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improving electrical actuation of shape memory

Haibao Lu,*@ Weilong Yin,® Wei Min Huang® and lJinsong Leng?®

This study presents an effective approach to significantly reduce the electrical resistivity of thermally

responsive shape memory polymer (SMP) nanocomposites that show Joule heating triggered shape

recovery. Carboxylic acid-functionalized carbon nanotubes (CNTs) self-assembled and grafted onto the

carbon fibers, were used to enhance the reliability in bonding between the carbon fiber and the SMP

via van der Waals and covalent crosslinking, respectively. It was found that the electrical properties of
SMP nanocomposites have been improved by the synergistic effect of carboxylic acid-functionalized
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CNTs and carbon fibers. Furthermore, the electrically responsive recovery behavior and temperature

distribution were monitored and characterized. Finally, the molecular structure and temperature

DOI: 10.1039/c3ra42704h

www.rsc.org/advances the SMP nanocomposites.

1. Introduction

Shape memory polymers (SMPs) having the ability to actively
move upon applying an appropriate stimulus have found their
way into several application areas such as biomedicine, auto-
mobile, aerospace and textiles.'* The majority of historic shape
memory materials (SMMs) are made of shape memory alloys
(SMAs). While these materials are able to withstand large forces,
they commonly will only deform a fraction of a percent.® In the
late 1980s, it had been demonstrated that some SMPs could
exhibit up to a 100% elastic strain, which is much more than
any SMA.® A great deal of effort has been devoted to funda-
mental research in the last three decades. A large number of
advantages of SMPs have been discovered and explored, such as
their low weight, low cost, easy processing requirements, high
extent of deformation etc.”® Currently, SMPs are gradually
attracting more and more scientific and technological atten-
tion. Tremendous progress in synthesis, analytics, character-
ization, actuation approach and modeling enables scientists
today to develop SMPs in a knowledge based approach.”™
Fundamental research aims toward other stimuli different than
heat (e.g. light, water, electric current, alternating magnetic
fields, or ultrasound) and enabling more desirable require-
ments on demand.””™® In these approaches, additional
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dependent electrical behavior were studied, and verified the electro-activated recovery performance of

functionalities are added for a successful realization of
composites or nanocomposites based on SMPs.

The utilization of electrically Joule resistive heating to trigger
the shape-memory effect of SMPs is desirable for practical
applications where it would not be possible to use heat, and is
another active area of research. Some current efforts use elec-
trically conductive SMP composites with carbon nanotubes
(CNTs),'”*® short carbon fibers,' carbon black,**** metallic Ni
powder,* carbon fiber,”® carbon nanofibers,*** nanopaper,*®
graphene,” etc. Instead of improvement in electrical conduc-
tivity, these conductive fillers which enable remote actuation of
shape transitions also enhance the thermal conductivity.?®
Furthermore, a synergic effect between two types of conductive
fillers has been used with some degree of success. A synergistic
effect of carboxylic acid-functionalized CNTs and carbon fiber is
introduced in this study. The carboxylic acid-functionalized
CNTs are self-assembled and grafted onto the carbon fibers to
enhance the reliability in bonding between carbon fiber and
SMP matrix via van der Waals and covalent crosslink, respec-
tively. The combination of CNTs and carbon fibers is conse-
quently used to significantly improve the electrical properties to
achieve the actuation at a low electrical voltage for SMP
composites.

23

2. Experimental

Carboxylic acid-functionalized CNTs are available with diame-
ters ranging from 50 to 100 nm and lengths of 5 to 15 um.
Distilled water was used as a solvent. The raw CNTs of 0.6 g were
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mixed with 600 ml of distilled water to form a suspension. The
surfactant C,,H,,0(C,H,0),, of 2 ml was introduced to aid the
dispersion of the CNTs. The CNT suspension was then soni-
cated with an ultrasound power level of 300 W for 30 min. After
which, the suspension was filtered under a high pressure to self-
assemble and graft onto the carbon fibers with the aid of a
hydrophilic polycarbonate membrane. Consequently, the
carbon fibers grafted with carboxylic acid-functionalized
CNTs were dried in an oven at 120 °C for 2 h to further remove
the remaining water and surfactant. CNT assembly has a
macroscale dimension and can be handled as conventional
carbon fiber mats to attain controllable reinforcement disper-
sion and content.

The polymer matrix is an epoxy-based fully formable ther-
moset SMP resin. The resin is engineered with a glass transition
temperature (7,) of 110 °C. Cured epoxy-based SMP has a
unique shape memory effect. When heated above or approxi-
mate to Ty, it could change from a rigid plastic to an elastic
rubber. A resin transfer molding technique was applied to
construct the SMP nanocomposites. 0.6 g of carbon fibers were
grafted with 0.08, 0.10, 0.12, 0.14, 0.16, 0.18 and 0.20 g of
carboxylic acid-functionalized CNTs and placed on the bottom
of the metallic mold. The SMP mixture was then injected into
the mold. The relative pressure of the resin transfer molding
was kept at approximately 6 bars. After filling the mold, the
mixture was cured at a ramp of approximately 1 °C min~" from
room temperature to 100 °C and kept for 5 h before being
ramped to 120 °C at 20 °C per 180 min. Finally, it was ramped
to 150 °C at 30 °C per 120 min to produce the final SMP
composites.

3. Results and discussion
3.1 Morphology of CNT assemblies onto carbon fibers

Scanning electron microscopy was used to study the surface
morphology and structure of CNT functionalized carbon fibers.
Fig. 1 shows the typical surface view of the raw CNT arrays at an
accelerating voltage of 20.00 keV. The CNTs have a diameter
ranging from 10 to 50 nm, and are entangled with each other.
No large aggregates of nanotubes were observed. The bright

Helios NanoLab 6001

Fig. 1 The typical surface view of the CNTs grafted onto the carbon fibers at an
accelerating voltage of 20.00 keV.
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lines correspond to individual nanotubes and the dark areas
correspond to the carbon fiber. It is shown that the CNTs stick
to the carbon fibers along the outer edges of the grooves with
different angles due to the high specific surface area of the
individual nanotube. The CNTs were grafted onto and
uniformly deposited on the carbon fiber via the membrane
filtration process. The CNTs appeared to be tightly associated
with the carbon fiber surface. A synergistic effect of CNTs and
carbon fibers confirms a continuously conductive network.

3.2 Raman spectra characterization

Raman spectra were obtained with a Horiba HR 800 spec-
trometer. The 632 nm radiation from a 20 mW air-cooled Argon
ion laser was used as the exciting source. As shown in Fig. 2,
Raman spectra were dominated by CNTs, but its actual intensity
is proportional to the amount of CNT grafted onto the carbon
fiber. Here, Raman spectroscopy is shown to provide a powerful
tool to differentiate sp* carbon nanostructures of CNTs which
have many properties in common and others that differ. The D
bonding and G bonding of C=C shifts lower from 1349 to
1326 cm™ " and 1588 to 1573 cm ™', respectively, with the
concentration of carboxylic acid-functionalized CNTs from 0.0
to 1.2 g, which reveal that the interaction force between
carboxylic acid-functionalized CNTs and raw carbon fibers is
improved. With that the G’ peak is therefore shown.

3.3 Electrical resistivity measurement

The electrical resistivity was determined with a van der Pauw
four-point probe apparatus. This approach is an electrical
impedance measuring technique that uses separate pairs of
current-carrying and voltage-sensing electrodes to make more
accurate measurements than the traditional two-terminal
sensing method. In order to reduce experimental errors from
many previous measurements, it is preferable that the tested
sample is symmetrical. The apparatus has four probes with an
adjustable inter-probe spacing. A constant current passed
through two outer probes and an output voltage was measured
across the inner probes with a voltmeter. The electrical resis-
tivity of the SMP nanocomposites with a variety of weight
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Fig. 2 Raman spectra of tested samples with 632 nm excitation.
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content of carboxylic acid-functionalized CNTs was plotted, as
shown in Fig. 3.

Four electrodes were embedded into a disc-like sample.
When a Kelvin connection was used, the electrical current was
supplied with a pair of force connections. The electrical resis-
tances of two modes are therefore used to calculate the elec-
trical resistivity of the tested sample according to the van der
Pauw expression. In the experiments, it was found that the
average value of electrical resistivity decreased from 0.09284 to
0.08643 Q cm, as the weight content of carboxylic acid-func-
tionalized CNTs increased from 0.08 to 0.20 g.

Furthermore, the temperature range in a practical engi-
neering application of polymers and their composites are
ranged from room temperature to 100 °C. Thus, the tempera-
ture dependent electrical characteristics of carbon fiber grafted
with CNTs in this range should be considered. It is determined
by measuring the electrical resistivity while heating the spec-
imen to a desired temperature. Fig. 4 shows the temperature
dependent electrical resistivities of three tested samples (0.6 g
of carbon fibers grafted with respectively 0.08 g, 0.10 g and 0.20
g of carboxylic acid-functionalized CNTs) as their temperatures
increased from room temperature (approximate 25 °C) to 100
°C. As presented from these curves, the electrical resistivity
value decreased with an increase in temperature. The initial and
final values of electrical resistivity for carbon fibers grafted with
0.2 g carboxylic acid-functionalized CNTs are 0.13931 Q cm (at
24.2 °C) and 0.12896 Q cm (at 100 °C), respectively. In
comparison of these three curves, the electrical resistivity of the
tested sample (0.6 g carbon fibers grafted with 0.08 g CNTs)
decreased from 0.15424 to 0.13751 (0.01673) Q cm with a
temperature increase from 30 to 100 °C. On the other hand, the
electrical resistivity decreased from 0.14312 (at 30 °C) to 0.13071
(0.01241) Q cm for the 0.6 g of carbon fibers grafted with 0.10 g
of CNTs. Furthermore, the electrical resistivity decreased from
0.13837 to 0.12896 (0.00941) Q cm for the 0.6 g of carbon fibers
grafted with 0.20 g of CNTs. The decrease ratio was 10.98%,
8.67% and 6.80% for the carbon fibers with 0.08 g, 0.10 g and
0.20 g of CNTs, respectively. This phenomenon could also be
attributed to electron movement in the electrical circuit. As
temperature increases, the micro-Brownian motion of an
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Fig. 3 Electrical resistivity of carbon fibers grafted with different weight of
carboxylic acid-functionalized CNTs. Each experimental data was repeated twenty
times.
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Fig. 4 Electrical resistivity of carbon fibers grafted with different weight
concentration of carboxylic acid-functionalized CNTs.

individual CNT will become more significance. Therefore, with
a higher amount of CNTs, more nanotubes will be involved in
preventing or postponing the beamed electrons motion in the
electrical circuit. On the other hand, an increase in temperature
results in the electrons in the conductive network picking up
energy, thus the electron flow becomes accelerated. The velocity
of cyclic electron flow in an electrical circuit will hence be
accelerated, resulting in a shorter period of cyclic electron flow.
This approach would therefore lower the electrical resistivity of
the bulk. In summary, the above mentioned reasons synergis-
tically influence the electrical properties of carbon fibers grafted
with CNTs in response to temperature.

3.4 Thermomechanical property analysis

Dynamic mechanical analysis (DMA) is a most useful technique
to characterize the viscoelastic behavior for polymeric mate-
rials. One important application of DMA is the measurement of
the T, of amorphous polymers. In the epoxy-based SMP, the T,
is responsible for the shape-memory effect. Exceeding it acti-
vates the polymer segments and thereby allowing the material
to regain its permanent (or original) form. Therefore, the T, is a
critical parameter and is necessary for characterizing the shape
recovery performance of amorphous SMPs. Therefore, Ty is a
base for future characterizing the shape-memory behavior of
SMPs and their nanocomposites in this study. The temperature
of the sample or the frequency of the stress is often varied,
leading to variations in the complex modulus. The determina-
tion of the dynamic mechanical properties was performed on a
Netzsch DMA 242C (Netzsch, Germany) apparatus. All experi-
ments were performed in the single cantilever mode at a
constant heating rate of 10 °C min . The oscillation frequency
was 1.0 Hz and temperature interval ranged from room
temperature to 200 °C. Consequently, the storage modulus,
tangent delta and T, of the SMP nanocomposites incorporated
with 0.08 g, 0.10 g and 0.12 g CNTs were determined in this
manner. The storage modulus and tangent delta data were
recorded as a function of temperature. As shown in Fig. 5, the T,
is defined as the intersection point of storage modulus and the
tangent delta curves. In this manner, the T, of SMP nano-
composites incorporated with 0.08 g, 0.10 g and 0.12 g CNTs
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Fig. 5 T4 of SMP nanocomposites incorporated with carbon fibers and
carboxylic acid-functionalized CNTs of 0.08 g, 0.10 g, 0.12 g and 0.20 g,
respectively.

were 72.8 °C, 83.4 °C and 79.8 °C, respectively. Experimental
results could be attained from the carboxylic acid-functional-
ized CNTs that enhance the bonding strength between carbon
fiber and the SMP matrix, resulting in improved thermo-
mechanical properties. However, with an increase in weight
content of CNTs above a certain value, the bonding strength
would be decreased due to an increase in separation distance
among carbon fibers and the SMP matrix. Meanwhile, the
dispersion and bonding of CNTs with both SMP and carbon
fiber also play a critical role in influencing the dynamic
mechanical behavior of the composites.

3.5 Electrically triggered shape recovery and temperature
distribution

The tested SMP nanocomposite originally had a flat shape. After
the sample was heated above its Ty, it could be deformed into a
desirable shape upon application of an external force. Cooling
back to room temperature, the SMP nanocomposite with a
temporary (deformed) shape was subsequently fixed. The
synergistic effect of carbon fiber (0.6 g in weight) and carboxylic
acid-functionalized CNT (0.2 g in weight) on the actuation was
studied on a “I1” shaped SMP nanocomposites (7.2 g in weight)
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Fig. 6 Electrically resistive heating-induced shape memory effect of SMP
nanocomposites with 0.6 g carbon fibers and 0.2 g carboxylic acid-functionalized
CNTs.
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Fig. 7 Snap shots of shape recovery and temperature distributions of SMP
nanocomposite incorporated with 0.6 g carbon fibers and 0.2 g carboxylic acid-
functionalized CNTs.

sample. The flat sample with a dimension of 30 x 4 x 3 mm’
was bent into a “U” shape at 110 °C. Images were taken with a
digital camera at a constant frame rate of 30 Hz, and with an
appropriate visual range to detect the sample's curvature.
Snapshots of the shape recovery sequence of the SMP nano-
composite sample is shown in Fig. 6. A constant 10 V DC voltage
was applied to the SMP nanocomposite. It took 40 s to complete
the shape recovery. It showed very little recovery ratio during the
first 20 s, but then exhibited a faster recovery behavior until 35 s.
Finally, the SMP nanocomposite sample regained its original
(permanent) shape. Simultaneously, an infrared video camera
was used to monitor the shape recovery behavior and temper-
ature distribution. Nine snap-shots of the tested SMP nano-
composite sample were presented in Fig. 7.

Meanwhile, the temperature distribution along the tested
sample (70 selection points were set) was plotted in Fig. 8. High
temperatures were found where internal strains were higher than
the local resistivity. With electricity being applied, the resistive
Joule heating resulted in the gradually increased in temperature.
At 35 s, the maximum temperature of the sample reached
approximately 135 °C, and the external electricity was turned off
to avoid thermal degradation of the polymer. Consequently, the
temperature on the tested sample lowered to room temperature.
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Fig. 8 Temperature distribution curves of the SMP nanocomposite driven by
loading an electric voltage of 10 V at various heating times.
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Fig. 9 A comparison in actuation of pristine SMP composite (incorporated with
carbon fiber) to SMP nanocomposite (incorporated with the carbon fiber grafted
with 0.2 g carboxylic acid-functionalized CNTs).

To further characterize the effect of CNTs on the electrical
actuation of SMP nanocomposites, a comparison of the actua-
tion of a pristine SMP composite (incorporated with carbon
fiber) with an SMP nanocomposite (incorporated with carbon
fiber that was grafted with 0.2 g carboxylic acid-functionalized
CNTs) is carried out to identify improvement in the perfor-
mance at the electric voltage of 25 V, as shown in Fig. 9.
Experimental results indicate that the SMP nanocomposite
shows a faster heating speed of 40 s by loading with CNTs, while
that of the SMP composite is 49 s. Therefore, it is determined
that the carboxylic acid-functionalized CNTs improve the elec-
trical actuation of SMPs.

4. Conclusions

A series of experiments were conducted to study the synergistic
effect of carbon fibers and carboxylic acid-functionalized CNTs on
the SMP nanocomposites, of which the actuation was achieved by
electrically resistive Joule heating. These carboxylic acid-func-
tionalized CNTs were grafted onto the carbon fiber to signifi-
cantly enhance the reliability in bonding, and helped to transfer
the resistive Joule heating between the carbon fiber and the SMP.
The electrically driven recovery behavior was characterized at an
electric voltage of 10 V. Furthermore, temperature distribution of
the SMP nanocomposite with 0.2 g of CNTs was monitored in the
recovery process by electricity. We demonstrated a simple way to
produce electro-activated SMP nanocomposites by application
of deposition of carboxylic acid-functionalized CNTs onto
carbon fibers, and that Joule heating was possible at a low elec-
trical voltage.
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