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ABSTRACT: In addition to the fabrication of thermoset
styrene-based shape memory polymer (SMP) and its
nanocomposite filled with nanocarbon particles, this
study presents the effect of nanocarbon particles on
infrared light-active shape recovery behaviors of this
type of SMP material. The experimental results reveal
that both pure SMP and SMP filled with nanocarbon par-
ticles can be actuated by infrared light in vacuum, while
shape memory effect shown by the composite is stronger
than that of in pure SMP. Shape memory effect is eval-
uated by shape recovery ability and shape recovery
speed in detail. Moreover, factors which would influence

the infrared light-active shape memory effect in SMP
with/without nanocarbon particles are explored by scan-
ning electron microscopy (SEM), differential scanning
calorimetry (DSC), dynamic mechanical analysis (DMA),
and infrared absorption characteristic tests. The better
shape memory effect of the nanocomposite attributes to
its higher storage modulus and higher infrared absorp-
tion capability. © 2009 Wiley Periodicals, Inc. ] Appl Polym
Sci 114: 2455-2460, 2009
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INTRODUCTION

Shape memory polymer (SMP) is a kind of novel
smart material for its outstanding ability to be actu-
ated from a temporary shape into original shape, i.e.
shape memory effect, while being heated to a certain
temperature. Compared to shape memory alloy,
SMP has advantages of large recoverable strain
(over 400%), excellent structural versatility, low
manufacturing cost, low weight, and ease manufac-
turing.' Moreover, composites of SMP reinforced
by different fillers have been developed to improve
the mechanical, electrical, and magnetic property of
SMP. Carbon particles, carbon fibers, carbon nano-
tube, and magnetic particles, etc. have been used as
fillers by many researchers.*® As SMP materials can
change their shape and stiffness according to exter-
nal stimulus, they can be used in many potential
smart material applications, such as biomedical devi-
ces”'” and spatial deployment structure.'' However,
SMP materials have not fully exerted their techno-
logical potential applications largely because of the
limited actuation methods. Huang et al.">* demon-
strated polyurethane SMP could be triggered with
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water by immersion of the SMP in water. Mohr
et al.*" introduced the magnetically induced shape-
memory effect of composites from magnetic nano-
particles and thermoplastic SMP. Leng et al.'*™®
demonstrated that the electrical conductivity of the
SMP composite can be improved significantly, which
makes it more suitable for joule heat induced shape
recovery. In these research mentioned earlier, SMP
materials were immersed in water or induced by
magnetic field or current flow to exhibit shape mem-
ory effect, however, some SMP structural compo-
nents'' cannot work after immersing in water or
interfered by intense magnetic field or current flow.
Therefore, it is signiﬁcant to exploit new actuation
method for SMP materials to expand their applica-
tions. The infrared light possesses wide emission
spectra and unique heating effect in a noncontact
manner, therefore actuating SMP materials with
infrared light may realize the applications of SMP
practically and dramatically.

In this article, in addition to the fabrication of one-
way styrene-based SMP and its composite contain-
ing 10 wt % carbon nano-particles, infrared light-
active shape memory effect of these materials are
investigated, and factors which would influence
infrared light-active shape memory effect are also
explored by infrared absorption characteristic tests,
scanning electron microscopy (SEM), differential
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scanning calorimetry (DSC), and dynamic mechani-
cal analysis (DMA).

EXPERIMENTAL PART

The polymer used in this study was a thermoset sty-
rene-based SMP with a density of 0.90 g/cm’, which
was bought from Cornerstone Research Group
(CRG). The styrene-based SMP consists of two parts:
styrene-based resin and hardener, and the weight ra-
tio of resin and hardener is 28 : 1. The main compo-
nents of the resin are styrene monomer and styrene
block copolymer, and that of the hardener are diben-
zoyl peroxide and tricresyl phosphate. The uncros-
slinked styrene-based resin was reacted with the
hardener which serves as crosslinker during curing
process, thereby, the styrene-based shape memory
network was formed by the crosslinking polymeriza-
tion of the resin and the hardener. Carbon nano-
particle (carbon black, CB) with an average particle
size of 40 nm and density of 1.81 g/cm® was used to
prepare SMP/CB composite.

To fabricate styrene-based SMP, after mixing sty-
rene-based resin and hardener, degassing was car-
ried out in a vacuum furnace, and then the liquid
was cast into a plate mold for curing in an oven at
75°C for 36 h. Styrene-based SMP nanocomposite
filled with 10 wt % of CB was prepared in the fol-
lowing steps. First, CB was added into the resin,
which is less viscous than the hardener at room tem-
perature. After that, both mechanical blending and
ultrasonic mixing were used to mix the filler and the
resin. Subsequently, the hardener was added into
the mixture and stirred well. Then, the composite
precursor was degassed, cast, and cured using the
same process as the SMP resin. After curing, SMP
and SMP/CB nanocomposite plates were released
from the molds and machined to a bar shape with
dimension of approximately 8 x 1 x 0.4 cm’.

Shape memory cycle includes two steps: pre-
deformation and recovery. A specimen was heated
to 90°C which is about T, + 30°C, and bending was
accomplished. After cooling, the bent sample was
triggered subsequently for shape recovery. In this
article, a new actuation method of infrared light in
vacuum was proposed, and a special setup was
designed to supply infrared light radiation in vac-
uum shown in Figure 1. A quartz glass bottle sealed
with a rubber stopper was used to supply the vac-
uum environment. Vacuum pipe and thermocouple
sensor were plugged into the glass bottle through
holes in the rubber stopper. Infrared light radiator is
made up of quartz infrared strip lamp and has a
total power-handling capability of 2400 W. Tempera-
ture can be adjusted by a power-controller in the
infrared actuation setup. The infrared light radiator
emits over a broad band of the spectrum from

Journal of Applied Polymer Science DOI 10.1002/app

LENG, WU, AND LIU

Thermometer w ( Vacuum pump

L )
*
’

R ‘7*5‘
5 [ — —| |8
=
24\ (—8,
5| — g
= =
3| |— C
=
Q: > / <—’O
= =
—
N — |

Thermal insulating asbestos cloth Composite Sample

Figure 1 Illustration of actuation setup with infrared
light in vacuum.

25 pm to 8 pm and the vacuum pressure is
—101.325 KPa. In testing, a bent sample fixed in an
adiabatic clamp (with thermal insulating asbestos
cloth) was placed in the quartz bottle. During the re-
covery process, digital camera was used to record
time against recovery angles.

Absorption capability of SMP and SMP/CB nano-
composite for infrared light were investigated with
nicolet 8700 in wave number ranges of 400-4000
(em™), and the dimension of sample is 2 x 2 x 0.4
cm®. Scanning electron microscopy (SEM) (JEOL,
JSM-5600LV) was carried out to investigate the dis-
tribution of CB in SMP/CB nanocomposite. Glass
transition temperature (T,) of styrene-based SMP
and SMP/CB nanocomposite were investigated to
set actuation temperature by using differential scan-
ning calorimetry (DSC) (NETZSCH DSC 204F1).
Dynamic Mechanical Analysis (DMA) was used to
determine the thermomechanical properties of SMP
and SMP/CB nanocomposite.

RESULTS AND DISCUSSIONS
Infrared absorption characteristic

The capability to absorb infrared light is determined
by molecular (or atom) constitution of materials,
because infrared light was absorbed in the form of
molecule (or atom) resonance vibration. Absorption
spectrum therefore reflects the resonance behavior of
molecular (or atom) groups.'” Figure 2 shows the
difference of infrared absorbing efficiency between
SMP and SMP/CB composite from 500 to 4000 cm ™
in wavenumber. As is shown in the figure, SMP
shows obvious absorption (above 3% ) in wave num-
ber ranges of 450-1960 cm™' and 2760-3130 cm ™'
with three sharp peaks at 1060, 1830, and 2856 cm
and at two of which infrared-absorption strength of
SMP is above 5%. While SMP/CB nanocomposite
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Figure 2 Spectra of infrared-absorption of SMP and
SMP/CB composite in range of 4004000 (cm™'). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

shows continuum strong (above 5%) absorption in
the whole test wavenumber range. It is apparent
that not only the absorption spectrum of the nano-
composite is more wide-range but also the absorp-
tion of the nanocomposite is higher than that of the
pure SMP. It can be concluded that the existence of
CB particles increases the capability to absorb infra-
red light energy for the composite remarkably.

The absorption for infrared light was determined
by the structure of materials. The absorption for
infrared light of the pure SMP is determined by the
character groups of the polymer, which shows
obvious absorption in certain wave number ranges
during 500-4000 wavenumbers (cm '). While, the
SMP/CB nanocomposite are composed of two com-
ponents—the polymer and CB. CB can absorb infra-
red radiation mostly and remarkably during 500-
3000 wavenumbers (cm '),*° which increases the
absorption for infrared light of the composite remark-
ably in the whole testing wavenumber range. In
cotrast, when SMP and SMP/CB nanocomposite are
exposed to infrared light, most of the emitted
energy””? is transmitted by SMP which is transpar-
ent, while most of the emitted infrared light is
absorbed by the nanocomposite since it is black and
opaque. In addition, SMP and the nanocomposite
have equal reflection approximately beacause their
surfaces are similarly smoothness. So, the black CB
absorbs infrared radiation much notably than that of
pure SMP. Infrared light is unique in that it exhibits
heating effect. Previous study has proved that CB can
absorb infrared radiation remarkably and produce
notable heating effect during 5004000 wavenumbers
(em )% In SMP/CB nanocomposite, as light is
absorbed, heat is generated by the CB to be released
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into the matrix (polymer) efficiently. Then, the high
capability to absorb infrared light in the nanocompo-
site will result in the more heat generated.

In this study, based on infrared absorption charac-
teristic of SMP materials, a setup is designed to ac-
complish the thermo-actuation method of infrared
light in vacuum. The infrared actuation is imple-
mented in vacuum condition which can decrease the
thermal inertia. Infrared radiation ranged from 2.5
pm to 8 pm is adopted, which is the strongly absorb-
ing region for most of polymers. Besides, infrared
heating is realized in the form of electromagnetic
radiation, then, the actuation method is noncontact.
Therefore, infrared light-actuation method for SMP
materials is applicable for almost polymeric materi-
als, making it possible to widen the application of
SMP material in the future.

SEM observation

In this study, CB with a content of 10 wt % was cho-
sen to support a homogeneous distribution within
the polymer matrix, and SEM was used to observe
the dispersion of CB within SMP/CB nanocompo-
site. As shown in Figure 3, a homogeneous distribu-
tion of CB within the composite is achieved with
particles embedded in the matrix. As shown in the
image, the dark phase corresponds to CB and the
light one to styrene-based SMP matrix. As a result,
the infrared light could be absorbed uniformly by
the nanocomposite in view of the strong capability
to absorb infrared light of CB.

Glass transition temperature

T, is one of the major characteristics of SMP and its
composite. Traditionally, T, can be defined in vari-
ous ways. Here, Differential scanning calorimetry

r4-14%

Figure 3 SEM image of SMP/CB composite with the
filler content of 10 wt %.
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Figure 4 DSC curves of SMP and SMP/CB composite.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

(DSC) tests were performed on samples to define its
T, using NETZSCH from 20 to 100°C at a constant
heating rate of 10°C/min. The full DSC term curves
are plotted in Figure 4, in which T, is determined
as 60°C for SMP, 62°C for SMP/CB nanocomposite.
According to the DSC results, the T, increases
slightly with the existence of 10 wt % CB. A similar
phenomenon has been reported in other polymer
composites filled with nano-particles e.g. Ref. 5.
A possible explanation is that the possible
chemical changes in the polymer near the polymer/
particle mterface can influence the T, of the
nanocompos1tes

Dynamic mechanical analysis (DMA)

The thermomechanical properties of SMP and SMP
nanocomposite were investigated by DMA test. The
relationship between the dynamic stress and the cor-
responding strain provides the complex modulus
with a real part E, (storage modulus) and imaginary
part E; (loss modulus). DMA tests were carried out
in the three-point bending mode at a heating rate of
10.0 K/min from 0 to 120°C with a frequency of
1 Hz. The storage modulus and loss modulus are
recorded against the temperature as shown in Figure
5. At room temperature of 25°C, the storage modu-
lus is 1.9 GPa for SMP and is 2.5 GPa for the nano-
composite. The storage modulus of SMP and the
nanocomposite decrease sharply in the temperature
range from 40 to 60°C. Storage modulus for the SMP
nanocomposite is higher than that of the pure SMP
resin within the whole testing temperature range.
Because the storage modulus reveals the stiffness of
material, it can be obtained that the stiffness of
SMP/CB nanocomposite is higher than that of the
pure SMP. The increase in stiffness is due to the
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Figure 5 DMA results of SMP and SMP/CB composite.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

higher elastic modulus of the CB reinforcement
compared to that of the SMP matrix.

In addition, the peak of loss modulus versus tem-
perature curve can be used to define T, in DMA
test, and T, is found to be 51°C for SMP and 58°C
for the nanocomposite from Figure 5. T, of SMP
nanocomposite determined by loss modulus is
higher than that of pure SMP, which is consistent
with the result from DSC.

Shape memory effect

In this study, shape memory effect is evaluated by
shape recovery ability and shape recovery speed.
Shape recovery refers to the heated recovery and
shape recovery angle is the instantaneous “angle” in
recovery which is determined by measuring the
angle between the straight ends of the bent specimen
as shown in Figure 6. Where, r denotes the radius of
mandrel, t represents the thickness of SMPC speci-
men, R is shape recovery ratio, 6 is shape recovery
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Figure 6 Schematic illustration of shape recovery per-
formances test.
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Figure 7 Illustration of shape recovery process in SMP and SMP/CB composite.

angle and it is determined by the selected point S,
(x, y):

0 = ArcCot (g) 0° < 0 < 180° (1)

0
~180°

0 and R are obtained through egs. (1) and (2). In the
following tests, the radius r of mandrel and thick-
ness t of SMPC specimen are 3 mm and 4 mm,
respectively. Figure 7 is an illustration of recovery
process of 100% in shape recovery ratio for the sty-
rene-based SMP and its nanocomposite containing
10 wt % CB used in the study.

The heating temperature range for shape memory
effect was set from 50 to 120°C, which is from T,—
10°C to T, + 60°C for SMP and the nanocomposite
approximately. Figure 8 plots shape recovery ratio
versus temperature relations of SMP and SMP/CB
nanocomposite. It can be seen that shape recovery ra-
tio is 100% for SMP when temperature is greater than
or equals to 80°C which is about 20°C above its T,
(60°C). The full recovery is observed for nanocompo-
site at/above 70°C, which is about 8°C above its T,
(62°C). The lowest heating temperature correspond-
ing to full recovery for the nanocomposite is lower
than that of SMP. In addition, when temperature is
below 70°C, both SMP and the nanocomposite cannot
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Figure 8 Shape recovery ratio vs temperature relation-
ship of SMP and SMP/CB composite. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

recover entirely and shape recovery ratio of the nano-
composite is obviously higher than that of pure SMP.
It can be concluded from the above results that the
nanocomposite is not only heated easily but also has
better shape recovery ability than that of SMP with
infrared light-based heating.

Shape recovery speed is an important characteris-
tic for the application of SMP materials. Figure 9
shows the curves of shape recovery angle against
time for SMP and SMP/CB nanocomposite at 90°C.
Shape memory cycle of each material was repeated
five times to investigate the repeatability of shape
memory speed. Repeatability test for shape recovery
speed is necessary to insure stability of shape recov-
ery effect for SMP materials, because macromolecu-
lar material is liable to fatigue in using. As shown in
Figure 9, the five parallel test curves corresponding
to SMP are uniform regularity, in which the maxi-
mum error is 10 seconds; while curves correspond-
ing to the nanocomposite have similar distribution
but coincide less compared that of SMP, in which
the maximum error is 15 s. The information above
shows repeatability of shape recovery speed for SMP
and the nanocomposite are similarly good under the
actuation of infrared light in vacuum. The good
repeatability of shape recovery speed in the nano-
composite attributes to homogeneous dispersion of
CB, which has been demonstrated by SEM.

As can be seen from Figure 9, shape recovery speed
of the nanocomposite is quicker than that of SMP not
only in the whole recovery but also in the recovery
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Figure 9 Recovery angle vs time relationship of SMP and
SMP/CB composite. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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from 30° to 150°. In addition, a close look at Figure 9
shows that changing regularity of shape recovery
speed for SMP and the nanocomposite is similar as
the following: recovery angle increases almost linearly
with time in recovery process from 30° to 150°, but the
increasing is slackened as draw near to the angle of
180° from 150°, which is similar to the angle range
from 0° to 30°. In brief, it is apparent that shape recov-
ery speed in angle range from 30° to 150° is approxi-
mate and quicker than that in the angle ranges from
0°to 30°and from 150° to 180°for each material.

There is a network structure formed by macromo-
lecular chains in thermoset SMP, and the relative
motion of macromolecule segment is the primary
mechanism of shape memory effect in SMP. In the
present styrene-based SMP, the macromolecule
segments entangle together randomly before defor-
mation, which is higher in entropy. After predeforma-
tion (heating, bending and cooling), the entangled
molecule chain of SMP is in an orderly arrangement,
which is a metastable structure with low entropy. The
strain energy is stored by the constraining effect of
the SMP matrix, which is frozen in the bend shape by
the transitory molecular interactions. Upon subse-
quent heating, the stored internal energy was released
in the form of recovery force and low entropy state
drive individual chains toward their initial state, facil-
itating shape memory. As shown by the result of
DMA, the stiffness of SMP/CB nanocomposite is
higher than that of the pure SMP, and the increased
stiffness in SMP nanocomposites is critical for the
enhanced recoverable stress levels during shape re-
covery deployment.” Therefore, the higher shape re-
covery force ensures SMP/CB nanocomposite has
better shape recovery ratio and can recover its initial
shape more easily compared with that of SMP at the
same temperature, since the difference of T, between
SMP and the nanocomposite is slight. On the other
hand, as shown in the infrared absorption characteris-
tic test, the nanocomposite has a higher capability to
absorb infrared radiation compared that of SMP,
which is beneficial to improve shape memory effect
in the nanocomposite too. Taking into account these
factors, the additive of CB not only increase the recov-
ery force but also enhance the capability to absorb
infrared light for SMP/CB nanocomposite. Therefore
shape recovery ability is better and shape recovery
speed is much quicker in the nanocomposite than
that in pure SMP.

CONCLUSIONS

Infrared light actuation (in vacuum) method for SMP
materials may have a variety of applications in the
future, owing to its notable thermal effect. In contrast
to what was reported in literatures,®'>™” from this
study, it is found that not only the nanocomposite but
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also pure SMP can be actuated by infrared light (in
vacuum) in a noncontact manner. Furthermore, the
effect of Carbon nano-particle (carbon black, CB) on
infrared light-active shape memory effect was investi-
gated by comparing shape memory effect in SMP
with/without CB. Shape memory effect is quantified
by shape recovery ability and shape recovery speed.
The results show that shape memory effect in SMP/
CB nanocomposite is better than that of pure SMP,
which can be explained by the aforementioned exper-
imental results. In infrared absorption characteristic
test, SMP/CB nanocomposite has much stronger
absorption compared that of pure SMP for infrared
light of 400-4000 wavenumbers (cm ™). In DMA test,
CB increases the modulus of the nanocomposite,
which may enhance recoverable stress levels during
recovery. These factors enhance shape memory effect
of the nanocomposite. This approach, i.e., to actuate
styrene-based SMP and its nanocomposite containing
CB by infrared light in vacuum, is easy for implemen-
tation, and it should be applicable to other types of
SMP and their composite containing various fillers.
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