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ABSTRACT: Shape-memory polymer composite (SMPC) blends with
thermo-responsive shape memorizing capability have received increasing
interest and have been a grooming research area due to their various
potential applications. In this work, we report three thermo-responsive
SMPCs derived from poly(e-caprolactone) (PCL) and the polystyrene-
block-polybutadiene-block-polystyrene-tri-block copolymer (SBS) encapsu-
lated with CuO, Fe,0;, and CuFe,0,, namely, SMPC—CuO, SMPC—
Fe,0;, and SMPC—CuFe,0,, respectively. We have also synthesized the
neat shape-memory polymer matrix SMP in the context of the effect of the
metal oxide encapsulates on the shape-memory property. Neat SBS rubber
and PCL are used as the polymer-elastomer blend matrix to form SMP.
The objective of this study is to understand the effect of these three metal
oxide nanofillers encapsulated within the SMP matrix and their thermal,
mechanical, and shape-memory properties. Morphological, thermal,
mechanical, and shape-memory properties of the prepared SMPCs are completely characterized. It is revealed that the addition
of nano-metallic-oxide fillers into the polymeric matrix significantly improved the overall properties of SMPCs. The tensile test
confirmed that SMPC—CuFe,0, possesses a high tensile modulus and is found to be very rigid when compared to other SMPCs.
The shape fixing property is found in the increasing order as follows: SMPC—CuO > SMPC—Fe,0; > SMP > SMPC—CuFe,0,.
The better thermal, mechanical, and shape-memory performances were shown by the SMPC—Fe,0; composite, and thus, it can be
considered as the better shape-memory polymer nanocomposite among all others. An optimum storage modulus was attained by
SMPC—Fe,0; among the SMPCs. More interestingly, we have developed a microvalve actuator system using SMPC—Fe,O;, which
could be useful for promising microsystem applications.

B INTRODUCTION temperature (T), attracted many material chemists due to
their various potential applications in actuators,”’ self-healin
materials,”’ biomedicine,”*** and aerospace engineering.2
Moreover, thermo-responsive SMPs can also be stimulated
by indirect heating methods such as electricity, magnetism,
light, and radiation (radio or microwave).>> "’ Although SMPs
are well accepted as smart polymeric materials due to their
intriguing characteristics such as large deformation, a low
density, various stimulation methods, and good biocompati-
bility, they have many limitations when exposed to many
applications, mostly in engineering.”® To overcome these
disadvantages, shape-memory polymer nanocomposites
(SMPNCs) have been developed.””~** The significance of

Shape-memory polymers (SMPs)'™® are smart stimuli-
responsive polymeric materials, which can be programmed to
a specific temporary shape and recover their memorized
permanent shape upon the application of external stimuli such
as temperature,7_9 light irradiation,'®™'* solvents,"'* electrical
current,"”'® magnetic field,"” and electromagnetic field."®
SMPs are formed by the cross-linking of polymeric networks,
which control the network chain mobility to fix and release the
strain. Such cross-linking assists the polymer to make the
network structure intact during deformation and allows it to
return to the original shape, stimulated by various external
responses. The shape-memory effect of any SMP is determined
by various factors such as its chemical content and structure,
the extent of cross-linking of the polymeric networks, the
molecular weight of the monomer unit, and the percentage of
the crystalline or amorphous material present in the polymer.
Thermo-responsive one-way SMPs,"” which can switch their
shape or elastic network with the interaction of temperature
above their melting temperature (T,) or glass-transition
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SMPNC:s is evaluated in terms of three aspects: reinforcement
capability-modified driving methods, creation of specific
deformations, and multifunctional materials. Recently,
SMPNCs found many applications in the fields of aerospace,
biomedical equipment, textiles, actuators, and flexible elec-
tronics.”> >° The major advantages of SMPNCs include
establishing their ability to undergo active driving and
deformation, adaptiveness, ease of transport, and their rapid
production capacity. These validate the unique advantages of
SMPNCs in solving problems in many potential applica-
tions.””**

SMPNCs are nanocomposites synthesized by the encapsu-
lation of one or more nanofillers within the polymeric host
matrix.”” Recently, many research groups have devoted their
efforts to synthesize SMPNCs encapsulated with nanofillers by
using the reported SMPs to improve the mechanical,
functional, and shape-memory properties. Interestingly, such
SMPNCs showed greater stiffness and tensile strength than
pure SMPs, which help to overcome the problems associated
with such shape-memory materials.*”*' Important examples of
nanofillers used for the construction of SMPNCs are carbon
nanotubes, carbon nanofibers,” metal oxides,™ noble-metal-
based nanostructures,” and cellulose nanocrystals.*® Studies
on iron oxide,*” neodymium magnet (NdFeB) particles, nickel
powder (ZnNi), or ferromagnetic particles have also been
reported.””***

Among various polymers, poly(e-caprolactone) (PCL) has
attracted much attention during the past decades because of
their excellent mechanical, thermal, and viscoelastic properties
and biodegradability. PCL can be easily blended with other
polymers, and the resultant polymer blends show an intriguing
synergistic effect and are explored in many shape-memory
applications.”*™>” In the present work, we report the design,
synthesis, and characterization of neat polystyrene-block-
polybutadiene-block-polystyrene-tri-block copolymer (SBS)—
PCL polymer blend nanocomposites, which are shape-memory
polymer composites (SMPCs), namely, SMP, and their
nanofiller-occluded composites with copper oxide, iron oxide,
and copper—iron oxide, namely, SMPC—CuO, SMPC—Fe,0;,
SMPC—CuFe,0,, respectively. We have investigated the
shape-memory property of all these four nanocomposites in
which SBS and PCL act as an elastomer and switch polymer,
respectively.53 Further, we study the effect of the metal oxide
nanofillers on the shape-memory property of these polymer
nanocomposites. We have used metal oxides to fill the voids of
the polymeric matrix and have adopted a new synthetic
approach in which the fillers were directly blended within the
polymeric matrix of PCL and SBS. We deliberately selected
PCL** as the switch polymer due to its low melting point
(which enables them to show the thermo-responsive shape
memory effect), biodegradability, low glass-transition temper-
ature, non-toxicity, and relatively higher thermal degradation
temperature.ss’56

B RESULTS AND DISCUSSION

We have taken an equal ratio of SBS and PCL along with 1/5th
of nano-metal-oxide fillers such as Fe,0;, CuO, and CuFe,0,,
as shown in Table 1. Thus, SMP, SMPC—CuO, SMPC—
Fe,0; and SMPC—CuFe,0, were synthesized with this
composition separately by blending in a Hakke mixer at 180
°C and 60 min~' (60 rpm) for 7 min. After blending, these
samples were collected from the mixer and compressed in
mold plates by a hot press method at a temperature of 180 °C
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Table 1. Component Ratios of Various Composites

SMP SMPC-CuO SMPC—Fe,0; SMPC—CuFe,0,
SBS 1 1 1 1
PCL 1 1 1
Filler 0 0.2 0.2 0.2

and a pressure of 5 kg N/m?. The prepared sample films have a
thickness of 2.5 mm. The addition of the nano-metal-oxide
fillers with the blend resulted in a dark texture to the polymer
nanocomposite sheet. Scheme 1 shows the schematic diagram

Scheme 1. Schematic View of the Synthesis of SMPNCs
Built from SBS, PCL, and Nano-Metal Oxides
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of the synthesis of SMPNCs. The film obtained is
characterized by Fourier transform infrared (FT-IR) spectros-
copy, UV—visible (UV—vis) spectroscopy, X-ray diffraction
(XRD), TGA, DSC, etc.

FT-IR has been widely used to study the mechanism of
polymer degradation because it analyzes the intensities of
various functional groups as a function of temperature and
time. Figure 1 shows the FT-IR spectrum of various shape-
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Figure 1. FT-IR spectrum of various SMPNCs.

memory polymer blends such as SMP, SMPC—CuO, SMPC—
Fe,0;, and SMPC—CuFe,0,. The spectrum was recorded in
the wavenumber range of 400—4000 cm™'. All spectra
appeared to be almost identical, with only a slight difference
in intensity of the transmittance peak. The stretching
vibrations of polystyrene (PS) units were present at 540—
570, 1028, 1070, 1154, 1238, and 1266 cm~'. The FT-IR

https://dx.doi.org/10.1021/acsomega.0c05839
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frequencies due to bending and stretching vibrations of
polybutadiene (PB) units were also visible at 727, 966, 1238,
1403, 1639 (C=C), 1650, and 2910 cm™'. The vibration
bands within the ranges of 2941-2916, 1243—1277 cm™!
(CH, and CH stretching vibrations), and 946—818 cm™" (due
to CH, chain vibrations) were attributed to PCL. Similarly, the
FT-IR band at 1170 cm™ belongs to the symmetric C—O—C
stretching vibration. A weak band centered at 1612 cm™" is due
to H—O—H bending vibrations in the composites, and the
broad band at 667 cm™ is assigned to C=O vibrational
stretching. Carbonyl stretching (C=0), which represents the
charagtleristic absorption peaks of PCL, was observed at 1726
em™,

UV—vis spectroscopy is considered to be one of the
important characterization techniques to study and analyze
the optical properties of polymer nanocomposites. Spectro-
photometric data were recorded at room temperature in the
200—800 nm range. Using this, we can easily understand the
interaction between the matrix and the nanofillers and thereby
study the role of nanofillers in enhancing their property in the
form of nanocomposites. Compared with other character-
ization techniques, UV—vis spectroscopy is one of the valuable
tools to evaluate the optical properties of various nanofillers in
a polymer matrix. Figure 2 shows the UV spectrum of blend

15

. SMP

N SMPC-CuO
BN SMPC-CuFe,0,
B SMPC-Fe O,

1.0

Absorbance

0.5

o'200

300 400 700

500 600
Wavelength (nm)

Figure 2. UV spectrum of various SMPNCs.

nanocomposites. The spectrum shows a high absorption peak
in the wavelength range of 240—550 nm. The polymer PCL
shows a broad absorbance band at 200—250 nm due to n—p*
transition.”* During UV illumination on the sample surface
from the instrument source, the absorbance peak at 4, = 410
nm is assigned to the p—p* transition of the polymer—
elastomer, whereas the absorbance peak approximately at 4,,,,
= 550 nm corresponds to the n—p* transition of the polymer
nano-metal-oxide composite.56

XRD is an excellent technique to investigate the degree of
crystallinity of any semi-crystalline, amorphous polymeric, and
composite materials. Figure 3 shows the XRD pattern of the
neat matrix and also the nano-metal-oxide-reinforced polymer
elastomer blend matrix SMPCs.

In the neat SMP matrix, a broad peak was observed at 10.8°
26, which represents the amorphous nature of SBS rubber. On
the other hand, sharp peaks were also found at 21.43, and
23.55° positions, which could be due to the orthorhombic
PCL polymer reflections, which are depicted as (1 1 1) and (2
0 0) crystal planes, respectively.”' Metal-oxide-filled SMPNCs
show small vibrations near 37°, which is common in oxide
composites. The crystalline peak of PCL was found to be
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Figure 3. XRD spectrum of various SMPCs.

diminished when the SMPNCs were reinforced with the fillers.
This is because the crystalline nature of the materials decreases
with the occlusion of metal oxides within the polymeric matrix.

Thermogravimetry with coupled gas chromatography—mass
spectrometry (TG—GC—MS) is an ideal tool to detect the
evolved volatile gases from pyrolyzed samples under specific
conditions.* %3 During TG—GC—MS studies, TG is used to
analyze the mass change and GC—MS is used to separate and
identify the components of the evolved volatiles. Kinetic
models are usually used to analyze the complex pyrolysis
kinetics. The pyrolysis kinetics and behavior of various samples
are analyzed using TGA and derivative thermogravimetry
(DTG) analysis. The TGA and DTG curves of SMPCs are
shown in Figure 4a,b. Figure 5Sa—d shows the corresponding
MS plots of SMP, SMPC—CuO, SMPC—Fe,0;, and SMPC—
CuFe,0,, respectively.

The phenomenological details regarding the temperature of
inception (T)), the temperature of completion (Tj), and the
temperature of summit (T,) for the thermal degradation of
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Figure 4. (a) TGA and (b) DTG curves of different samples.
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Figure S. MS plots of different samples: (a) SMP, (b) SMPC—CuO,
(c) SMPC—Fe,0;, and (d) SMPC—CuFe,0,.

differently prepared samples at S °C/min are shown in Table 2.
The results show that polymeric SMPCs have undergone
thermal degradation in two different stages.®*

Pyrolysis of different SMPCs can be divided into two stages.
The first stage (I) represents the weight loss due to water
content, carbon dioxide, and carboxylic acids. The second
stage (II) refers to the rapid thermal decomposition between
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400 and 600 °C and corresponds to pyrolysis of the
caprolactone monomer, benzene, toluene, etc.

The Coats—Redfern equation is often used to study the
kinetic parameters of the pyrolysis process, and this method is
one of the most reliable methods for the calculation of the
kinetic parameters. The Coats—Redfern equation is given
below®

E
RT

gla) _

TZ

In In

)

where g(a) = 1 — (1 — @) ~"/1 — n, n is the order
parameter, and « is the extent of decomposition. The linear
plots of In[g(@)/T?] against 1/T were plotted by taking a and
T values from the TG curve. The value of # is taken as 1, which
is selected by the best fit having a maximum correlation
coeflicient. From the obtained linear plots, we can calculate the
slope and the intercept, and E and A can be calculated.

The entropy of activation was calculated using the following
equation, where K is the Boltzmann constant, h is Planck’s
constant, and (AS)* is the entropy of activation

#
. (E)P[A_S]
h R

Table 3 shows two stages of decomposition and values of r
(correlation coefficient), E (activation energy), A (pre-
exponential factor), and AS (entropy). The effect of heat
and mass transfer on the pyrolysis reaction affects the
equilibrium of the reaction, and as a result of this, activation
energies are found to be higher at the end of the pyrolysis
(stage II). Concerning the correlation coefficient (r), the
values ranged from 0.90 to 0.99, indicating the reliability of the
analysis results of the kinetics.

The gases evolved from the above thermal degradation have
been analyzed simultaneously using GC and MS. The extracted
m/z values such as 18, 32, 44, 55, 77, 91, 104, and 114
correspond to the evolution of water, oxygen, carbon dioxide,
1,3-butadiene, benzene, toluene, styrene, and e-caprolactone/
S-hexenoic acid, respectively (shown in Table 3). The first-
stage decomposition of PCL generates water (m/z: 18),
carbon dioxide (m/z: 44), and carboxylic acid (S-hexenoic
acid, m/z: 114) as evolved products, and decomposition of
SBS results in the elimination of moisture and volatiles, as
shown in Figure S. It is observed that there is a significant loss
below 200 °C, corresponding to the loss of weakly bonded
water (seen in all samples). Water loss is also observed
between the temperature of 350 and 550 °C, which is also
evident in all prepared samples, due to dehydroxylation in SBS

https://dx.doi.org/10.1021/acsomega.0c05839
ACS Omega 2021, 6, 6261-6273


https://pubs.acs.org/doi/10.1021/acsomega.0c05839?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05839?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05839?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c05839?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05839?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 3. Obtained Values of r and E in Different Stages of Pyrolysis

sample stage r (correlation coefficient)
SMP I 0.90
1I 0.99
SMPC-CuO I 0.98
1I 0.99
SMPC-Fe,0, I 0.99
11 0.99
SMPC-CuFe,0, 1 0.97
11 0.99

E (activation energy) KJ/mol AS" entropy (J/g) A(STH
134.0 —39.25 1.75 x 10°
280.6 —36.18 4.54 x 10°
194.3 —22.87 1.63 x 10"
242.9 18.90 1.93 x 10'¢
166.3 17.26 7.27 x 10"
312.5 55.74 5.18 x 10%
236.4 17.00 9.95 x 10"
289.8 41.63 1.06 x 10Y

and PCL layers. The water loss is found to be higher in neat
SMP and decreases as follows: SMP > SMPC—CuO >
SMPC—Fe,0; > SMPC—CuFe,0,. Therefore, the water loss
due to dehydroxylation is reduced due to the integration of
nano-metal-oxide fillers between the layers. The evolution of
water is due to the condensation reaction of hydroxyl (OH)
and/or carboxylic acid functions in situ formed at high
temperatures. The thermal degradation of PCL and SBS in
an inert atmosphere (helium) occurs due to the rupture of the
polyester chain through ester pyrolysis reaction, and it results
in the release of CO,, O,, and H,0O. All major decompositions
and evolutions of gases occurred at a temperature between 350
and 550 °C.

As the pyrolysis continues at higher temperatures, the
distinction between e-caprolactone and S5-hexenoic acid is
more difficult as they possess similar molecular fragments: m/z
114 (molecular ion). é-caprolactone is a more stable
compound compared to S-hexenoic acid because of the
stability imparted due to its ring structure, and also, the
boiling point of e-caprolactone is much higher than that of 5-
hexenoic acid. The presence of this monomer unit in the
second-stage degradation stage is due to the depolymerization
via an unzipping mechanism occurring at a temperature above
440 °C.°° The unzipping depolymerization of PCL chains
proceeds by backbiting reaction from the hydroxyl end group
onto the ester function of the last monomeric unit.

The possible pyrolysis mechanisms of SBS and PCL are
displayed in Scheme 2, and Table 4 shows the evolved
products. It can be found that the decomposition of SBS
occurs by a free-radical mechanism according to the scission of
the polymer.°>®” Through the chain scission and dehydrogen-
ation reactions, styrene (m/z = 104) and 1,3-butadiene (m/z =
5S) are formed, as shown in Figure Sab. Benzene derivatives
(m/z = 77) and toluene (m/z = 91) are also generated from
the styrene ligand.® From the graph, it is revealed that the
evolution of these gases at major decomposition stage
temperatures (350—550 °C) is higher in filler-integrated
samples than that of neat ones. The combination of styrene
fragments and the butadiene backbone can also lead to the
formation of benzene derivatives.””

The DSC technique has been widely used to study the phase
transitions of polymers and to investigate the response of
polymers with temperature, either cooling or heating, which is
mainly used to determine the melting temperature (T,,),
crystallization temperature (T.), and glass-transition temper-
ature (T,) of a crystalline polymer. Figures S1 shows the DSC
curves of the samples during heating and cooling modes. T,
and T, of the polymer elastomer blend and the reinforced
nano-oxide film samples were obtained from the DSC curve.
The T, values of the samples of SMPCs were initially from
—80 to 135 °C with a heating rate of 10 °C/min. An obvious
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Scheme 2. (a) Possible Pyrolysis Mechanism of PCL and
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melting temperature, T,, was observed with the peak
temperature at 64 and 63 °C for the metal oxide-occluded
SMPCs and neat SMP, respectively, in the heating curve.
Hence, it is clear that the reinforcement of the nano-oxide
fillers into the pure matrix gave a slight positive change in the
T,, of the samples. Here, the T, of PCL is considered as the
shape-memory transition temperature (Ti,,, where the
switching between the hard and soft phase occurs) of the
pure blend and the nano-oxide-reinforced composite samples.
In Figure S2, during cooling, the PCL crystallization occurs
and a shoulder peak is found at the range of 40 °C. Since the
weight of PCL is taken as the same for all samples, its
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Table 4. Details of Evolved Gases During Decomposition

Compound Main Formula Structure
Name m/z
Water 18 H,0 H. o H
Oxygen 32 0, 0—o
Carbon 44 CO, 0o—c—o
dioxide
13- 55 Cy4Hs H H
Butadiene &
H— ! (l:— H
H H
Benzene 77 CeHs ©
Toluene 91 Cs7Hs @
Styrene 104 CsHs
V
e 114 CHie0; o P
Caprolactone g
0]
5-Hexenoic HZCW\/U\OH
acid 114 H,C=CH(CH2)
3COOH

crystallization occurred at the same temperature, and it is also
clear that the fillers did not contribute to any change in this
crystallization temperature of the polymer—elastomer blend
matrix.

Further, we have characterized the microscopy images of the
SMPCs by using polarized optical microscopy (POM),
scanning electron microscopy (SEM), and atomic force
microscopy (AFM). The surface morphology of prepared

SMPCs based on SBS—PCL—metal oxide films is analyzed
using the SEM instrument, and Figure 6a—d shows their
corresponding SEM images. Figure 6a shows the surface
morphology of the neat blend (SMP), and the phase difference
between SBS and PCL is visible in the image. The physical and
chemical properties of SBS and PCL are extremely different.
Thus, due to their intrinsic immiscibility, there exist clear and
visible phase separations in their phase morphology. Figure 6b
shows the SEM image of SMPC—CuO. All SMPC films show
some macroscopic clusters, and they are in the scattered form
throughout the matrix. These clusters could be due to SBS and
PCL particles, which remain after melt mixing. Figure 6¢c shows
the SEM images of the SMPC—Fe,O; polymer nanocomposite
film. The particles of SBS and PCL are marked in the SEM
images. The uniform-sized nano-iron oxide filler particles are
well dispersed in the bulk state. Even though small clusters are
visible, the size of clusters is smaller when compared with that
of SMPC—CuO. Similar clusters are also seen in the SEM
images of SMPC—CuFe,0,, as shown in Figure 6d. The figure
shows that the fillers are well dispersed in the polymer matrix,
indicating strong and better interactions between fillers and the
blend matrix. The pure SBS and PCL matrix offered an off-
white film due to high-temperature melting and mixing. When
the nano-metallic-oxide fillers were added to this pure blend,
the color which each filler possesses was transferred to the film.
Thus, Fe,O; (which is brown)-blended pure polymer matrix
composite films showed a brown texture, CuO blending gave a
black texture to the film, and CuFe,O, blending offered a dark-
brown texture to the films.

POM is the best technique to study the microstructure of
solid-state materials. This technique is also used to analyze the
crystalline and amorphous nature of the polymer nano-
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Figure 6. SEM images of various SMPNCs.
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composites. POM is considered as a contrast-enhancing
technique to evaluate the material compositions using
polarized light and the three-dimensional structure of speci-
mens. Figure S2 shows various POM images of polymer
nanocomposites, SMPCs, with various metal oxide fillers.

The different SMPNC images are provided with different
colors so that their microstructure can be easily visible. POM is
a very useful technique to analyze the internal structure of
materials when the composite is transparent or the sample is
very thin. Since the prepared SMPC film is not much thin to
observe through POM, we coated a thin film of each sample on
a glass plate’s surface using the “Doctor Blade” method. The
molten samples were collected immediately after the melt
blending in the mixer and then coated on a glass slide and
allowed to dry at room temperature. Small dark regions found
in Figure S2 were due to the difference in phase morphology of
SBS and PCL. Figure S2a—d shows the different POM images
of SMP, SMPC—CuQO, SMPC—Fe,0;, and SMPC—CuFe,0,,
respectively. Small agglomerates were seen in the POM images
of SMPC—CuO, SMPC-Fe,0;, and SMPC—CuFe,0,.
These could be due to the cluster formation of nano-
metallic-oxide particles while melt mixing. The hard phase
and soft phase in the POM images are obtained as dark and
bright regions, respectively. Large clusters could be due to the
semi-blended particles of SBS left after mixing, and they are
also identified in the images.

Figure 7 shows the AFM topography and phase images with
surface roughness profiles. The AFM images clearly show the
immiscibility between PCL and SBS (PB and PS segments) in
SMPC blends. The immiscibility between the components
resulted in the phase separation in blends as a hard phase and
soft phase, which are displayed as dark and bright regions in
the figure, respectively. From the AFM images, it is difficult to
find individual nano-metallic-oxide particles exposed at the
surface of the SMPC blends. Phase signals showed fine, phase-
separated, and continuous morphologies for all compositions
containing PCL and SBS components. Since the amount of
PCL and SBS taken here for the preparation of the blend is the
same, its bi-continuous morphology will be distributed
uniformly through our blend. When analyzing the surface
roughness of the samples, we can see significant differences
between the pure SBS—PCL samples and other nano-metal-
oxide-filled SMPNCs. The surface roughness morphology of
nano-metal-oxide-filled SMPCs is more irregular than that of
the pure blend, which may be due to the presence of
nanofillers in the polymeric network structure.

The mechanical properties of the samples were characterized
by using a tensile test. This test is an effective way to study
how a composite material reacts with the force applied to it in
tension. Figure 8a shows the stress—strain curves of the
samples. Tensile modulus is also known as Young’s modulus or
modulus of elasticity, which can be defined as the ability of the
material to withstand in length, when subjected to lengthwise
tension or compression. From this figure, it is clear that
SMPC—CuFe,0, possesses a high tensile modulus and is
found to be very rigid when compared with other SMPCs. The
increase in tensile modulus could be due to the rigidity of the
nano-CuFe,0, filler used. The strong interaction between the
polymer and filler is due to the large interfacial area between
the particles present in it. The tensile modulus of
SMPC—Fe,0; was found to be higher than that of SMPC—
CuO. SMP was found to be much more elastic when
compared with other films and possesses a less tensile modulus
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Figure 7. AFM images of (a) SMP, (b) SMPC—CuO, (c) SMPC—
Fe,0;, and (d) SMPC—CuFe,0,.

value. Young’s modulus also measures the resistance to
recoverable (elastic) deformation under load. Both of them
were considered as mechanical properties of a material. From
the tensile study, it is confirmed that SMPC—CuFe,0,
possesses high Young’s modulus and it changes slightly
under elastic loads and resulted in a more brittle nature. On
the other hand, the SMP matrix showed low Young’s modulus,
which implies that it can change its shape considerably like an
elastomer. Figure 8b shows the break stress and yield stress of
SMP, SMPC—CuO, SMPC—Fe,0;, and SMPC—CuFe,0,.
Break stress or ultimate tensile stress is defined as the
maximum stress experienced on the material before it breaks.
From the plot shown in Figure 8b, it is clear that the break
stress is prominent in SMPC—CuFe,0,, compared to other
SMPCs. Yield stress (o) or yield strength is defined as the
amount of stress required to make a material permanently
deformed. Ultimate yield strength or yield point (Y,), also
marked in Figure 8, is defined as the maximum stress that a
material can withstand while being stretched or pulled. It was
found to be higher for the SMPC—CuFe,0, sample and lower
for the neat blend sample, SMP.

We have further characterized the shape-memory effect of
the SMPCs in response to temperature. Figure 9 shows the
shape-memory effect and the process of shape recovery when
the samples were placed in hot water of a 90 °C temperature.
The box-shaped samples automatically rewind within seconds
when placed in hot water, which is due to the shape transition
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Figure 9. Thermo-responsive shape-memory effect of various
samples.

from a temporary shape to a permanent shape. This simple
fabrication and the fast recovery process could find many
applications in thermo-sensitive sutures, for example, in
upcoming research studies. Figure 9a—c shows the shape-
memory effect and shape recovery stages of SMPC—CuO,
SMPC—Fe,0; and SMPC-CuFe,0,, respectively. About
95% of shapes have been recovered fast, as shown in the
images.

A more detailed analysis of shape-memory properties of the
SMPCs is shown in Figure 10a, which displays the shape
recovery ratio (R,) and sh%pe fixing ratio (R;), concerning the
percentage of strain.*’”>’%’" During the shape recovery of
various samples, the values of R, and R¢ were calculated and are
illustrated in Figure 10a. The shape recovery ratio (R,) explains
the ability of the sample to memorize its permanent shape.
From Figure 10b, it is revealed that the value of R, is high and
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equal for SMPC—Fe,0; and SMPC—CuO blend nano-
composite samples with a value of 91.6% and found to be
decreasing in the order SMPC—Fe,0; > SMPC—CuO > SMP
> SMPC—CuFe,0,. The shape fixity ratio (R;) can be defined
as the ability of the switch segments to fix the mechanical
deformation. The shape fixing property is found in the
increasing order as follows: SMPC—CuO > SMPC—Fe,0; >
SMP > SMPC—CuFe,0,. Figure 10b shows the recovery time
versus the sample plot. From this plot, it is clear that the time
taken to recover the original shape by SMP is greater than that
taken by SMPC—Fe,0;, which corroborates well with the
shape-memory study, as shown in Figure 10a.

Finally, the shape-memory property of the samples is
characterized by using dynamic mechanical analysis (DMA).
DMA reveals the effect of temperature on the reinforcing effect
in the prepared polymer blend nanocomposites. Dynamic
storage moduli (E') of various SMPCs are shown in Figure
11a. Storage modulus represents the mechanical energy stored,
stiffness, and shape recovery of the polymer during a loading
cycle. For all SMPCs, the nanofiller reinforcement causes a
decrease in the dynamic storage moduli over the investigated
temperature range, when compared to the neat polymer, SMP.
G’ for the blend composites slightly dropped as the
temperature increased from —100 to —80 °C, after which a
rapid temperature drop was observed. The rapid decrease is
attributed to the glass-transition temperature, T, (at the range
between —6S and —80 °C), of the blend. Generally, the
uncompatibilized blend exhibited a higher storage modulus
than the compatibilized blend and blend composites.

Compatibilization reduced the storage modulus of the blend
due to its rubbery nature. The dynamic storage modulus
decreases as follows: SMPC—CuFe, 0, > SMPC—Fe,0; >
SMPC—CuO > SMP. This may be due to the integration of
various nano-metallic-oxide fillers into the blend, which
obstructs the formation of the cross-links in molecular chain
motions. As a result of the postponed chain motions, these
polymer chains cannot realign appropriately again, thereby
generating further amorphous phases. This implies that more
voids are created in the system. Other researchers reported
that the polymer chain cross-linking hinders chain packing,
consequently leading to an increase in the free volume in the
system.** The free volumes created as a result of the cross-links
are then filled by the oxide fillers incorporated into the system.
The optimum storage modulus was attained by SMPC—Fe,0;
among the SMPCs.

The loss modulus analyses revealed the damping behavior of
the polymer, which indicates the ability of the prepared
polymers to disperse mechanical energy through the internal
molecular motions, as shown in Figure 11b.

The DMA loss modulus (E”) is a suitable and beneficial tool
to study the shape-memory effect of polymers because it
measures the viscous nature of polymeric materials. The peak
maximum of E” relates to the establishment of significant
segmental motion of SMPC polymer chains. Loss modulus is a
sensitive indicator of molecular differences and has proved very
useful in failure investigations. SMP has a high peak of the loss
modulus value and can lead to mechanical failure when used in
devices (especially for medical applications). All samples
possess high loss modulus values at very low temperatures
(negative temperature ranges) and possess a broader peak.

Tan 6 is a sensitive indicator of the thermal/mechanical
conditions that cause significant bond rotation or intermo-
lecular friction and flow. Increasing tan & generally indicates
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Figure 10. (a) Comparison of thermal shape recovery of various composite samples using thermal shape recovery stages R, and Ry (b) Thermal
shape-memory analysis using the recovery time of various composite samples. The error bars in the graph represent the standard deviation (n = 5).

that the materials have more energy dissipation potential.
Therefore, the greater the tan §, the more dissipative the
material is. On the other hand, decreasing tan ¢ implies that
the material acts more elastic, and by applying a load, it has
more potential to store the load rather than dissipating it.
Here, in Figure 11c, SMP has the lower value of tan § and the
integration of the nanoparticle content increases the value as
nanoparticles impose restrictions against the molecular motion
of polymer chains (due to the adsorption of polymer chains on
the surface of the particles).

To study the shape-memory application of the samples, we
demonstrate an open and close gas microvalve actuator system
here, which can regulate the airflow through it (Figure 12). For
this, a rectangular-shape SMPC—Fe,0; film was taken with
dimensions of 10 X 2 X 0.3 cm. Figure 12a,c shows the cooled
state, and Figure 12b,d shows the heated stage which is the
memory stage. SMP is fixed to the setup using silicone springs,
which helps the slit to open and close. In the heated stage, the
deformed film attains its rectangular permanent shape with the
help of elongated springs and thus the slit is in the open form
so that air can flow through it. When the springs are heated, it
pushes the piston upward due to the shape recovery. When
cooled, the silicone spring system reaches the normal form and
it presses down the SMPC film before hardening and closes the
valve. The balanced action between the two forces of the
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SMPC and spring system during the heating and cooling
processes is responsible for the opening and closing of the
valves in the microsystems. We believe that the SMPC actuator
system developed by us can assist to engineer new promising
microsystems.

B CONCLUSIONS

In summary, we have designed and synthesized a series of
polymer nanocomposites such as SMP, SMPC—CuO, SMPC—
Fe,0; and SMPC—CuFe,0, by using the SBS and PCL
polymer blend reinforced with nanofiller metal oxides. From
SEM, POM, AFM, and DSC results, the immiscibility between
the phase’s morphologies of SBS and PCL is revealed. The
shape-memory transition temperature or melting temperature
is 63 °C for SMP and 64 °C for nano-metal-oxide-reinforced
SMPCs. The DSC curve showed that the glass-transition
temperature is above —70 °C and the crystallization temper-
ature is 40 °C. Mechanical properties of the composites were
characterized using tensile test equipment. From the results, it
is confirmed that SMPC—CuFe,0, possesses a high tensile
modulus and it is found to be very rigid when compared with
other SMPCs. The pure matrix possesses a low Young’s
modulus. Generally, the shape-memory mechanism for this
type of polymers blended with nano-metallic-oxide fillers
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Figure 11. (a) Storage modulus of various composite samples. (b)
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proposed that the two immiscible components of the blend
contributed equally to the shape-memory performances. The
elastomer SBS provided better stretching, elasticity, and
recovery performances, and the PCL switch polymer provided
the fixing and unfixing performances. Hence, an optimized
design of the phase morphology of the polymer nanocomposite
blend is well demonstrated: the major and minor continuous
phases are the elastomer and switch polymer, respectively. The
values of R, were high and equal for SMPC—Fe,0; and
SMPC—CuO nanocomposite samples with a value of 91.6%.
The optimum storage modulus was attained by SMPC—Fe,0;
among the SMPCs. The better thermal, mechanical, and
shape-memory performances are shown by the SMPC—Fe,0;
composite, and thus, it can be considered as the better
SMPNC among all others.

B EXPERIMENTAL SECTION

Materials. Polystyrene-block-polybutadiene-block-polystyr-
ene (SBS with a trade name MKCFO0088, styrene weight
30%) and PCL, with average M,, ~ 14,000 and M, ~ 10,000 by
gel permeation chromatography, were purchased from Sigma-
Aldrich Chemicals. Nano-metal-oxide fillers such as (i) iron(II,
II1) oxide nanopowder with a 50—100 nm particle size, (ii)
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copper iron oxide nanopowder (CuFe,0,) with a <50 um
particle size, and (iii) copper—iron oxide nanopowder, with a
<100 nm particle size (BET) were purchased from Sigma-
Aldrich Chemicals and used without any purification or
modification.

Characterization. Scanning Electron Microscopy. The
surface morphologies of oxide fillers and the polymeric phase
of the composites were characterized using SEM (JEOL JSM-
6390 scanning electron microscope) at 20 kV. A thin layer of
gold is coated on the surface of the samples before analysis to
get good microscopic images of the composite surface.

Differential Scanning Calorimetry. A differential scanning
calorimeter (DSC TA Instruments Q-20 model) was used to
investigate the thermal properties of the composite samples.
The measurements were done in a nitrogen atmosphere. The 5
mg samples were heated from —100 to 120 °C with a heating
rate of 10 °C/min and then isothermally maintained at 120 °C
for S min; finally, the samples were cooled to 0 °C with a
cooling rate of § °C/min.

Polarized Optical Microscopy. The phase transition of the
composite is also characterized using an optical microscope
(Carl Zeiss). Through POM, we can see different brightness
regions for regions with different degrees of order of the
molecules. Also, the effect of the doping level can be easily
analyzed through the 2.5D images.

Atomic Force Microscopy. The surface morphologies of
polymeric films were also characterized using an atomic force
microscope, WITEC ALPHA, with the 300RA tapping mode
and a force constant of 2.8 N/m and resonance with a
resonance frequency of 75 kHz.

Fourier Transform Infrared Spectroscopy. FT-IR spectra
were recorded on an FT-IR spectrophotometer (IRTracer-100,
SHIMADZU). This spectrum helps to analyze chemical
functions in materials by detecting chemical bond vibrations
and also the interaction between fibers and the matrix in the
materials.

X-ray Diffraction. XRD was conducted on a Bench-top X-
ray diffractometer (Rigaku miniflex 600) for phase analysis. It
helps to identify the crystalline and amorphous regions in the
composite.

Thermogravimetry with Coupled Gas Chromatography—
Mass Spectrometry. A thermogravimetric analyzer of
PerkinElmer, TGA 8000, is used for TG analysis, from 30 to
600 °C in helium (75 mL min™") at a heating rate of 5 and 1
°C/min. This TGA is connected with a GC—MS system
(PerkinElmer Clarus SQ8T) to study the evolved gas during
the pyrolysis.

UV—Visible Spectroscopy. UV—vis spectroscopy was
carried out on a UV—vis spectrophotometer, UV-2600, at a
wavelength of 200—800 nm.

Tensile Tests. Tensile tests were carried out at room
temperature using tensile test equipment (TinenSolen,
HSOKT). The crosshead speed was set at S0 mm/min to
make sure that the plots were able to illustrate the toughness or
the energy stored in the samples.

Dynamic Mechanical Analysis. The dynamic mechanical
properties of prepared samples were determined using a
PerkinElmer DMA 8000 in the flexural mode. Samples of
rectangular test specimens have the dimensions of 60 mm X 4
mm X 2 mm and were used at a frequency of 1 Hz and a
heating rate of 5 °C min in a nitrogen atmosphere.
Measurements were performed from —100 to +100 °C. The
storage modulus, loss modulus, and tan & were recorded.
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