instruments
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company, New Castle, DE, USA). The temperature was increased to 180 ◦C from 20 ◦C at a rate of
5 ◦C/min, and the amplitude and dynamic load were 10 um and 1 Hz, respectively.

The specimens were frozen in liquid nitrogen and then brittle-fractured. The broken surfaces
were sputter-coated with gold and observed with a SEM (INCA X-ACT, Tescan, Brno, Czech Republic).

Rectangular samples (100 × 10 × 3 mm3) were cut to investigate the thermo-active shape memory
effect of the SiCw/hydro-epoxy composites. Shape memory performance of the composites were
tested as follows: (i) in an oven, the samples were heated to the glass transition temperature (Tg)
and held for 5 min; (ii) the samples were bent into a “U” shape and then quickly dipped into ice
water, the angle recovery of the “U” shape was measured, and the shape fixity ratio (Rf) was tested;
(iii) the “U”-shaped samples were placed into the oven, and the temperature of the oven was set to
Tg, Tg + 10 ◦C, and Tg + 20 ◦C of the composites; (iv) the shape recovery process of the composites
was observed, and, when the shape of the samples did not change, the recovery time was recorded.
Figure 1 shows the shape memory model. The shape memory recovery speed is defined as θi/t, and
the shape recovery ratio (Rr) is defined as (θi − θf)/θi × 100% [28], where θi is the deformation angle
(◦), t is the recovery time, and θf is the angle of recovery after deformation.
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3. Results and Discussions

3.1. Mechanical Properties

The bending strength and tensile strength are the most important indicators revealing the
mechanical property of SiCw/hydro-epoxy composites. The relationship between mechanical
properties and SiCw content is shown in Figures 2 and 3. From Figure 2, it can be found that, with the
increase in SiCw content, the bending strength of the SiCw/hydro-epoxy composites increases when
the SiCw content is less than 12 wt %. The bending strength of the bulk specimen is 72.2 MPa, and the
bending strength of sample with 12 wt % SiCw increases by 64.1% compared to the 0 wt %. Figure 3
reveals that the tensile strength of SiCw /hydro-epoxy composites increases first and then decreases
with the increase in SiCw content. When the content of the SiCw content is less than 8 wt %, the tensile
strength of the SiCw/hydro-epoxy composites increases linearly with the increase in SiCw content.
However, the tensile strength increases significantly when the SiCw content rises to 12 wt %, and
the tensile strength increases about 77.16% compared with the bulk specimen. However, the tensile
strength decreases when the SiCw content increases to 16 wt %. This shows that the SiCw content
should be such that the mechanical properties of the SiCw/hydro-epoxy composites are improved.

Considering the effect of SiCw reinforment, the bending strength of the composites will
increase [29]. However, it was noted that the bending strength of the sample with 16 wt % SiCw
decreased significantly; this is due to the proper amount of SiCw can not only strengthen the matrix
but also make up the micro defects present in the pure epoxy resin, which can effectively transfer
the stress, prevent the crack growth, and improve the mechanical properties of the pure epoxy resin.
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However, too many SiCws will increase the viscosity of epoxy resin. It is easy to produce bubbles and
other defects and destroy the continuous structure of epoxy resin matrix.Appl. Sci. 2017, 7, 108  4 of 10 

 
Figure 2. Bending strength of the SiCw/hydro-epoxy composites. 

 
Figure 3. Tensile strength of the SiCw/hydro-epoxy composites. 

3.2. Thermal Properties Analyses and SEM 

Thermal conductivity is one of the key factors for shape memory composites, and the high 
thermal conductivity favors a reduction in the shape recovery time of the SiCw/hydro-epoxy 
composites. Figure 4 reveals that the thermal conductivity of the composites was improved with the 
addition of SiCw filler, and the thermal conductivity increased with increasing SiCw content. This is 
because, when SiCw content is low, few SiCws are in contact with each other, and thermal 
conductivity is slightly improved [30]. However, with an increase in SiCw content (>12 wt %), the 
probability of the thermal conductivity chain and thermal conductivity network increased. Thus, the 
thermal conductivity increased significantly. 

Figure 2. Bending strength of the SiCw/hydro-epoxy composites.

Appl. Sci. 2017, 7, 108  4 of 10 

 
Figure 2. Bending strength of the SiCw/hydro-epoxy composites. 

 
Figure 3. Tensile strength of the SiCw/hydro-epoxy composites. 

3.2. Thermal Properties Analyses and SEM 

Thermal conductivity is one of the key factors for shape memory composites, and the high 
thermal conductivity favors a reduction in the shape recovery time of the SiCw/hydro-epoxy 
composites. Figure 4 reveals that the thermal conductivity of the composites was improved with the 
addition of SiCw filler, and the thermal conductivity increased with increasing SiCw content. This is 
because, when SiCw content is low, few SiCws are in contact with each other, and thermal 
conductivity is slightly improved [30]. However, with an increase in SiCw content (>12 wt %), the 
probability of the thermal conductivity chain and thermal conductivity network increased. Thus, the 
thermal conductivity increased significantly. 

Figure 3. Tensile strength of the SiCw/hydro-epoxy composites.

3.2. Thermal Properties Analyses and SEM

Thermal conductivity is one of the key factors for shape memory composites, and the high thermal
conductivity favors a reduction in the shape recovery time of the SiCw/hydro-epoxy composites.
Figure 4 reveals that the thermal conductivity of the composites was improved with the addition of
SiCw filler, and the thermal conductivity increased with increasing SiCw content. This is because, when
SiCw content is low, few SiCws are in contact with each other, and thermal conductivity is slightly
improved [30]. However, with an increase in SiCw content (>12 wt %), the probability of the thermal
conductivity chain and thermal conductivity network increased. Thus, the thermal conductivity
increased significantly.

Dynamic mechanical analysis (DMA) is can not only be used to characterize the mechanical
properties of polymers in different temperature fields, but also characterize the glass transition
temperature of Tg. The Tgs of the SiCw/hydro-epoxy composites are the peaks of the tan δ curves, as
shown in Figure 5. The storage modulus of the SiCw/hydro-epoxy composites are shown in Figure 6.
Tg is an important parameter of the themomechanical properties and the shape memory effect of
shape memory polymer composites. In this work, the shape memory transition temperature is glass
transition temperature (Tg). From Figure 5, it can be found that the Tg values of the SiCw/hydro-epoxy
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composites slightly decrease with increasing SiCw content. This phenomenon is due to the addition
of the whiskers, reducing the crosslinking density of the epoxy resin, and increasing the peristalsis
ability of the molecular chain in the curing network, which leads to the decrease in the Tg values of the
SiCw/hydro-epoxy composite.Appl. Sci. 2017, 7, 108  5 of 10 
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The storage modulus below the shape memory transition temperature is related to the shape fixity
ratio of the composites, and the storage modulus above the shape memory transition temperature
is related to the shape recovery ratio [31]. It also can be found in Figure 6 that the storage modulus
increases with the increase in SiCw content but decreases when SiCw content rises to 16 wt %.
For further analysis, the SEM images of the samples were observed. Figure 7 indicates that, when
SiCw content is lower than 12 wt %, the whiskers are dispersed in the matrix, and the whiskers cannot
contact each other. The interface between the SiCws and the hydro-epoxy resin is smooth, and the
fracture surface is ductile fracture. Therefore, the mechanical properties and thermal conductivity of
the composites insignificantly improved. When the whisker content increased to 12 wt %, the SiCw
network structure was formed in the composites, which can be useful in improving the mechanical
properties and thermal conductivity of composites; however, higher SiCw content (w ≥ 16 wt %)
caused a serious aggregation that resulted in bubbles in the matrix, which destroy the continuous
structure of the resin. Thus, the mechanical properites of the composites decreased.
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3.3. Shape Memory Property Analysis

Through the DMA analysis, it can found that the SiCw has a passive effect on the shape fixity
ratio. However, because the SiCw does not have shape memory behavior, there is no doubt that the
SiCw has a negative effect on the shape recovery ratio of the SiCw/hydro-epoxy composite. In order
to analyze the effect of SiCw content on the shape memory properties of the hydro-epoxy system, we
tested the shape memory performance of the SiCw/hydro-epoxy composite. The results are shown
in Table 1, revealing that, with the increase in SiCw content in the shape memory composites, the
shape recovery speed slightly decreased, the shape fixity ratio improved, and the shape recovery ratio
significantly decreased. However, the shape recovery ratio of all samples was more than 95%, which
indicates that the SiCw/hydro-epoxy composite is an excellent shape memory polymer composite.
Figure 8 shows the shape memory process of a specimen with 8 wt % SiCw. Starting from the original
shape, the specimen is deformed into a U shape in the oven. Upon cooling under load, the deformed
temporary shape is fixed. Then, placing the specimen in the 56 ◦C oven, full recovery was observed
after only 75 s.
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Table 1. Effect of SiCw content on the shape memory properties of the hydro-epoxy system.

Sample Bulk 4 wt % 8 wt % 12 wt % 16 wt %

Vr ◦/s 3.21 2.65 2.4 2.07 1.82
Rf/% 98.5 99.3 99.8 100 100
Rr/% 99.7 99.2 98.4 97.6 95.7

Appl. Sci. 2017, 7, 108  7 of 10 

Table 1. Effect of SiCw content on the shape memory properties of the hydro-epoxy system. 

Sample Bulk 4 wt % 8 wt % 12 wt % 16 wt %
Vr °/s 3.21 2.65 2.4 2.07 1.82 
Rf/% 98.5 99.3 99.8 100 100 
Rr/% 99.7 99.2 98.4 97.6 95.7 

 
Figure 8. Shape memory process of the hydro-epoxy composites with 8 wt % SiCw at 56 °C. 

In fact, the shape memory effect of the polymer composite is determined by two factors. One is 
the external condition [32]. These external conditions include the deformation amplitude, the velocity 
of deformation, deformation temperature, temporary fixed time, cooling rate, and deformation 
response times. Different conditions cause different shape memory effects. The other is the structure 
of the polymer composite [33]. Therefore, it is very important to control the external conditions of the 
shape memory polymer composites when the polymer has the same structures. In this work, we 
mainly analyzed the effect of the deformation temperature and cycle times on the shape memory 
performance of the SiCw/hydro-epoxy composites.  

The sample with 12 wt % SiCw was used to investigate the effect of the deformation temperature 
on the shape memory effect of the SiCw/hydro-epoxy composite, as shown in Figure 9. According to 
the results, the slope of the curves is generally larger from 60° to 120°. This indicates that the shape 
recovery rate is high. However, the specimens have a relative low recovery rate at the initial and final 
stages. This increase is because, during the initial stage, the specimen needs time to increase 
temperature to that of the shape memory transition. The molecular chain slowly begins to creep, and 
the frozen stress begins to release gradually. After that, the frozen stress releases rapidly, and the 
shape recovery speed significantly increases. However, during the final stage, there is little frozen 
stress in the specimen, and the recovery rate thus becomes slow again. 

 
Figure 9. Relationship between recovering angle and recovering time of 12 wt % SiCw/hydro-epoxy 
composite at different temperatures. 

Figure 8. Shape memory process of the hydro-epoxy composites with 8 wt % SiCw at 56 ◦C.

In fact, the shape memory effect of the polymer composite is determined by two factors. One is the
external condition [32]. These external conditions include the deformation amplitude, the velocity of
deformation, deformation temperature, temporary fixed time, cooling rate, and deformation response
times. Different conditions cause different shape memory effects. The other is the structure of the
polymer composite [33]. Therefore, it is very important to control the external conditions of the shape
memory polymer composites when the polymer has the same structures. In this work, we mainly
analyzed the effect of the deformation temperature and cycle times on the shape memory performance
of the SiCw/hydro-epoxy composites.

The sample with 12 wt % SiCw was used to investigate the effect of the deformation temperature
on the shape memory effect of the SiCw/hydro-epoxy composite, as shown in Figure 9. According to
the results, the slope of the curves is generally larger from 60◦ to 120◦. This indicates that the shape
recovery rate is high. However, the specimens have a relative low recovery rate at the initial and
final stages. This increase is because, during the initial stage, the specimen needs time to increase
temperature to that of the shape memory transition. The molecular chain slowly begins to creep, and
the frozen stress begins to release gradually. After that, the frozen stress releases rapidly, and the shape
recovery speed significantly increases. However, during the final stage, there is little frozen stress in
the specimen, and the recovery rate thus becomes slow again.

Figure 10 shows the effect of the cycling number on the recovery ratio of SiCw/hydro-epoxy
composites. It can be found that the shape recovery ratio of composites slightly decreases with
increasing cycling number. However, the shape recovery ratio was gradually balanced when the
cycling number was higher than 5. This phenomenon is attributed to the accumulation of plastic
deformations in the composites, which inevitably occurs during the recovery process. Moreover, when
the deformation occurs more than 5 times, the change in the shape recovery ratio is small, which is
due to the stability of the molecular chain and plastic deformations.
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4. Conclusions

A series of thermo-induced shape memory SiCw/hydro-epoxy composites were fabricated. Due to
the reinforcement of the SiCws, the mechanical properties of the SiCw/hydro-epoxy composites were
improved by 64.1% when SiCw content was 12 wt %. With increasing SiCw content, the shape
memory transition temperatures of the SiCw/hydro-epoxy composites slightly decreased, but thermal
conductivity increased. The additional SiCws improved the shape fixity ratio of SiCw/hydro-epoxy
composites, but the shape recovery ratio significantly decreased because the SiCws do not have shape
memory effect. The shape recovery speed increased with the increase in test temperature. Though the
cycling times have a disadvantageous effect on shape memory behavior, the shape recovery ratio of
the composites is higher than 90%.
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