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ABSTRACT: Shape memory polymers (SMPs) based on natural rubber were fabricated by crosslinking epoxidized natural
rubber with zinc diacrylate (ZDA) using the oxa-Michael reaction. These SMPs possessed excellent shape fixity and recovery.
The glass transition largely accounted for the fixing of the SMPs temporary shape. Increasing the ZDA content allowed the
trigger temperature (20—46 °C) and recovery time (14—33 s) of the SMPs to be continuously tuned. Nanosized silica
(nanosilica) was incorporated into the neat polymers to further increase the flexibility and tune the recovery stress. The
nanosilica—SMPs exhibited exceptionally high strength in a rubbery state (>20 MPa). The nanosilica—SMPs exhibited high
transparency, making them suitable in visible heat-shrinkable tubes.
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B INTRODUCTION

Shape memory polymers (SMPs) are a class of smart materials.
They can recover their original shape after being deformed into
temporary shapes, when subjected to stimuli such as heat, light
and pH."™* SMPs have found applications in sensors, self-
deploying sun sails in spacecraft, self-disassembling mobile
phones and intelligent medical devices.””” SMPs are most
commonly triggered by heat.*’ SMPs typically consist of
crosslinks that determine the permanent shape and reversible
segments having a glass transition or crystalline melting
transition.'” A temporary shape can be fixed by quenching
the deformed polymer network at a temperature well below the
transition temperature. When the sample is reheated to above
the transition temperature, the temporary shape reverts to the
permanent shape because of the entropy elasticity of the
polymer chains.'® Heat-triggered SMPs may be fixed into a
temporary state by the glass transition or crystallization.
Elastomer-based SMPs have been rarely reported because of
their low glass transition temperature (Tg).uf13 There have
been several reports of the formation of crystallites in
elastomers with low molecular weight substances. For example,
fatty acids'* and hindered phenols'® have been blended with
rubber to form SMPs. In the former, the fixing of the temporary
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shape is realized by the crystallization of the fatty acids. In the
latter, the fixing of the temporary state is realized by the glass
transition of the aggregated hindered phenols. In these two
SMPs, a single elastomer is used to create a family of SMPs
with different trigger temperatures, by selecting substances with
appropriate melting points or glass transitions. However, if the
glass transition of the elastomer could be more readily
controlled by crosslinking, the elastomers themselves could
be used as SMPs directly. SMPs based on epoxidized natural
rubber (ENR) crosslinked by 3-amino-1,2,4-triazole have been
reported.' In such systems, the T, of ENR can be increased by
triazole crosslinking.

We recently proposed an alternative approach for cross-
linking ENR using the oxa-Michael reaction.'” The addition of
zinc acrylate (ZDA) caused the T, of the crosslinked ENR to
increase to well above room temperature. The crosslinked
network then exhibited a permanent shape. The restricted chain
mobility below the T, that provided the thermally reversible,
temporary network needed for the SMP.
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In the present study, we report the potential of the ZDA-
cured ENR as a thermally-triggered SMP. The SMPs
characteristics include a tunable trigger temperature and high
mechanical strength, and are correlated to the structure of the
ZDA-cured ENR. This study describes the design of SMPs
based on elastomeric materials, and provides candidates for
transparent, high strength and SMPs. These may find
application in heat-shrinkable tubes for electronics, or films
for packaging.

B EXPERIMENTAL METHODS

Raw Materials. ENR with an epoxidation degree of 50% was
produced by the Agricultural Products Processing Research Institute,
Chinese Academy of Tropical Agricultural Science, Zhanjiang, P. R.
China. ZDA (technically pure) was producted by the Xian Organic
Chemical Factory, Xi'an, P. R. China. Precipitated silica (nanosized
SiO, hereafter denoted nanosilica, VN3) with specific area of ~175
m?/g was purchased by Evonik Degussa (P. R. China) Co., Ltd.

Preparation of ZDA-Cured ENR and the ENR/Silica
Composites. ENR with different amounts of ZDA and nanosilica
were mixed using an open two-roll mill. The well-mixed compounds
were press-cured into 1 mm thick sheets at 160 °C X T.q (where T
is the vulcanization time). The compositions of the rubber compounds
are listed in Table 1.

Table 1. Composition of ZDA-Cured ENR and the ENR/
Silica Composites (phr?)

codes EZ5 EZ10 EZ20 EZ40 EZ60
ENR 100 100 100 100 100
ZDA S 10 20 40 60
codes EZS10 EZS20 EZS30 EZS40 EZS50
ENR 100 100 100 100 100
ZDA 20 20 20 20 20
nanosilica 10 20 30 40 50

“phr: parts per 100 parts of rubber.

Measurements. The curing characteristics including the minimum
torque (M), maximum torque (My), scorch time (T.,) and
vulcanization time (T.,) of the ENR compounds were determined
at 160 °C using a U-CAN UR-2030 vulcameter, Taiwan. The exact
meanings of these parameters are shown in Figure 1. Dynamic
mechanical analysis (DMA) was carried out a Netzsch DMA242
instrument (Germany). Testing was carried out under tension
conditions, at a frequency of 1 Hz. The scanning temperature ranged
from —120 to +100 °C, with a heating rate of 5 °C/min. Tensile, tear
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Figure 1. Typical curing profile for rubber compound.
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and hardness tests of the vulcanizates were performed at 25 °C,
following ISO 37-2005, ISO 34-2004 and ISO 7619-2004, respectively.

X-ray diffraction (XRD) data were collected at ambient temperature
on a Rigaku Dmax/III diffractometer, using Cu Ko radiation (=154
A) with an accelerating voltage and current of 40 kV and 30 maA,
respectively. Samples were scanned from 4° to 60°, with a step length
of 0.02° at 24 °C.

The melting and crystallization behavior of ZDA-cured ENR were
determined by differential scanning calorimetry (DSC), using a TA
Q20 instrument (USA). The thermal histories of the samples were
eliminated by heating them to 150 °C. The samples were then cooled
to —65 °C, and reheated at 10 °C/min to measure the Tg.

Tensile tests above T, (as determined by DSC) were performed by
using a TA DMA Q800 machine. After equilibrating at 20 °C above T,
for 10 min, samples were stretched at 0.5 N/min until the strain/stress
limit was reached. The thicknesses of the sample sheets were ~0.2
mm. Tensile tests at elevated temperature were repeated at least three
times to ensure reproducibility.

Cryogenically fractured sample surfaces were observed by scanning
electron microscopy (SEM) with an EVO 18 microscopy (Germany).
Energy dispersive X-ray spectra (EDS) of Zn in the ZDA-cured ENR
samples were collected using an INCA 350 spectrometer (Oxford,
England).

Thermomechanical cycle experiments were performed with a TA
DMA Q800 instrument to characterize the shape memory behavior of
ZDA-cured ENR. To eliminate the stress history during processing,
samples were prestrained (involving hot-stretching then recovery)
before thermomechanical cycle testing. Prior to deformation, 20.0 X
5.0 X 0.7 mm samples were heated to 20 °C above T}, and equilibrated
for 10 min. In step 1, samples were deformed by applying a
progressively increasing force, from a preloaded value of 0.005 N to a
designated value with a strain (g,), at a rate of 0.5 N/min
(deformation). In step 2, samples were cooled at a rate of 3 °C/min
to 20 °C below T, under a constant force to fix the deformation
(cooling). In step 3, the force exerted on the samples was unloaded to
the preloaded value of 0.005 N at a rate of 0.5 N/min. This was
followed by an additional 10 min isothermal step to ensure shape
fixing at 30 °C below T, (unloading and shape fixing). Upon
unloading, part of the strain (&,—¢,) was instantaneously recovered,
leaving an unloading strain (¢,). In the final step, samples were
reheated at a rate of 3 °C/min to 20 °C above T, and held there for 10
min to recover any possible residual strain (recovery). The recovery
process left a permanent strain (g,(y)). This four-step thermomechan-
ical cycle was repeated three times for each sample.

The shape fixity (SF) and shape recovery (SR) were defined as

£ £, — €
SF (%) = “* % 100, SR (%) = —= 2N

€m ~ Ep(N-1)

X 100

m

B RESULTS AND DISCUSSION

Transitions in ZDA-Cured ENR and Mechanism of the
SMPs. The reaction mechanism and vulcanization behavior of
ZDA-cured ENR have been previously elucidated. ZDA was
expected to act as a crosslinking agent and catalyst for the oxa-
Michael reaction.'®"? The two double bonds of ZDA act as
crosslinking points, and Zn** in ZDA acts as the catalytic
center. ZDA was also considered to be a probable catalyst for
the ring-opening of ENR, as it is a carboxylate nucleophile and
cation and acts as a Lewis acid catalyst in the epoxide ring-
openings.”®>* Sufficient hydroxyls groups were expected to be
generated for the subsequent oxa-Michael addition between the
hydroxyl group and double bond.

A dynamic analysis was conducted on vulcanized ENR
containing varying amounts of ZDA. The storage modulus and
loss modulus as a function of temperature are shown in Figure
2. The storage modulus and loss modulus of ZDA-cured ENR
increased with increasing ZDA content. The tan J peak
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Figure 2. (a) Storage modulus (E’, solid) and loss modulus (E”, dashed), and (b) tan § of ZDA-cured ENR. Data of EZS, EZ10 and EZ20 were
1

sourced from the literature.
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Figure 3. (a) Heat enthalpy curves of ZDA-cured ENR, as measured by DSC with a heating rate of 10 °C/min. (b) WAXD patterns of uncured and

cured ENR/ZDA compounds with varying ZDA contents.

intensities of ZDA-cured ENR consistently decreased with
increasing ZDA content. This suggested a continuous decrease
in chain mobility, associated with an increasing crosslinking
density.'”*> A single loss factor peak was observed for all
samples. The transition within the ZDA-cured ENR vulcan-
izates was expected to be the glass transition. T, increased with
increased ZDA content in the vulcanizates, indicating the
structural confinement of rubber chains from the increased
crosslinking density. T, increased from 22.9 to 44.5 °C as the
ZDA content increased from 5 to 60 phr. When nanosilica was
incorporated, the storage modulus of the ENR/silica
composites further increased with increased nanosilica loading
(Figure S1, Supporting Information). The tan & peask
intensities of the ENR/silica composites decreased, and the
loss modulus consistently increased with the nanosilica content.
This suggested a continuous decrease in chain mobility. The T,
of ENR/silica composites was largely independent of nanosilica
concentration, in accordance with reported results.”**> The
modulus below the switching temperature (crystalline and/or
glassy modulus) typically governs the strength of the SMP,
whereas the modulus above the switchin§ temperature (rubbery
modulus) determines the recovery rate.”® The driving force of
shape recovery is the elastic force generated during
deformation. A higher rubbery modulus generates a higher
elastic stress and hence a faster recovery speed. Similar
observations and explanations have been reported for other
SMPs.*"** Both mechanical strength and recovery rate are
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important in practical applications. In the present system, the
mechanical strength and recovery rate could be tuned by
adjusting of the ZDA and nanosilica contents and is discussed
later.

T, values of SMPs with varying ZDA contents were also
measured by DSC, and the results are shown in Figure 3a. Only
a single transition was observed in the DSC results of the
vulcanizates. A low ZDA concentration (S phr) led to a low T,
of 1.6 °C, as measured by DSC. Higher ZDA contents
progressively increased the T,. The addition of 40 phr of ZDA
resulted in a T, of 26.2 °C. The transition temperatures for the
shape memory behavior could therefore be tailored by adjusting
the ZDA concentration.

Wide angle XRD (WAXD) patterns of the ZDA-cured
samples are shown in Figure 3b, and WAXD patterns of the
uncured ZDA/ENR compounds are shown for comparison.
Pure ENR was amorphous. Diffractions at ~6.77°, 11.08°,
14.97°, 24.01° and 25.05° were clearly resolved in the patterns
of crystalline ZDA. Such diffractions were also observed in the
patterns of the uncured ENR/ZDA compounds. This implied
that ZDA retained its original crystalline structure in the
compound before vulcanization. After vulcanization, these
diffractions disappeared, and a new diffraction at ~6.40° was
observed. These changes were believed to be related to the
chemical reaction between ENR and ZDA. During vulcan-
ization, crystalline ZDA melted into the ENR matrix and
became the crosslinking chains via oxa-Michael addition. ZDA
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Figure S. Stress-controlled program cycling for (a) EZ10 and (b) EZ20. An asterisk indicates beginning points for the cycling process.

was unable to recrystallize, so its initial crystal structure was
lost. The new diffraction at ~6.40° may have been attributed to
the formation of polyacrylic acid, which, in this system, can be
formed from heating residual acrylic acid.*® The above-
mentioned diffractions were also observed for higher ZDA
concentrations (60 phr), because excess ZDA was not
completely used in the curing process. However, the melting
of these crystallites was not observed in the DSC and DMA
results. This was possibly because of the overlap of melting and
the glass transition, or the low crystallite content and hence
limited enthalpy for melting or crystallization. The shape fixing
and memorizing capability of ZDA-cured ENR was realized by
the glass transition, rather than by crystallization. The influence
of nanosilica on the crystallization of the ENR/silica composite
was also investigated (Figure S2, Supporting Information). The
addition of nanosilica resulted in the disappearance of the
diffraction at ~6.40°, suggesting a restricted formation of
crystallites. Nanosilica had minimal effect on the T, (Figure S1,
Supporting Information).

Figure 4 shows SEM images and EDS spectra of Zn in ZDA-
cured ENR with varying amounts of ZDA. The SEM results
indicated that ZDA was well-dispersed in the ENR matrix, with
very limited aggregation observed at rough interfaces. ZDA was
uniformly dispersed in the ENR matrix, even at high
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concentrations. This was attributed to the strong chemical
interaction between ENR and ZDA. During vulcanization, ENR
epoxy group ring-opening occurred under the catalysis of Zn*".
The oxa-Michael addition reaction between the C=C of ZDA
and the epoxy group ring-opening of ENR resulted in strong
interfacial interaction and well-dispersed ZDA.

The above analysis indicated that although there are some
crystallites formed in the network, the trigger mechanism of the
ZDA-cured ENR is practically the activation of chain mobility is
actually determined by the glass transition of the crosslinked
ENR. ENR chains could be extended above the T, and fixed in
a temporary shape when the chains are frozen below the T,.
Upon reheating above the T, the elastic entropy was released
and the shape reverted to the original. The T, was determined
by the crosslink density of the network, which increased with
increased ZDA content. Therefore, the trigger temperature
could be tuned by the concentration of the crosslinking agent
ZDA.

Shape Memory Performance of ZDA-Cured ENR. To
examine the SMP performance of ZDA-cured ENR, stress-
controlled program cycling of ENR cured by varying ZDA
contents was performed. The results are shown in Figure S.
Shape fixity (SF) and shape recovery (SR) values are shown in
Figure 6 (and Table S1, Supporting Information). Figure 6
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Figure 7. Transition from a temporary spiral to permanent linear shape for (a) EZ10 and (b) EZ40. Recovery was recorded after heating samples to

20 °C above the Tg.

shows that an increased ZDA loading had a minimal effect on
the composites SF. The SF was also independent on the cycling
time. The SR slightly decreased with increasing ZDA content
and increased with cycle time. The addition of ZDA increased
the composites crosslink density. However, some isolated ZDA-
rich domains remained and may have slipped and permanently
deformed when the sample was stretched. This effect was more
significant at higher ZDA content, as shown in Figure S3
(Supporting Information). Thus, the SR of the composites
slightly decreased with increased ZDA content. ZDA-rich
domains rearranged in the matrix with increasing cycle time,
and slipping was alleviated during cycling. This resulted in a
significantly higher SR of ~100%.

Figure 7 shows the evolution from a temporary spiral to
permanent linear shape for ZDA-cured ENR. ENR cured by 10
phr of ZDA required 33 s for SR, whereas ENR cured by 40 phr
of ZDA required ~16 s. A large drop in the storage modulus
around T, is crucial for use as a SMP, according to the model
proposed by Kim.*° A high elasticity ratio, [glass-state
modulus/rubbery modulus (E’y/E’,)], preferably with a
minimum difference of two orders of magnitude, allows easy
shaping at T > T, and high resistance to deformation at T < T,
In the present system, all samples possessed high elasticity
ratios, with differences greater than 2 orders of magnitude
(Table 2). This was responsible for their favorable SF ratios.

5699

Table 2. Mechanical Properties of ZDA-Cured ENR”

tensile modulus at
strength 100% strain strain at tear strength E’gé
samples (MPa) (MPa) break (%) (kN-m™") E’;
EZS 104 + 04 1.5+ 02 333+ S 11.8 + 06 813
EZ10 12.1 + 1.1 41+ 03 198 + 12 332+ 13 709
EZ20 240 + 1.7 92 +22 216 + 20 64.6 + 4.5 728
EZ40 25.8 + 0.4 19.5 £ 0.5 148 + 4 88.7 + 3.4 608
EZ60 243 + 0.6 21.1 +£ 0.8 134 + 11 113.3 +£ 83 310

“Measured at room temperature (25 °C). *Determined by DMA.

The rubbery modulus of the SMP determines its recovery
speed, and those with a higher rubbery modulus recover faster.
The SMP with 40 phr of ZDA possessed a higher rubbery
modulus than that of the SMP with 10 phr of ZDA and hence
exhibited a faster SR rate. This observation is consistent with
other reported systems.*”*> The addition of nanosilica further
increased the SR rate, as shown in Figure S4 (Supporting
Information). The recovery time of ZDA-cured ENR could be
adjusted by the ZDA or nanosilica concentrations within the
SMP.

Reinforcement of ZDA-Cured ENR. To further regulate
the shape memory performance, nanosilica was used to
reinforce ZDA-cured ENR. The chemical interaction between
ENR epoxy groups and the silanol groups on silica has been

dx.doi.org/10.1021/am500236w | ACS Appl. Mater. Interfaces 2014, 6, 5695—5703
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reported.”® Figure 8 shows the effect of ZDA and nanosilica
content on the mechanical properties of ZDA-cured ENR
vulcanizates, at below and above the T,. Figure 8(a) shows the
effect of ZDA loading on the tensile properties of ENR at room

5700

temperature. When the ZDA content was <20 phr, the
crosslinked ENR behaved as a soft rubber. When the ZDA
content was >40 phr, it behaved like a rigid plastics, exhibiting
definite yielding. The dependence of mechanical properties on
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Figure 10. Optical images of EZSS0 in the (a) temporary and (b) recovered shape states and SEM images of (c) EZS20 and (d) EZSSO0.

ZDA loading are shown in Table 2. The overall mechanical
properties significantly increased with increasing ZDA loading.
The modulus aslo significantly increased with increasing ZDA
content. These observations also provided implications for a
continuously increased T, The tensile strength at room
temperature was well above 20 MPa, except for ENR cured
with 10 phr of ZDA. When the ENR was further reinforced by
nanosilica, the modulus of ENR significantly increased,
although the increment in tensile strength was less pronounced,
as shown in Figure 8b. The dependence of mechanical
properties on nanosilica loading is shown in Figure S5 and
Table S2 (Supporting Information). The tensile strength above
the T, decreased significantly, as shown in Figure 8c. The
yielding at higher ZDA content was not observed, suggesting
the transformation into elastomers. The tensile strength also
increased with increasing ZDA content at elevated temperature.
For example, with 40 phr of ZDA loading, the tensile modulus
(100% strain) and tensile strength are increased to 5.0 and 9.8
MPa, respectively. These represented 233 and 92% increases on
those for ENR with 10 phr of ZDA, respectively. Nanosilica
further increased the tensile properties at elevated temperature,
as shown in Figure 8d. The ENR/silica composite containing
50 phr of nanosilica exhibited a tensile strength of 14.7 MPa,
which was 153% higher than that of the control sample without
nanosilica. The significant reinforcement by nanosilica may
have been attributed to its excellent dispersion. This is
supported by the high transparency and SEM observations
and is discussed later. It may be because of the high interfacial
bonding between surface silanol and carbonyl groups. The
mechanical properties of the current SMPs are much higher
than reported examples.** >® Consequently, the ENR compo-
sites exhibited various combinations of stress and strain by
adjusting the ZDA and nanosilica loading. Such SMPs may have
potential in engineering as high loading actuators.

5701

Stress-controlled thermomechanical cycling of the reinforced
composites was conducted to better understand the effect of
nanosilica reinforcement on SMP performance. The results are
shown in Figure 9a. The SF and SR values of EZS20 and
EZS50 are shown in Figure 9b (and Table S3, Supporting
Information). The addition of nanosilica had no detrimental
influence on the SF or SR of the composites, and the SF and SR
values were independent of cycling time. The addition of
nanosilica increased the modulus of the SMPs. For example, the
SMP modulus (50% strain) increased to 2.3 MPa after the
addition of 50 phr of nanosilica, which was 170% higher than
that of the unreinforced SMP. The reinforced samples exhibited
high elasticity ratios (Table S3, Supporting Information), which
were responsible for their favorable SF ratios.

The nanosilica-reinforced SMPs exhibited high transparency.
Figure 10a,b shows EZS50 in temporary and recovered states.
SEM was used to investigate the structural origins for this
transparency. Figure 10c,d shows SEM images of EZS20 and
EZSS50, respectively. Aggregated ZDA was not readily apparent
in the SEM images, suggesting its excellent dispersion within
ENR. This observation is in agreement with the above SEM
results. Nanosilica was also observed to be uniformly dispersed
in ENR, even at a concentration as high as 50 phr. Polar epoxy
groups of ENR reportedly provide good compatibility between
the rubber matrix and polar fillers including silica.*”** This
compatibility originates largely from hydrogen bonding
between surface silanol and the carbonyl groups, or ether-like
moieties in the ENR network. Nanosilica can therefore be
excellently dispersed in the ENR matrix. Such favorable
dispersion and interaction between the ENR and nanosilica
led to the improved mechanical performance of the SMP
composites and their resulting high transparency.

We previously demonstrated that ZDA-cured ENR exhibited
high resistance to heat/oxygen aging.'” ZDA-cured ENR could
sustain its high mechanical properties after accelerated aging for
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21 days at 100 °C. However, a conventional sulfur-cured ENR
lost its elasticity within 5 days. This resistance favors the SMPs
use in outdoor applications, or in harsh environments such as
heat-shrinkable tubes at elevated temperatures.

B CONCLUSION

The feasibility of SMPs based on natural rubber was
demonstrated by crosslinking ENR with ZDA via oxa-Michael
addition reaction. SMPs with varying T, values (20—46 °C)
and recovery times (14—33 s) were developed from a single
polymer by adjusting the ZDA concentration. The SMPs
possessed excellent shape fixities and shape recoveries. The
nanosilica-reinforced SMPs exhibited exceptionally high
strength in the rubbery state (over 20 MPa). The ZDA and
nanosilica concentration were used to tune the SMPs stress and
strain. The nanosilica-filled SMPs exhibited high transparency.
This makes them suitable for use in visible heat-shrinkable
tubes for heated oxygen conditions.
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SMP properties (Table S1) and stress-controlled program
cycling results (Figure S3) for ZDA-cured ENR, character-
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